282 SCPTH

NATIONAL COOPERATIVE
HIGHWAY RESEARCH PROGRAM REPORT

MULTILANE DESIGN ALTERNATIVES
FOR IMPROVING SUBURBAN
HIGHWAYS

SPORTATION RESEARCH BOARD
CCCCCCCCCCCCCCCCC




TRANSPORTATION RESEARCH BOARD EXECUTIVE COMMITTEE 1986

Officers

Chairman
LESTER A. HOEL, Hamilton Professor and Chairman, Department of Civil Engineering, University of Virginia

Vice Chairman
LOWELL B. JACKSON, Secretary, Wisconsin Department of Transportation

Secretary
THOMAS B. DEEN, Executive Director, Transportation Research Board

Members

RAY A. BARNHART, Federal Highway Administrator, U.S. Department of Transportation (ex officio)

JOSEPH M. CLAPP, President and Vice Chairman, Roadway Services, Inc. (ex officio, Past Chairman, 1984)

JOHN A. CLEMENTS, President, Highway Users Federation for Safety and Mobility (ex officio, Past Chairman, 1985)
DONALD D. ENGEN, Federal Aviation Administrator, U.S. Department of Transportation (ex officio)

FRANCIS B. FRANCOIS, Executive Director, American Association of State Highway and Transportation Officials (ex officio)
RALPH STANLEY, Urban Mass Transportation Administrator, U.S. Department of Transportation (ex officio)
DIANE STEED, National Highway Traffic Safety Administrator, U.S. Department of Transportation (ex officio)
GEORGE H. WAY, Vice President for Researck and Test Department, Association of American Railroads (ex officio)
ALAN A. ALTSHULER, Dean, Graduate School of Public Administration, New York University

JOHN R. BORCHERT, Regents Professor, Department of Geography, University of Minnesota

ROBERT D. BUGHER, Executive Director, American Public Works Association

DANA F. CONNORS, Commissioner, Maine Department of Transportation

MORTIMER L. DOWNEY, Deputy Executive Director for Capital Programs, New York Metropolitan Transportation Authority
THOMAS E. DRAWDY, SR., Secretary of Transportation. Florida Department of Transportation

PAUL B. GAINES, Director of Aviation, Houston Department of Aviation

JACK R. GILSTRAP, Executive Vice President, American Public Transit Association

WILLIAM K. HELLMAN, Secretary, Maryland Department of Transportation

JOHN B. KEMP, Secretary, Kansas Department of Transportation

ALAN F. KIEPPER, General Manager, Metropolitan Transit Authority, Houston

HAROLD C. KING, Commissioner, Virginia Department of Highways and Transportation

JAMES E. MARTIN, President and Chief Operating Officer, fllinois Central Gulf Railroad

DENMAN K. McNEAR, Chairman, Southern Pacific Transportation Company

FRED D. MILLER, Director, Oregon Department of Transportation

JAMES K. MITCHELL, Professor, Department of Civil Engineering, University of California

H. CARL MUNSON, JR., Vice President for Strategic Planning. The Boeing Commercial Airplane Company
MILTON PIKARSKY, Distinguished Professor of Civil Engineering, City College of New York

HERBERT H. RICHARDSON, Vice Chancellor and Dean of Engineering. Texas A & M University

LEO J. TROMBATORE, Director, California Department of Transportation

CARL S. YOUNG, Broome County Executive. New York

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

Transportation Research Board Excutive Committee Subcommittee for NCHRP
LESTER A. HOEL, University of Virginia (Chairman) JOHN A. CLEMENTS, Highway Users Federarion for Safety and Mobiliry
LOWELL B. JACKSON, Wisconsin Department of Transportation FRANCIS B. FRANCOIS, Amer. Assn. of State Hwy. & Transp. Officials
RAY A BARNHART, U.S. Dept. of Transp.
THOMAS B. DEEN, Transportation Research Board

Field of Administration
Area of Economics
Project Panel, A2-13

JAMES 1. TAYLOR, University of Notre Dame (Chairman) CARLTON M. HAYDEN, Federal Highway Administration
RAY ADOLFSON, Minnesota Dept. of Transportation DARRELL A. WILES, Maryland Dept. of Transportation
RONALD E. BOCKSTRUCK, Washington State Dept. of Transportation HOWARD YERUSALIM, Pennsylvania Dept. of Transportation
JACK F. CARAWAY, Alabama Highway Department JUSTIN TRUE, FHWA Liaison Representative

DAVID K. WITHEFORD, TRB Liaison Representative

Program Staff

ROBERT J. REILLY, Director, Cooperative Research Programs CRAWFORD F. JENCKS, Projects Engineer
ROBERT E. SPICHER, Deputy Director R. IAN KINGHAM, Projects Engineer
LOUIS M. MACGREGOR, Administrative Engineer HARRY A. SMITH, Projects Engineer

IAN M. FRIEDLAND, Projects Engineer HELEN MACK, Editor



NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 282
REPORT

MULTILANE DESIGN ALTERNATIVES
FOR IMPROVING SUBURBAN
HIGHWAYS

DOUGLAS W. HARWOOD
Midwest Research Institute
Kansas City, Missouri

RESEARCH SPONSORED BY THE AMERICAN
ASSOCIATION OF STATE HIGHWAY AND
TRANSPORTATION OFFICIALS IN COOPERATION
WITH THE FEDERAL HIGHWAY ADMINISTRATION

AREAS OF INTEREST:

FACILITIES DESIGN

TRANSPORTATION SAFETY

OPERATIONS AND TRAFFIC CONTROL

TRAFFIC FLOW, CAPACITY, AND MEASUREMENTS
(HIGHWAY TRANSPORTATION)

TRANSPORTATION RESEARCH BOARD

NATIONAL RESEARCH COUNCIL
WASHINGTON, D.C. MARCH 1986




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 accelerating growth of highway transpor-
tation 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 receives the full co-
operation and support of the Federal Highway Administration,
United States Department of Transportation.

The Transportation Research Board of the National Research
Council 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 relation-
ship to the National Research Council is an insurance of ob-
jectivity: it maintains a full-time research correlation staff of
specialists in highway transportation matters to bring the find-
ings of research directly to those who are in a position to use
them.

The program is developed on the basis of research needs iden-
tified by chief administrators of the highway and transportation
departments and by committees of AASHTO. Each year, spe-
cific 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 projects to fulfill these needs are defined by
the Board, and qualified research agencies are selected from
those that have submitted proposals. Administration and sur-
veillance 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, is intended to complement rather than to substitute
for or duplicate other highway research programs.
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FOREWORD

By Staff
Transportation
Research Board

Highway designers, traffic planners, and traffic engineers involved in the recon-
struction of suburban highways will be interested in the research findings of this
report. The safety records of alternatives multilane design types were investigated
through an analysis of accident data from California and Michigan, and operational
characteristics were compared using computer simulation. A systematic process is
described for designers and planners to follow in the selection of the most appropriate
design for a given situation.

Because of the limited funds available for highway improvements, transportation
agencies must search for the most cost-effective means to provide the additional
highway capacity needed to accommodate the increasing traffic demand within urban
fringe areas. In the selection of a capacity improvement, the designer must evaluate
safety, operational characteristics, and access to adjacent properties while taking right-
of-way and other costs into consideration.

NCHRP Project 2-13 was initiated to investigate and compare the safety, op-
erational, and cost characteristics of selected multilane design alternatives for use in
suburban areas. Information was developed on the advantages and disadvantages of
each alternative to assist in the selection of the most appropriate design for a given
condition. This information will assist transportation agencies in saving time and costs
in the decision-making process while assuring maximum benefits to the public. The
four primary design types investigated included:

» Three-lane divided including a two-way left-turn lane in the median.
= Four-lane undivided.

« Four-lane divided with one-way left-turn lanes in the median.

» Five-lane divided including a two-way left-turn lane in the median.

This research was directed to two of the most difficult areas typically considered
in the design process—the prediction of accidents and the estimation of motorist delay.
In both cases, the problem rests with attempting to transfer data based on “average”
conditions to a specific location that may have atypical features. The report includes
guidance and cautions in the application of the research findings, and the reader
should become familiar with this information before attempting to use the summary
tables and figures directly. With an understanding of the nature of the data, the
findings should provide valuable insights into the design process.

The collection of actual operational data for the various design alternatives was
planned initially, even though it was recognized that the available funding would
permit only a small data collection effort. As the research progressed, it became clear
that the collection of any new field data was not practical. At that point, existing




data and a recently developed simulation model were employed to develop the op-
erational data. Although the model had not been extensively validated, it did provide
a useful method of comparing alternatives and produced generally logical results.
At the same time that Project 2-13 was being conducted, the Federal Highway
Administration was sponsoring a directly related study, entitled “Alleviation of Op-
erational Problems on Two-Lane Highways.” This FHWA research focused on rel-
atively low-cost operational improvements, e.g., passing lanes; whereas, the NCHRP
study addressed new multilane design alternatives. A preliminary report, “Passing
Lanes and Other Operational Improvements on Two-Lane Highways,” will be avail-
able from the FHWA in the spring of 1986 and the final report will be available in
mid-1986, The reports can be obtained from the FHWA Office of Safety and Traffic
Operations, Research and Development, Safety Design Division, 6300 Georgetown
Pike, McLean, Virginia 22101. This combination of FHWA and NCHRP research
represents a comprehensive treatment of improvements to two-lane highways.
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SUMMARY

MULTILANE DESIGN ALTERNATIVES
FOR IMPROVING SUBURBAN
HIGHWAYS

The objective of this research was to investigate and compare the safety, operational,
and cost characteristics of selected multilane design alternatives for suburban high-
ways. Operational characteristics of interest to the study included capacity, level of
service, and accessibility. Safety characteristics included the frequency, severity, and
type of accidents,

The multilane design alternatives that were the major focus of the research included:
three-lane divided including a two-way left-turn lane in the median; four-lane undi-
vided; four-lane divided with a raised-median; and five-lane divided including a two-
way left-turn in the median. Other multilane design alternatives that were considered
in the study included: five-lane divided with a continuous alternating left-turn lane
in the median; six-lane divided with a raised median; and seven-lane divided with a
two-way left-turn in the median. A two-lane undivided suburban highway served as
the base condition for the study.

A safety data base was assembled for suburban highways on the state highway
systems of California and Michigan to quantify the safety performance of multilane
design alternatives. Accident rate estimates for multilane design alternatives were
obtained as a function of type of development (commercial /residential), driveways
per mile, intersections per mile, truck percentage, and presence or absence of a full
shoulder. The percentage of accidents involving a fatality or injury and the percentage
of accidents susceptible to correction by median treatments (including head-on, rear-
end and angle accidents) were also quantified by design alternative and type of
development.

Traffic operational comparisons of suburban highway sections with and without
two-way left-turn lanes were made using a computer traffic simulation model developed
at the University of Nebraska-Lincoln. The results of these comparisons provide
quantitative estimates of the delay reduction effectiveness of installing two-way left-
turn lanes on two-lane and four-lane arterials. These traffic operational results were
extended analytically to obtain estimates of the operational effects of installing a raised
median on a four-lane arterial.

The research provides a comparison of the advantages, disadvantages, and relative
merits of the various design alternatives for suburban highways, including both their
traffic operational and safety performance, as well as the less quantitative aspects
such as the impacts on land use and development, abutting businesses, and pedestrians
and bicycles.

A stepwise process for selecting an appropriate design alternative for use on a
suburban highway is suggested. The process emphasizes the consideration of the traffic
operational and safety performance of design alternatives and less quantitative factors
such as community and highway agency priorities and constraints. The process con-
siders current and projected future conditions on the facility and emphasizes both the
selection of an ultimate design alternative for each facility and possible staged con-
struction options to reach that ultimate design alternative.




CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

An ever-important challenge facing highway agencies in the
United States is the need to alleviate operational problems on
suburban arterial highways. The increased accessibility resulting
from expansion of the freeway system, the development of re-
gional shopping centers and industrial plants, and the spread
of strip commercial development have increased the operational
problems on suburban highways, which often were to designed
for their current functional uses or traffic volumes, Furthermore,
the operational problems common to suburban highways are
often accompanied by substantial safety problems, particularly
angle and rear-end collisions associated with turning maneuvers.

Congestion and accidents on suburban highways usually re-
sult from two major causes. The first is an insufficient number
of lanes for through traffic. Two-lane highways, in particular,
have the most limited level of service for any given traffic volume
and can be major “bottlenecks™ in the arterial system. The
second cause of congestion and accidents is the interference to
through traffic caused by turning vehicles (particularly left-
turns). Turning traffic demands both at intersections and at
driveways can be major causes of delay and accidents.

The geometric and traffic operational improvements imple-
mented by transportation agencies to alleviate these problems
have two basic functional objectives that address the two major
causes of operational problems discussed previously. Improve-
ment projects are generally intended (1) to provide additional
through capacity and /or (2) to reduce or eliminate the conflicts
between through and turning traffic. Projects that involve pave-
ment widening without a median treatment address only the
first objective, while projects that involve both pavement wid-
ening and median treatments (such as raised medians, left-turn
bays, and two-way left-turn lanes), address both objectives.

Because of the limited funds available for highway improve-
ments, transportation agencies must search for the most cost-
effective means to provide the additional highway capacity
needed to accommodate the increasing traffic demand within
urban fringe areas. In the selection of a capacity improvement,
the designer must evaluate safety, operational characteristics,
and access to adjacent properties while taking right-of-way and
other costs into consideration. The existence of developed prop-
erties adjacent to the in-place roadway is a major problem in
suburban areas because substantial cost increases are incurred
if additional right-of-way is needed.

Previous research has not addressed a full range of multilane
design alternatives appropriate for a suburban setting. More
information is needed on the advantages and disadvantages of
each alternative to assist in the selection of the most appropriate
design for a given condition. This information will assist trans-
portation agencies in saving time and costs in the decision-
making process while assuring maximum benefits to the public.

RESEARCH OBJECTIVES AND SCOPE

The objective of NCHRP Project 2—13 was to investigate and
compare the safety, operational, and cost characteristics of se-

lected multilane design alternatives for suburban highways. Op-
erational characteristics of interest to the study included
capacity, level of service, and accessibility. Safety characteristics
included the frequency, severity, and type of accidents.

Existing suburban two-lane highways were investigated to
serve as the base condition for the study. Alternatives to the
two-lane base condition that were investigated extensively in-
cluded:

e Three-lane divided including a two-way left-turn in the
median.

« Four-lane undivided.

¢ Four-lane divided with one-way left-turn lanes in the
median.

» Five-lane divided including a two-way left-turn lane in the
median.

Three other design alternatives for suburban highways were also
investigated, but in less detail.

Each design alternative was investigated under both no shoul-
der and full shoulder conditions. Of particular concern in the
research were highways with traffic volumes over 7,000 vpd
and speeds between 35 and 50 mph. These conditions usually
indicate that a two-lane highway can no longer handle the
demand.

RESEARCH APPROACH

The general approach to the research was to combine findings
from the literature with findings of data analyses performed in
the study to obtain a comprehensive description of the advan-
tages and disadvantages and potential applicability of particular
design alternatives.

A critical review was conducted of the literature related to
the design, traffic operations, and safety characteristics of each
type of suburban multilane highway. The following factors were
considered in the review: median width and type; shoulder pres-
ence; access to roadside development; right-of-way require-
ments; capacity; operational characteristics; and accident
experience. Relevant information was obtained from published
papers, research reports, and design guides to minimize the data
collection effort required in the research.

A set of critical factors that should be considered in making
meaningful comparisons of design alternatives was identified.
These factors include existing conditions, projected future con-
ditions, constraints on the choice of design alternatives, priorities
that favor one particular design alternative over others, and
potential benefits and disbenefits of design alternatives.

Some estimates of the safety performance of multilane design
alternatives were found in the literature, particularly for two-
way left-turn lanes. To provide a complete evaluation of the
safety performance of multi-lane design alternatives, accident
and operational data on suburban highways were obtained from



the records of two state highway agencies. These data were
carefully assessed to avoid mistaking an effect of traffic volume
or density of development on safety for an effect of the design
alternatives themselves.

The available data in the literature on the operational per-
formance of arterial highways do not deal specifically with the
effects of median dividers, roadside development, or two-way
left-turn lanes. Therefore, a combination of simulation and an-
alytical modeling was employed in the research to assess these
effects.

The information from the literature and from the data col-
lection and analysis was combined to assess the relative merits
of the design alternatives in terms of operations, safety, and
costs. The primary advantages, disadvantages, and limitations
of each alternative are presented in this report, together with
the best available quantitative estimates of their operational and
safety performance. The primary emphasis in the research was

on the assessment of the safety performance of design alterna-
tives. Traffic operational performance is also assessed in the
report, while construction costs are addressed only indirectly.
Construction costs for design alternatives can, in general, be
envisioned as proportional to section length and roadway width.
Site-specific cost determinations are essential to evaluation of
trade-offs between design alternatives, since site-specific cost
factors such as utility relocation and right-of-way acquisition
may render otherwise desirable design alternatives infeasible.

A selection process for design alternatives on suburban high-
ways is presented. This process is intended to illustrate a general
approach to the selection of multilane design alternatives rather
than a rigid methodology. Three design examples were devel-
oped to illustrate how all of the critical factors would typically
be considered by state or local authorities in the selection of a
particular design.

CHAPTER TWO

FINDINGS

The research examined a broad range of multilane design
alternatives suitable for use on suburban arterial highways. This
chapter presents a description of each of these design alternatives
together with the research findings that influence the selection
of one design alternative or another for a particular traffic sit-
uation. The discussion of the selection of design alternatives
addresses the general advantages and disadvantages of the al-
ternatives and key considerations in the selection process in-
cluding operational and safety effectiveness and other, less
quantitative, selection criteria,

SUBURBAN ARTERIAL HIGHWAYS

The research scope was limited to geometric design alterna-
tives appropriate for use on suburban arterial highways. In this
report, a suburban arterial highway is defined on the basis of a
particular set of operational conditions, rather than on the basis
of geographic location in a “suburban’ community. Any high-
way that meets the following criteria is considered to be a
suburban arterial highway:

o Traffic volume over 7,000 vpd.

« Speeds between 35 and 50 mph.

e Spacing of at least one-quarter mile between signalized
intersections.

» Direct driveway access from abutting properties.

» No curb parking.

e Location in or near a populated area.

The first three criteria define a set of suburban operational
conditions that are generally less congested than urban condi-
tions, but more congested than rural conditions. The fourth

criterion distinguishes suburban arterial highways from free-
ways, or expressways based on the presence of direct driveway
access from abutting properties. The fifth criterion, exclusion
of curb parking, recognizes that arterials with curb parking are
more typical of urban than suburban conditions; most suburban
arterials tend to be developed with residential properties with
individual driveway access or with commercial properties that
provide off-street parking for their customers. Finally, the sixth
criterion recognizes that suburban conditions of the type in-
tended for this study only occur in or near a populated area,
although this need not necessarily be a large metropolitan area.
A further discussion of the rationale for the criteria that define
a suburban arterial, particularly as they relate to the selection
of data collection sites for this study, is found in Appendix A
of this report.

While the research was intended to address the improvement
of suburban arterial highways, most of the general findings, if
not the specific quantitative results, are also useful in applying
the same design alternatives to other types of urban arterial
highways.

DESIGN ALTERNATIVES

The research presented here was intended to evaluate geo-
metric design alternatives for use on suburban highways, A
design alternative is defined here by the cross section of the
roadway between major intersections. Design alternatives are
distinguished from one another primarily by the basic number
of through lanes and by the presence or absence of a median
treatment to control left turns at driveways and minor inter-
sections. The research evaluated both two-lane undivided high-




ways, as a base condition, and multilane design alternatives that
could be used to upgrade an existing two-lane highway.

The research considered eight design alternatives that are
widely used on suburban arterial highways. These are:

¢ Two-lane undivided.

e Three-lane divided including a two-way left-turn in the
median.

« Four-lane undivided.

¢ Four-lane divided with one-way left-turn lanes in the
median.

« Five-lane divided including a two-way left-turn lane in the
median.

« Five-lane divided including continuous alternating one-way
left-turn lanes in the median.
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o Six-lane divided with one-way left-turn lanes in the median.
» Seven-lane divided including a two-way left-turn lane in
the median.

The general geometric design characteristics of these design
alternatives are shown in Figure 1.

The quantitative aspects of operational and safety perform-
ance in the research focused on the first five design alternatives
listed above. The latter three design alternatives were considered
qualitatively on the basis of their similarities to the first five
alternatives. It is recognized that other design alternatives that
are not considered here, such as six-lane undivided and eight-

lane divided arterials, can be used effectively on suburban ar-

terial highways in particular situations. Furthermore, it is also
recognized that many geometric variations of the basic design
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Figure 1. Design alternatives for improving suburban arterial highways.



alternatives considered here are possible. For example, each
design alternative can be constructed with a range of lane,
median, and shoulder widths. An issue of particular interest in
the research was to compare the effectivness of design alter-
natives with full shoulders (8-ft wide and over) and with no
shoulders (e.g., curb-and-gutter sections).

Each basic design alternative is briefly discussed below and
illustrated with one or more photographs. The advantages and
disadvantages of these alternatives are more fully discussed later
in this chapter.

Two-Lane Undivided

A two-lane arterial served as the base condition for the study.
This design alternative, shown in Figure 2, consists of one lane
of travel in each direction separated by a painted centerline.
Two-lane undivided roadways range in width from a minimum
of 20 ft (with 10-ft lanes and no shoulder) to 40 ft (with 12-ft
lanes and full shoulders). (The lane widths presented in this
section are based on the range of lane widths actually found in
the field. While there are many existing facilities with 10-ft lanes,
the use of 11-ft lanes for upgrading projects on suburban arterial
highways is recommended and the use of 12-ft lanes is highly
desirable.) While Figure 2 illustrates a two-lane undivided high-
way with a full shoulder, two-lane undivided highways with no
shoulder are also common on suburban highways. Throughout
this report, the two-lane undivided design alternative has been
abbreviated as the 2U alternative.

Three-Lane with Two-Way Left-Turn Lane

A three-lane design including a two-way left-turn lane
(TWLTL) in the median is a simple improvement from the two-
lane undivided alternative, requiring 10 to 16 ft of additional
roadway width depending on the width of the center turn-lane.
The TWLTL in the median provides a deceleration and storage
area for vehicles that desire to turn left at a driveway or an
unsignalized intersection so that the turning vehicles do not
delay through vehicles as they wait for a gap in opposing traffic
to complete their turn. As illustrated in Figure 1, the TWLTL
is delineated by a broken and a solid yellow centerline adjacent
to the through travel lane on each side of the TWLTL.

Five-lane TWLTL designs (see below) have been used effec-
tively on suburban arterials for many years, but the use of the
three-lane TWLTL alternative has become widespread only re-
cently. It serves as a low-cost alternative to designs with multiple
through lanes in each direction and is appropriate for highways
with relatively low through traffic volumes, with frequent left-
turn demands between intersections and where available funds
and/or right-of-way are limited. A typical suburban highway
with a three-lane TWLTL design is shown in Figure 3. The
three-lane TWLTL design alternative has been abbreviated
throughout this report as the 3T alternative.

Four-Lane Undivided

The most simple design alternative with multiple lanes for
through traffic in each direction of travel is the four-lane un-

Figure 2. Two-lane undivided highway.

il

Figure 3. Three-lane divided highway with center two-way lefi-
turn lane.

divided highway. This alternative has two through lanes in each
direction of travel separated by a double yellow centerline and
requires a total roadway width of 40 to 64 ft, depending on lane
and shoulder widths. Typical suburban four-lane undivided
highways with and without full shoulders are shown in Figures
4 and 5, respectively. The four-lane undivided design alternative
has been abbreviated as 4U in this report.

Four-Lane Divided

Another four-lane alternative is the four-lane divided highway
with a raised median and one-way left-turn lanes at intersections
and /or major driveways. Suburban four-lane divided highways
typically have raised medians from 10 to 30 ft in width, with
total roadway widths ranging from 48 to 94 ft. Median openings,
either with or without one-way left-turn lanes, are provided at
signalized intersections and at selected unsignalized intersections
and major driveways to facilitate crossing movements and left-
turn movements onto and off of the arterial. A typical four-
lane divided suburban arterial is shown in Figure 6. The four-
lane divided alternative is abbreviated as 4D in this report.




Figure 5. Four-lane undivided highway with no shoulders.

Figure 6. Four-lune divided highway with raised median.

Five-Lane with Two-Way Left-Turn Lane

The five-lane design alternative including a two-way left-turn
lane in the median has, in the past 15 years, become the single
most common multilane design alternative for upgrading sub-

urban arterials. This design alternative has two through lanes
of travel in each direction and a center TWLTL to provide for
left-turn maneuvers at driveways and minor intersections. The
total roadway width for a five-lane TWLTL section on a sub-
urban highway ranges from 50 to 80 ft, depending on the lane
widths and shoulder widths employed. Figures 7 and 8 illustrate
a typical suburban highway with a five-lane TWLTL design.
The five-lane TWLTL design alternative is referred to as the
5T alternative throughout this report.

Five-Lane with Continuous Alternating Left-Turn
Lanes

A final multilane design alternative with two through lanes
in each direction is the five-lane with continuous alternating
left-turn lanes. This alternative is intended to incorporate the
best features of both the four-lane divided and five-lane TWLTL
alternatives. This design incorporates one-way left-turn lanes in

Figure 7. Five-lane divided highway with center two-way lefi-
turn lane.

Figure 8. Five-lane divided highway with center two-way lefi-
turn lane.



the median that are continuous or nearly continuous along a
section of highway, but alternate from one direction of travel
to another. Figure 9 shows a five-lane alternating left-turn lane
section incorporating a raised median that limits left turns to
specific median openings, while Figure 10 shows a similar design
with a flush median where the left-turn channelization is in-
dicated by pavement markings.

The raised median design shown in Figure 9 differs from the
four-lane divided alternative in that there is a left-turn lane in
one direction of travel or the other nearly continuously along
the length of a highway section, and there is little or no length
of highway with a full width median. This design has been
referred to as a “Z-pattern” because of the shape of the raised
median sections between median openings. The flush median
design in Figure 10 differs from a five-lane TWLTL section in
that the median turn lane, although continuous, is marked for
use by only one direction of travel at any given location. The
flush median design is less restrictive than the raised median
design in that left turns are permitted not just at designated
median openings but also at midblock driveway locations where
a left-turn lane is provided for one particular direction of travel.
The five-lane design with continuous alternating left-turn lanes
has been designated the 5C alternative in this report.

Six-Lane Divided

Six-lane divided highways with a raised median and one-way
left-turn lanes at intersections and /or major driveways are ap-
propriate for use on higher volume suburban highways. This
alternative functions in a manner similar to the four-lane divided
design alternative except that it provides three through lanes
for travel in each direction. A typical six-lane divided suburban
arterial is shown in Figure 11. The six-lane divided design al-
ternative is abbreviated in this report as 6D.

Seven-Lane with Two-Way Left-Turn Lane

The seven-lane TWLTL design alternative operates in a man-
ner similar to the five-lane TWLTL alternative, except that three
through lanes are provided in each direction of travel. Figure
12 shows a typical seven-lane TWLTL design on a suburban
highway. The seven-lane TWLTL design alternative is abbre-
viated as 7T in this report.

Figure 10. Five-lane divided highway with continuous alternating
left-turn lane and flush median.

Figure 9. Five-lane divided highway with continuous alternating
left-turn lane and raised median.

il

Figure 12. Seven-lane divided highway with center two-way left-
turn lane.




SELECTION CONSIDERATIONS

The remainder of Chapter Two focuses on the key issue of
selecting an appropriate multilane alternative for a particular
section of suburban highway. This discussion provides the de-
cision-maker with the best available information on the advan-
tages and disadvantages of the various design alternatives and
their relative effectiveness and presents a recommended ap-
proach to the selection of multilane design alternatives.

The next section addresses two key cost-effectiveness consid-
erations in the selection of multilane design alternatives: safety
performance and traffic operational performance. The subse-
quent section presents the general advantages and disadvantages
of the eight design alternatives. In that section, the safety and
operational analysis results developed in this study are compared
and contrasted with other results reported in the literature. The
final section presents a recommended approach to considering
both the general advantages and disadvantages and the opera-
tional and safety effectiveness in the selection of a design alter-
native.

Cost-Effectiveness Considerations

The primary cost-effectiveness considerations in the selection
of multilane design alternatives for suburban highways are op-
erational effectiveness, safety effectivensss, and construction
cost. This section presents quantitative estimates of operational
and safety effectiveness that are appropriate for use in cost-
effectivness evaluations. No formal cost-effectiveness procedure
for considering trade-offs between these effectiveness measures
and construction cost is provided here, although the procedures
of the AASHTO 4 Manual on User Benefit Analysis of Highway
and Bus Transit Improvements—1977 (1) could be used for
this purpose.

The recommended approach to the selection of design alter-
natives has intentionally been kept informal and flexible. A rigid,
formal cost-effectiveness procedure for the selection of design
alternatives has not been provided for three reasons. First, it is
our assessment that the formalized evaluation and cost-effec-
tiveness procedures often provided in research reports are gen-
erally not used by highway agencies, at least in the form
presented. Therefore, it is the fundamental principles behind the
procedure that are most important to convey. Second, the formal
procedures usually presume a much greater certainty about the
safety impact of a particular alternative than is usually war-
ranted. An informed judgment about the relative safety effec-
tiveness of particular design alternatives may often provide the
most reliable estimate. Third, the nonguantifiable factors that
influence the selection of a design alternative, such as impacts
on land use and development, impacts on abutting businesses,
and impacts on pedestrians and bicycles, are often just as im-
portant as the quantifiable factors. For these reasons, a general
approach has been presented to selection of design alternatives
rather than a stepwise procedure.

Safety Effectiveness

There are two methods that can be used to assess the safety
effectiveness of design alternatives for suburban highways: be-
fore-after studies and comparative evaluations.

Before-after studies are used to compare the accident rates
of selected highway sections during selected time periods before
and after construction of a particular design alternative. A
strength of the before-after design is that each site s matched
to itself in time, so that traffic volumes, traffic characteristics,
and land use are unlikely to change radically between the before
and after periods. However, a common weakness of before-after
studies is the lack of a control group, consisting of highway
sections that were not improved, to assure that a general time
trend in accident rates is not mistaken for an effect of the
geometric improvements. Despite this weakness, the results of
uncontrolled before-after studies must often be relied on because
of the lack of other results in the literature.

A comparative study, on the other hand, is intended to com-
pare the accident rates of similar sites with different design
alternatives. A strength of this approach is that the accident
rate comparison can be made for a common time period. A
potential weakness of this approach is that highway sections
with different design alternatives may also differ in other factors
such as geometrics, traffic volume, traffic characteristics, and /
or land use. Because of this potential weakness, statistical meth-
ods must be used to account for such differences.

Several before-after studies (without control groups) evalu-
ating multilane design alternatives, particularly three- and five-
lane TWLTLs, were found in the literature. While some of the
highway sections used in these studies may be more urban than
suburban in character (e.g., speed limits of 30 mph or below),
it is probable that many of the sites meet the criteria for suburban
highways established in this study. Because of the availability
of before-after studies in the literature, it was decided to conduct
a comparative evaluation in this project and to use the results
of the comparative study together with the results from the
literature to assess the safety effectiveness of multilane design
alternatives.

The safety evaluation performed in this study used safety data
obtained for suburban highways in two states. The development
of this safety data base, which contains a five-year accident
history for 469 miles of suburban highways on the state highway
systems of California and Michigan, is documented in Appendix
A of this report. The results obtained from the analysis of this
data base are summarized below and are documented in more
detail in Appendix B. These results are compared and contrasted
with other results from the literature in the discussion of the
advantages and disadvantages of design alternatives that follows
in this chapter.

Accident Rates

A key measure of effectiveness for the design alternatives in
the study was the accident rate per million vehicle-miles. An
important element of the analysis of accident rates on suburban
highways was statistical control for the differences between the
design alternatives in geometrics, traffic volume, traffic char-
acteristics, and land use. The effects of nine independent vari-
ables, in addition to the design alternative, were considered in
the analysis. These independent variables were:

« ADT.

¢ Truck percentage.

o Type of development.

« Estimated level of left-turn demand.




« Lane width.

« Shoulder width.

« Speed.

¢ Driveways per mile.

« Unsignalized intersections per mile.

The importance of controlling for the effects of these indepen-
dent variables can be illustrated by an example. The raw accident
data for Michigan show that five-lane TWLTL (5T) sections
have higher nonintersection accident rates than four-lane un-
divided (4U) sections, while the reverse was found to be true
when the effects of the other independent variables were con-
trolled for.

The effects on suburban highway accident rates of truck per-
centage, type of development, shoulder width, driveways per
mile and unsignalized intersections per mile were found to be
statistically significant, while the effects of ADT, lane width,
estimated left-turn demand, and speed were found to be not
statistically significant,

The results of the accident rate analysis are summarized in
Tables 1, 2, and 3. Table | presents the average nonintersection
accident rates for suburban highways. The expected accident
rate for any particular highway section is determined as the
sum of a basic accident rate for each design alternative and type
of development (commercial /residential), and adjustment fac-
tors for driveway density and truck percentage. Similar data for
the unsignalized intersection accident rates of highway sections
are given in Table 2 as a function of design alternative, type of
development, unsignalized intersections per mile, and truck per-
centage. Table 3 presents the expected accident rates for non-
intersection accidents and unsignalized intersection accidents
combined. Signalized intersection accident experience should be
considered separately because the geometrics of signalized in-
tersections may vary widely and are not necessarily determined
by the design alternative used between signalized intersections.

Table 1, Average accident rates for nonintersection accidents on sub-
urban arterial highways.
BASIC ACCIDENT RATES
(accidents per million vehicle-miles)

Type ot B Design Alternative
Development 20 3T 4U 4D 57
Commercial 2.39 1456 2.85 2.90 2.69
Residential 1.88 1.64 0.97 1.39 1.39

ADJUSTMENT FACTORS
Under 30 30-60 Over 60
Driveways per mile -0.41 =11, 03 +0.35
Under 5%  5-10% Over 10%

Truck percentage +0.18 -0.07 =033

Note: Accident rates should be decreased by 5%
for highway sections with full shoulders
and increased by 5% for highway sections
with no shoulders.

Table 2, Average accident rates for unsignalized intersection accidents
on suburban arterial highways.
BASIC ACCIDENT RATES
(accidents per millien vehicle-miles)

Type ot ] Design Alternative B
Development 2U aT 40 4D 5T
Commercial 2.11 2 477 4.71 F1i
Residential 2.88 1 #91 3.03 2.71 i

ADJUSTMENT FACTORS
Under 5 5-10 Over 10
Intersections per -0.99 +0.28 *1:55
mile
Under 5%  5-10% Over 10%
Truck percentage +0.22 -0.08 -0.38

Table 3. Total accident rates for suburban arterial highways (including
nonintersection and unsignalized intersection accidents).

BASIC ACCIDENT RATES
(accidenls per million vehicle-miles)

Type of Design Alternative
Development 2U 3T 4u 4D £
Commercial 4.50 389 7.62 7.61 5.80
ResidenLial 4.76 3455 4.00 4.10 3.24

ADJUSTHMENT FACTORS

Under 30 30-60  Over 60
Driveways per mile -0.41 -0.03 +0.35
Under 5%  5-10%  Over 10%
Intersections per -0.99 +0.28 +1..55
mile
Under 5%  5-10%  Qver 10%
Truck percentage +0.40 =015 =01

The accident rates in Tables 1, 2, and 3 should be interpreted
as average or expected values. Substantial site-to-site and state-
to-state variations in accident rate are not unusual. Decisions
based on accident data for the particular site in question will
always be preferable to decisions based solely on the averages
in Tables 1, 2, and 3. These tables provide a valid method to
predict the expected accident rates of suburban highway sec-
tions, but users should be cautious in interpreting the adjustment
factors as precise estimates of the incremental effects of those
variables. For example, the inverse relationship between accident
rate and truck percentage could represent, in part, the effect of
other factors correlated with truck percentage and cannot nec-
essarily be interpreted as a cause and effect relationship.

Tables 1 and 2 can be used to determine the expected accident
rate for a section of suburban highway between signalized in-
tersections. Consider, for example, a suburban two-lane undi-
vided arterial with commercial development, an ADT of 12,500
vpd, 45 driveways per mile, 7.5 intersections per mile, and 7.5
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percent trucks. According to Table 1, such a highway section
would be expected to experience 2.39 — 0.03 — 0.07 = 2.29
accidents per million vehicle-miles, or 10.4 accidents per mile
per year. According to Table 2, the same highway section would
experience 2.11 + 0.28 — 0.08 = 2.31 unsignalized intersection
accidents per million vehicle-miles, or 10.5 accidents per mile
per year. Thus, the highway section would be expected to ex-
perience a total accident rate of 4.60 accidents per million ve-
hicle-miles, or 20.9 accidents per mile per year. For convenience,
accident frequencies per mile per year based on Tables 1, 2, and
3 have been tabulated in Appendix C.

The tables illustrate that, with minor exceptions, suburban
highways with residential development tend to have lower rates
than highways with commercial development. Three-lane
TWLTL sections have lower accident rates than two-lane un-
divided sections, while five-lane TWLTL sections have lower
accident rates than either four-lane undivided or four-lane di-
vided sections. The average accident rates of four-lane undivided
and four-lane divided sections appear to be roughly comparable.

The differences in average accident rate between the design
alternatives, as shown in Tables 1, 2, and 3, provides one measure
of safety effectiveness that can be used to evaluate a proposed
improvement project. For example, since the average total ac-
cident rate for a commercially developed 3T section is 11 percent
lower than the average accident rate for commercially developed
2U section, 11 percent is a reasonable estimate for the accident
reduction effectiveness of a project to improve an existing 2U
section to a 3T design. However, both engineering judgment
and design examples developed from the safety data base suggest
that highly congested sites have higher accident rates than the
average and improvement projects at such sites are more effec-
tive than average in improving safety. Although this conclusion
cannot be quantified or proved statistically from the safety data
base, it appears reasonable and it can form the basis for judg-
ments about increased safety effectiveness estimates for some
projects on congested highways. A design example presented
later in this report illustrates the exercise of engineering judg-
ment in such a case.

Shoulder Width

Each of the design alternatives for suburban highways ad-
dressed in this report can be constructed either with full shoul-
ders or with no shoulders (e.g., with a curb-and-gutter section).
The safety effectiveness of full shoulders plays an important role
in the consideration of design alternatives because, at some sites
with right-of-way restrictions, operational benefits can be ob-
tained only by eliminating the shoulder so that a median or a
TWLTL can be installed. Elimination of the shoulder could
increase accident rate by narrowing the roadside clear area and
increasing the likelihood that a vehicle running off the road will
strike an object. The key issue is whether or not this potential
increase in accident rate is offset by the decrease in accident
rate due to the median treatment.

There are no studies in the literature that address the safety
effectiveness of shoulders on urban or suburban highways. There
has been a great deal of research over the years on the effects
of shoulders on rural highways, but the results are inconclusive.
A recent state-of-the-art review by Zegeer and Perkins (2) eval-
uated three studies that reported increases in accident rate with

wider shoulders, two studies that reported mixed effects or no
effect of wider shoulders on accident rate, and six studies that
reported decreases in accident rate with wider shoulders. One
problem with virtually all of the research to date on the safety
effects of shoulders is the lack of experimental control for road-
side features, which can produce large disparities in reported
accident rates for otherwise similar highways. Most rural high-
ways with wide shoulders tend also to have better roadside
designs. One’s best judgment is that shoulders do have a positive
effect on safety, but this effect may be much smaller than re-
ported in many studies.

The safety data base developed in this study was used to
investigate the safety effectiveness of shoulders on suburban
highways. It was found that the accident rates in Table 1 should
be decreased by 5 percent for sites with full shoulders and
increased by 5 percent for sites with no shoulder. This positive
relationship between accident rate and the presence of a shoulder
is small, but statistically significant. Although it is reasonable
to expect that the safety effectiveness of a full shoulder is dif-
ferent for different design alternatives, there was no discernable
interaction effect of this type in the data base. It should be noted
that like the shoulder studies reported in the literature, this
shoulder analysis did not consider the effect of roadside design;
this lack of data on roadside design may be less critical because
highway sections without roadside obstacles are much less fre-
quent on suburban highways than on rural highways.

The findings of the shoulder width analysis suggest that the
full shoulder condition is more desirable than the no shoulder
condition for any given alternative. However, where right-of-
way restrictions dictate, the elimination of the shoulder to im-
prove traffic operations by upgrading from one design alternative
to another appears justified whenever the anticipated accident
reduction effectiveness of the project is at least 10 percent.

Accident Severity

The safety analysis also quantified the differences in the se-
verity distribution between design alternatives. Table 4 presents
the percentage of accidents involving a fatality or injury by
design alternative, type of development (commercial / residen-
tial), and accident location (nonintersection/unsignalized in-
tersection). For each column in the table, the severity data have
been combined for pairs of design alternatives that do not differ
significantly in the proportion of fatal and injury accidents; for
example, there is no statistically significant difference between
the proportion of fatal and injury accidents for nonintersection
accidents on commercial 2U and 4U sections, so a combined

Table 4. Accident severity distribution for suburban arterial highways.

_Percent of Accidents Involving a Fatality or Injury
Nonintersection Unsignalized Intersection

Design Accidents Accidents
Alternative Qgﬁ@@j}jé] Residential Commercial Residential
2U 38.4 43.6 39.0 32.9
3T 29:49 43.6 32.1 32.9
4U 8.4 38.8 321 32.9
] 33:1 43.6 26.9 45.1
5T 33.7 38.8 32.1 26.6



proportion of fatal and injury accidents (38.4 percent) is used
for both.

The accident severity results given in Table 4 should also be
considered in the selection of multilane design alternatives for
suburban highways. For example, upgrading from a 2U to a 3T
design on a commercially developed section not only reduces
accident rate (see Tables 1, 2, and 3), but also reduces the
percentage of fatal and injury accidents from 38.4 percent to
29.9 percent for nonintersection locations and from 39.0 percent
to 32.1 percent at unsignalized intersections.

Accident Types

There are three types of accidents that are generally suscep-
tible to correction by installation of multilane design alternatives
on suburban highways. These are: head-on accidents, rear-end
accidents, and angle accidents. Each of these three types of
accidents involves multiple-vehicle collisions that could be ame-
liorated by installation of a raised median or a TWLTL. To
minimize differences in accident classification systems, opposing
direction sideswipe accidents have been classified as head-on
accidents and same direction sideswipe accidents have been
classified as rear-end accidents.

Table 5 presents the proportion of all accidents represented
by these accident types that are susceptible to correction for
each design alternative and type of development. The recom-
mended use of the data in Table 5 is to judge whether particular
sites have a higher than average proportion of correctable ac-
cident types. The installation of an improved design alternative
at such sites is likely to be more effective than suggested by the
differences in average accident rates derived from Tables 1, 2,
and 3. However, the percentages of correctable accidents in
Table 5 should be used only in a general sense to judge the
magnitude of a problem at a particular site. Direct comparisons
between design alternatives may be misleading because alter-
natives with higher volumes of turning maneuvers are more
likely to have a higher percentage of correctable accident types,
and no data are available to control for the volume of turning
maneuvers.

Operational Effectiveness

The operational effectiveness of multilane design alternatives
was evaluated in this study for four pairs of alternatives. These
are:

e Improving a two-lane undivided (2U) design to a three-
lane TWLTL (3T) design.

» Improving a four-lane undivided (4U) design to a five-lane
TWLTL (5T) design.

o Improving a four-lane undivided (4U) design to a four-lane
divided (4D) design.

¢ Improving a four-lane divided (4D) design to a five-lane
TWLTL (5T) design.

The operational comparison of the 2U and 3T design alternatives
and of the 4U and 5T design alternatives was performed using
a computer traffic simulation model, known as TWLTL-SIM,
developed at the University of Nebraska. The development of
these operational estimates is presented in detail in Appendix
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Table 5. Distribution of accident types susceptible to correction by
multilane design alternatives.

Percent of Accidents Susceptible to Correction®
Unsignalized Intersection
Design Nonintersection Accidents _Accidents -
Alternative Commercral “Residential Commercial Residential
2 50.5 443 55.9 50.5
3T 45.0 49 4 65.2 56.7
4U 45.8 51.6 65.0 63.5
AT 58.6 43.2 ] 42.4
5T 50.5 600 446 55.0
Head-on, rear-end, and angle accidents.

a

D. The operational comparison of the 4U and 4D design alter-
natives and the 4D and 5T design alternatives combined the
results of the simulation analysis with analytical estimates of
the impact of a median divider on adjacent signalized intersec-
tion(s). This analysis is presented in detail in Appendix E.

The operational effectiveness of TWLTLs and raised medians
on arterial streets is not addressed directly by either the 1965
or 1985 Highway Capacity Manual (HCM) procedures. The first
attempts to quantify the delay reduction effectiveness were made
recently in papers published by McCoy, Ballard and Wijaya (3)
and Ballard and McCoy (4) of the University of Nebraska.
Their work using an earlier version of the TWLTL-SIM com-
puter simulation model has been updated in this report. The
TWLTL-SIM model has been validated for a limited set of field
data collected in Omaha and Lincoln, Nebraska. The traffic
operational predictions obtained from this model are more
highly variable than was desired, and inconsistencies in the
model predictions were found in a few cases. Nevertheless, the
model results presented in this report, while not as quantitatively
precise as desired, demonstrate some fundamental findings con-
cerning the operational effectiveness of TWLTLs. Further de-
velopment of the TWLTL-SIM model to produce a more
consistent tool for operational analysis is recommended.

Table 6 presents estimates of the reduction in delay to through
vehicles caused by left-turn vehicles for TWLTLs on suburban
highways developed using the TWLTL-SIM model. The table
illustrates that the delay reduction due to a TWLTL is a function
of flow rate and driveway density. The delay reduction effec-
tiveness estimates in the table are in units of veh-sec of delay
reduced per left-turn vehicle. For example, if a TWLTL were
installed on a 0.5-mile section of a four-lane undivided highway
with a flow rate of 650 vph in each direction, a driveway density
of 60 driveways per mile and 20 percent of the through volume
turning left per mile, the estimated delay reduction in each
direction of travel would be:

8.7 veh-sec x 0.2(650) veh/hr/mi X 0.5 mi

— REEH veh-sec

Interpolation in Table 6 to obtain delay estimates for other flow
rates or driveway densities is acceptable.

Table 6 shows that the installation of a TWLTL on either a
two-lane or a four-lane highway reduces delay for each com-
bination of flow rates and driveway densities evaluated. At the
flow rate evaluated for both design alternatives, installation of
a TWLTL results in greater delay reduction on a two-lane
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Table 6. Delay reduction estimates for installation of TWLTLs on
suburban highways,

Delay Reduction

(veh-sec per A

Flow Rate Driveways left-turn vehicle)”
(vph)* per Mile 20 vs. 3T 40 vs. 5T
400 30 +19.7 +6.3

60 +13.1 +5.4

a0 +13.1 +4.8

650 30 & 10,2
60 - +8.7

90 - +7.8

900 30 - +65.4
60 - +56.3

90 - +47.8

1,100 30 - +764.2
60 - +673.5

90 - +531.1

In one direction of travel.

highway than on a four-lane highway. This finding is not un-
expected since every following vehicle is delayed by a vehicle
waiting to turn left on a two-lane highway, while vehicles may
change lanes to avoid a vehicle waiting to turn left on a four-
lane highway. The delay reduction estimates for TWLTLs in
two-lane highways are based on the assumption that there is no
shoulder available for through vehicles to bypass vehicles wait-
ing to turn left.

No delay reduction estimates are presented in Table 6 for the
installation of a TWLTL on a two-lane highway at flow rates
of 650 vph in each direction and above. The simulation results
indicate that above the level of 500 to 600 vph in each direction,
even moderate left-turn volumes on a two-lane undivided road-
way will result in overcapacitated conditions with unacceptable
operational conditions and rapidly increasing delay. Thus, the
delay reduction effectiveness for these conditions is large but
unquantifiable. On four-lane highways, the simulation model
results in Table 6 indicate a very rapid increase in left-turn delay
between 900 and 1,100 vph, similar to the results observed for
two-lane highways but at a higher volume level. These results
suggest that at flow rates of approximately 1,000 vph or higher
with even moderate midblock left-turn volumes, four-lane un-
divided highways become very congested and some type of op-
erational improvement—TWLTL or raised median—is needed.

The results reported in Table 6 indicate that from an oper-
ational standpoint, the use of a TWLTL is a highly desirable
alternative in a wide variety of design situations. The delay
reduction estimates in Table 6 are suitable for use in operational
evaluations and cost-effectiveness evaluations to justify the in-
stallation of a TWLTL. One drawback to the use of such es-
timates is the need for left-turn volume data not only at
intersections, but also at midblock locations (driveways), to
quantify the operational benefits of a TWLTL. Midblock turning
volumes are not usually obtained in the design of suburban
highway improvements, but may be a desirable addition to the

design process because they can be used together with Table 6
to determine delay reduction estimates.

The operational comparison of the 4U and 4D design alter-
natives and the 4D and 5T design alternatives combined the
results obtained with the TWLTL-SIM model with analytical
estimates of the other operational effects of a median divider.
It was assumed that drivers denied the opportunity to turn left
by the presence of a median divider would proceed to the next
signalized intersection, make a U-turn during a separate left-
turn phase, and return to their desired destination in the op-
posing direction of travel. The results of this analysis (see Table
E-7 in Appendix E) show that the installation of a median
divider on a four-lane undivided highway generally increases
delay up to a flow rate of approximately 1,000 vph in each
direction of travel. Above that flow rate, drivers making mid-
block left turns are better served by the indirect U-turn routing
than by waiting for a gap in opposing traffic to complete a left
turn. Because of the variability inherent in the simulation model
results, the 1,000 vph flow rate should not be regarded as a
precise boundary between conditions appropriate for a four-lane
undivided highway and for installation of a raised median. How-
ever, the results strongly suggest that as flow rates approach or
exceed 1,000 vph, the installation of a raised median becomes
more desirable. Furthermore, this finding does not mean that
raised medians should not be used at flow rates lower than 1,000
vph, but it does imply that they should be used only when there
are other benefits that offset the operational disadvantages of a
raised median.

The operational comparison of the four-lane divided and five-
lane TWLTL alternatives shows that, similar to the installation
of a TWLTL on an undivided highway, the replacement of a
median divider with a TWLTL reduces delay over the entire
range of flow rates, left-turn demands, and driveway densities
studied.

The operational effectiveness of highway improvements in-
volving a change in the basic number of through lanes on a
facility, such as upgrading from a 2U to a 5T design, can be
estimated as the sum of the TWLTL effectivness (2U to 3T
from Table 5) plus the delay reduction due to the addition of
a second through lane in each direction. The latter quantity can
be best estimated using the procedures of Chapter 11 of the
1985 HCM on Urban and Suburban Arterials to assess the
difference in midblock running speeds between a two-lane and
a four-lane facility (37).

Advantages and Disadvantages of Design
Alternatives

This section presents the general advantages and disadvan-
tages of the eight design alternatives identified earlier in this
chapter as appropriate for use on suburban highways. The ad-
vantages and disadvantages identified here are based on the
findings of the research performed in this study, the research
reported in the literature, the experience and design practices
of highway agencies contacted during the study, and judgments
and assessments made by the author. The primary intent of this
section is to present the nonquantitative advantages and dis-
advantages of the design alternatives. However, because many
of these advantages and disadvantages are closely related to
traffic operations and safety issues, a discussion of traffic op-



erational and safety evaluations in the literature is also included.
The traffic operational and safety findings reported in the lit-
erature are compared and contrasted to the findings of the
analyses performed in this study, which were reported above in
the discussion of Cost-Effectiveness Considerations. Thus, the
discussion of the advantages and disadvantages presented below

constitutes a guideline for the appropriate uses of each multilane

design alternative.

Table 7 presents an overview of the general advantages and
disadvantages of the eight basic design alternatives. These ad-
vantages and disadvantages are addressed in the following in
individual discussions of each design alternative.

Table 7. Advantages and disadvantages of design alternatives for suburban highways.

DESIGN
ALTERNATIVE ADVANTAGES DISADVANTAGES
Two-lane undivided (2U) 1. Least expensive alternative Minimal capacity for through
2. Minimal right-of-way required traffic movement
Delay to through vehicles by
left-turning vehicles
Three-lane with TWLTL {3T) 1. Reduces delay to through vehicles May eliminate shoulders
5 by left-turning vehicles MNo refuge area in median for
2. Reduces frequency of rear-end pedestrians
and angle accidents associated May encourage strip commercial
with left-turn maneuvers development
3. Provides spatial separation
between opposing lanes to reduce
head-on accidents
4. Increases operational flexibility
Four-lane undivided (4U) 1. Provides additional lanes to Delay to through vehicles by
increase capacity for through left-turning vehicles
traffic movement May generate safety problems
2. Requires less width than 4D and associated with rear-end and
5T alternatives lane-changing conflicts
Four-lane divided (4D ) 1. Provides additional lanes to Required pavement and right-of-way
increase capacity for through width may not be available
traffic movement Increased delay to left-turning
2. Reduces rear-end and angle vehicles
accidents associated with left-turn Indirect routing required for
maneuvers large trucks
3. Provides physical separation to Lack of operational flexibility due
reduce head=on accidents to fixed median
4 Discourages strip commercial
development
5. Provides a median refuge area
for pedestrians
Five-lane with TWLTL (5T) 1. Provides additional lanes to Required pavement and right-of-way
increase capacity for through width may not be available
traffic movement Mo refuge area in median for
2. Reduces delay to through vehicles for pedestrians
by left=turning vehicles May generate safety problems at
3. Reduces frequency of rear-end and closely spaced driveways and
angle accidents associated with intersections
left-turn maneuvers May encourage strip commercial
4. Provides spatial separation development
between opposing lanes to reduce
head-on accidents
5, Increases operational flexibility
Five~lane with alternating 1. Same as 4D alternative Same as 4D alternative
left-turn lanes (5C) 2, More frequent median openings
(raised median) for left turns
Five-lane with alternating 1. Same as 5T alternative Same as 5T alternative
left-turn lanes (5C ) Provides left=turn lane for only one
(flush median) direction at a time
Six=lane divided (4D ) 1. Same as 4D alternative Same as 4D alternative
2. Increased turning radius for U=turns
Seven-lane with TWLTL (7T) 1. Same as 5T alternative Same as 5T alternative
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Two-Lane Undivided

The two-lane undivided (2U) base condition is the simplest
design alternative for a suburban highway, and also the least
evaluated, because most studies focus on upgrading two-lane
undivided highways to an improved design rather than on the
two-lane undivided condition itself. Most surburban highways,
except in very rapidly developing areas, were originally con-
structed as two-lane undivided highways, often in a rural or
semirural environment, but many of these two-lane undivided
highways require upgrading as suburban development continues,
driveway densities rise, and traffic volumes increase.

The major advantages of the 2U design alternative are rela-
tively low construction cost and minimum right-of-way require-
ments. The disadvantages of the 2U alternative are minimal
through traffic capacity, because there is only one through lane
in each direction of travel; and delays to through vehicles by
vehicles making left turns, because there are no physical re-
strictions and no deceleration and storage areas for left turns.

Two-lane undivided facilities generally provide acceptable ser-
vice levels on suburban highways with traffic volumes less than
5,000 to 7,000 vpd. Some two-lane undivided facilities without
closely spaced signals or commercial development or both may
provide adequate service on highways with traffic volumes up
to 15,000 vpd. However, more typically, two-lane undivided
facilities above the 5,000 to 7,000 ADT level experience peak-
hour congestion and/or increased accidents that suggest the
need to upgrade the facility with one of the multilane design
alternatives presented in this report. The peak-hour traffic vol-
umes, especially on signalized arterials, may require more than
one lane to serve the through traffic volume, while the left-turn
traffic generated by commercial development may create un-
acceptable delays to through motorists. Such congestion can
lead to rear end and angle accidents associated with turning
maneuvers. For example, one two-lane undivided surburban
highway section used as a design example later in this report,
with an ADT of 11,700 vpd, experienced an accident rate four
times the expected rate for 2U facilities.

The level of traffic service for two-lane undivided highways
under suburban conditions cannot be evaluated adequately with
Chapter 8 on Two-Lane Highways in the 1985 Highway Capacity
Manual (HCM). This chapter is intended for application to two-
lane highways with uninterrupted flow, and such conditions do
not usually exist on suburban arterials. The procedures of HCM
Chapter 11 on Arterial Streets are most applicable to suburban
2U facilities. These procedures include consideration of the com-
bined effect of traffic conditions on signalized intersection ap-
proaches and in midblock sections between signalized
intersections.

There has not been a complete safety evaluation of accident
rates and patterns on surburban two-lane highways in previous
literature, but accident rate estimates for two-lane highways are
presented above and in Appendix B of this report.

Three-Lane with TWLTL

The three-lane TWLTL (3T) design alternative has several
important advantages over the two-lane undivided base condi-
tion, which can be gained for only a minimal increase in pave-
ment width. In fact, some two-lane undivided facilities with
wide lanes and /or full shoulders can be converted to three-lane
with TWLTL simply by restriping.

The primary advantages of a three-lane facility is that the
TWLTL provides a storage area in the median for left-turning
vehicles. The removal of these vehicles from the through traffic
lanes minimizes the delay to through vehicles caused by left-
turning vehicles and reduces the risk of rear-end and angle
accidents associated with left-turn maneuvers. The provision of
a TWLTL in the median may encourage drivers to wait for an
adequate gap in opposing traffic when waiting to turn left;
without the TWLTL, left-turning drivers may become anxious
or impatient and select an inadequate gap when they are delaying
a queue of following vehicles. The TWLTL also introduces a
spatial separation between the lanes of traffic moving in opposite
directions which may reduce the risk of head-on accidents.
Finally, the presence of a TWLTL provides operational flexi-
bility on a suburban arterial that can increase the freedom of
movement for emergency vehicles and simplify the traffic control
arranagements when maintenance or construction activity re-
quires a lane to be closed.

The 3T design alternative has some disadvantages. First, the
installation of a TWLTL provides a wider pavement for pedes-
trians to cross without providing a refuge area in the median;
however, this disadvantage is of much less concern for a three-
lane TWLTL design than for a five-lane TWLTL design (see
below). A second disadvantage is that increased pavement and/
or right-of-way width may be needed and, in some cases, this
width may be obtained by eliminating a full shoulder on a two-
lane undivided facility. The sacrifice of a full shoulder may
partially offset the accident rate reduction gained from the in-
stallation of a TWLTL and eliminate the operational flexibility
provided by the use of the shoulder to store disabled vehicles
out of the through lanes. On the other hand, where congested
conditions on a 2U facility encourage frequent use of the shoul-
der to bypass vehicles stopped in the through lanes to make a
left turn, the 3T design is probably a safer alternative for use
of the existing pavement width. Finally, the installation of a
TWLTL may encourage strip commercial development. If the
established land use plan for a particular facility or corridor is
to discourage strip commercial development, the use of a wider
design alternative with a raised median should be considered.
However, if strip commercial development is not considered
undesirable or if it has already occurred, the TWLTL may be
the best way to provide access to that development.

Three-lane TWLTL sections have not been evaluated as ex-
tensively as five-lane TWLTL sections. The following discussion
focuses on findings that are specifically applicable to the three-
lane TWLTL. A more general discussion of TWLTL effective-
ness will be found in the section of the five-lane TWLTL design
later in this chapter.

A recent study of median treatments by Walton et al. (5)
concluded that the use of the three-lane TWLTL design alter-
native is most appropriate on highways with traffic volumes in
the range from 5,000 to 12,000 vpd. Effective applications of
the three-lane TWLTL alternative have been noted in the field
at even higher traffic volume levels.

It has long been recognized that TWLTLs are effective in
reducing congestion on suburban highways with heavy left-turn
demands, but efforts to quantify that effectiveness have been
made only within the last three years. Harwood and St. John
(6) performed a field study of three, three-lane TWLTL sites
in urban fringe areas. It was found that the delay reduction
effectiveness of a three-lane TWLTL design, in comparison to
a two-lane undivided design, was correlated with the left-turn
volume, the through traffic volume, the opposing traffic volume,



and the percent of traffic platooned in the opposing direction.
However, the latter variables were so strongly correlated with
each other that a regression relationship using any one of these
variables to predict delay was as good as a relationship using
several of them. The opposing traffic volume was found to have
the strongest relationship and the following regression equation
was developed to predict delay reduction:

DPLTV = —6.87 + 0.058 OFLOW

where DPLTV = delay reduction per left-turn vehicle (sec);
and OFLOW = opposing flow rate (vph). This regression model
explains 32 percent of the variation in the dependent variable
(i.e., R* = 0.32).

McCoy, Ballard and Wijaya (3) performed a simulation study
in 1982 to predict the reduction in delay and stops by through
vehicles due to installation of a TWLTL on a two-lane undivided
street. An updated version of the model used in that study,
known as TWLTL-SIM, was used to obtain the operational
estimates for converting from a 2U to a 3T design that were
presented in Table 6 of this report. This table shows that the
operational benefits of installing a TWLTL on a 2U facility are
substantial and should be considered on many densely developed
facilities.

There are no procedures in the 1985 Highway Capacity Man-
ual that directly address the effectiveness of a three-lane
TWLTL section. However, on a two-lane undivided arterial
without signals or with widely spaced signals, it is suggested
that the installation of a TWLTL can restore traffic operations
approaching the level of service for uninterrupted flow condi-
tions determined from the procedures of Chapter 8.

The safety effectiveness of the three-lane TWLTL design al-
ternative has been evaluated more extensively than the opera-
tional effectiveness. The safety analysis presented earlier in this
report found that accident rates were 11 percent lower for 3T
sections than for 2U sections on suburban arterial highways
with commercial development and 25 percent lower for high-
ways with residential development. Thakkar (7) reports a re-
duction in accident rate of 32 percent for all accidents and 31
percent for fatal and injury accidents with installation of a three-
lane TWLTL section. One site evaluated by Harwood and St.
John (6), where a 2U facility was converted to a 3T design,
resulted in a 35 percent reduction in accident rate. Thus, the
safety effectiveness of converting from the 2U to the 3T design
alternative is expected to be in the range from an 11 to 35
percent accident rate reduction.

A case study of a two-lane undivided highway restriped as a
three-lane TWLTL section was performed by Nemeth (§). A
0.8-mile section of two-lane highway with an ADT of 13,000
to 14,000 vpd was restriped to include a 13-ft wide TWLTL.
The restriping reduced the width of the through lanes from 15
to 11.5 ft, and the shoulder width on part of the section was
reduced to less than 3 ft. The evaluation of this site found a
statistically significant increase in running speed of nearly 3
mph and a 40 to 60 percent reduction in traffic conflicts due
to braking and weaving after installation of the TWLTL. It was
concluded that the introduction of the TWLTL resulted in a
measurable improvement in traffic flow and safety, despite the
narrowing of the through lanes and shoulder. The results of a
traffic conflict study by McCormick and Wilson ( 9), presented
in Table 8, found that the 3T design alternative had a lower
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Table 8, Comparison of traffic conflict rates for four design alternatives
(9.

Adjusted Mean

Design Alternative Conflict Rate”

Four-lane undivided (4U) 22.1
Three-lane with TWLTL (3T) 17.6
Five-lane with alternating leflt-turn 9.1

(5C with flush median)

Five-lane with TWLTL (5T) 4.8

Conflicts per hour per 300 ft.

conflict rate than the 4D alternative, but a higher conflict rate
than the 5T alternative.

Two studies have examined the conversion of an existing 4U
section to a 3T design. Nemeth (&) found that the installation
of a 3T design on a highway with an existing 4U design and
an ADT of 16,000 vpd resulted in an increase in delay because
of the reduction in the number of through lanes. He concluded
that the access function of the roadway was improved at the
price of a measurable delay in the traffic movement function.
On the other hand, on a facility with a lower traffic volume,
Jomini (70) found no significant increase in delay, as well as a
substantial reduction in accidents, resulting from a 4U to 3T
conversion.

The three-lane TWLTL design appears to be an effective
alternative to a two-lane undivided highway for locations with
substantial midblock left-turn demands. The three-lane TWLTL
may also be a useful alternative to an existing four-lane divided
highway for sites with low volumes of through traffic and high
left-turn volumes.

Four-Lane Undivided

The four-lane undivided (4U) design alternative has the ad-
vantage over the 2U and 3T design alternatives of increased
capacity for through traffic because two through lanes are pro-
vided for travel in each direction. The major disadvantage of
the 4U design alternative is that there is no special provision
for left turns, so that through vehicles are frequently delayed
by left-turn vehicles. Traffic turning both left and right at in-
tersections and driveways can create rear-end conflicts and lane
changes to avoid delay that are often symptomatic of safety
problems.

Guidelines developed by Klatt (/1) for the city of Omaha,
Nebraska, concluded that the 4U design alternative is best suited
for use on streets functionally classified as collectors or minor
arterials. The 4U design alternative is most suitable for resi-
dential and light commercial areas, without high left-turn de-
mands. The use of the 4U design alternative is not recommended
on a highway that is, or could become, a major arterial; either
the 4D design alternative or the 5T design alternative or both
would be more appropriate for a major arterial. However, the
4U design alternative could be appropriate as a stage to an
ultimate 4D or 5T design.
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Figure 13. Four-lane undivided highway where right-of-way
width restricts widening.

Although it would be desirable to upgrade many 4U arterials
to a 4D or ST design, right-of-way restrictions make this in-
feasible at many locations. For example, Figure 13 shows com-
mercial development on a 4U arterial with building setbacks of
less than 20 ft where the widening of the roadway would elim-
inate off-street parking and reduce the viability of retail oper-
ations at this location. On 4U facilities that cannot be widened,
the use of the variety of access control techniques catalogued
by Glennon et al. (/2, 13) to improve traffic operations and
safety at individual driveways is recommended. Table 9 presents
a summary of these techniques.

The capacity of suburban arterial highways with a four-lane
undivided cross section is addressed in Chapter 11 on Urban
and Suburban Arterials in the 1985 Highway Capacity Manual
(HCM). Four-lane undivided arterials with signal spacings
greater than 2 miles can also be addressed with the procedures
of Chapter 7 on Multilane Highways in the 1985 HCM. How-
ever, neither procedure adequately addresses the effects of sub-
urban development and associated midblock turning maneuvers
on level of service and capacity. The operational analysis of
multilane highway sections performed in this study found the
4U design alternative to be less desirable than the 5T design
alternative under virtually all operating conditions and less de-
sirable than the 4D design alternative under high-volume con-
ditions (over 1,000 vph in one direction of travel).

Four-lane undivided highways generally have higher accident
rates than other multilane design alternatives. The safety effec-
tiveness estimates for improving a 4U design to a 4D or 5T
alternative are addressed below in the discussion of those two
design alternatives.

In summary, nearly any highway, where the 4U design al-
ternative is in use, could be improved in traffic operations and/
or safety by installation of a TWLTL or a raised median. The
use of the 4U design alternative is recommended only (1) for
facilities with residential or light commercial development with-
out heavy left-turn demands that are not expected major arte-
rials; (2) for facilities with right-of-way restrictions that make
wider design alternatives infeasible; or (3) as a stage toward the
construction of a facility with an ultimate 4D or 5T design.

Table 9. Driveway location, design and control techniques to improve
driveway operations.

- Regulate minimum spacing of driveways.

» Regulate minimum corner clearance.

» Regulalte minimum properly line clearance.

- Regulale maximum number of driveways per properly frontage.

- Regulale maximum width of driveways.

& Consolidale access for adjacent properties.

" Encourage connections between adjacent properties.

. Deny access for small frontage.

. Require access on collector street (where available) in lieu of

additional driveway on highway.

. Channelize driveway to eliminate conflicts between entering and
exiting vehicles.

. Use one-way driveways in lieu of two-way driveways.

. Restrict turning maneuvers by signing or channelization.

L Improve corner radii Lo increase turning speeds.

= Improve vertical geomelrics of driveways to increase Lurning
speeds.

L] Require driveway paving Lo increase turning speeds.

. Install right-turn acceleratioen and deceleration lanes.

. Move sidewalk-driveway crossing further from highway.

Source: Glennon, et al. (Refs. lg and l%)

Four-Lane Divided

The primary advantages of the four-lane divided (4D) design
alternative are increased capacity for through traffic by the
provision of two through lanes in each direction of travel and
the protection of that through traffic capacity by the elimination
of left turns except at selected intersections and major driveways.
The installation of a median divider also reduces the likelihood
of head-on accidents between vehicles traveling in opposite di-
rections and rear-end and angle accidents associated with left-
turn maneuvers. Finally, on suburban highways with adjacent
land that is not fully developed, the installation of a median
can be used to discourage new strip commercial development
and preserve the traffic movement function of the roadway.

A major disadvantage of the 4D design alternative is the
increased travel time for vehicles that desire to turn left at
locations where median openings are not provided. These ve-
hicles must either make a U-turn at a location where a median
opening is provided or use some other indirect route to reach
their destination. While residents or retail customers driving
passenger cars may be able to make U-turns at signalized in-
tersections, the geometrics are usually not adequate for large
trucks to make U-turns, so delivery vehicles must often use
indirect routes. For some kinds of retail businesses, installation
of a median may discourage customers who desire to turn left
to reach the establishment and make midblock locations less
desirable (7/4). The installation of a median also reduces the
operational flexibility of the roadway to serve special conditions
including emergency vehicle movements and work zones with
lane closures.

The 4D design alternative is best suited for use on major
arterials with high volumes of through traffic and limited access



points. The use of the 4D design alternative is recommended
only for highways with less than 45 driveways per mile; on
highways with more than 45 driveways per mile, the 5T design
alternative is probably better suited to serve the existing devel-
opment. The 4D design alternative is better suited than the 5T
design alternative to serve suburban highways with isolated
major traffic generators (e.g., shopping centers or office com-
plexes), which have widely spaced, high-volume driveways. Sub-
urban highways with existing strip commercial development are
probably better served with a 5T design.

The installation of a raised median is the best available tech-
nique to preserve the through traffic movement function on a
suburban highway, although this is accomplished at the expense
of the land access function. Thus, the 4D design alternative is
appropriate when a highway agency makes a conscious choice
to favor the traffic movement function. In rapidly developing
suburban areas, the choice of the 4D design alternative may be
used to influence the course of future development so that the
traffic movement function is preserved. Figure 14 shows a sub-
urban highway in a rapidly developing area where the 4D design
alternative was selected in conjunction with zoning policies to
discourage strip commercial development and encourage iso-
lated major traffic generators whose access to the facility could
be carefully controlled.

Where the 4D design alternative is selected for a suburban
highway with existing development, careful consideration needs
to be given by the design agency to the adequacy of alternative
routes to complete left turns that are prevented by the median.
This consideration may include the geometric design, signal
timing and signal phasing at adjacent signalized intersections,
the length of separate left-turn lanes at median openings and
signalized intersections, the turning radius required to complete
U-turns, and the availability and adequacy of alternate routes
including parallel streets, alleys, and service roads.

The operational evaluation performed in this study found that
relative to the 4U design alternative, the combined delay to
through and left-turn vehicles was reduced by the 4D design
alternative only for flow rates above 1,000 vph in one direction
of travel. The use of the 4D design alternative for highways
with peak flow rates less than 1,000 vph is recommended only
where other offsetting benefits such as improved safety, land
use control, or preservation of through traffic capacity are ex-
pected.

Table 3, presented earlier in this chapter, indicates that the
average accident rate for the 4U and 4D alternatives are nearly
the same. However, despite this finding, there are two important
reasons why the installation of a raised median on some 4U
facilities will provide safety benefits. First, Table 4 shows that,
on suburban highways with commercial development, the per-
centage of fatal and injury accidents is lower by 5 percent on
4D facilities than on 4U facilities. The opposite appears to be
the case on residential facilities. Second, many existing facilities
with a 4U design alternative have accident rates much higher
than the average for all 4U facilities. If a suburban 4U facility
has an above-average accident rate, and if the proportion of
accidents susceptible to correction by the installation of a median
(head-on accidents and rear-end and angle accidents associated
with left turns) is large enough to account for the increase above
the average rate, upgrading to the 4D design alternative can be
expected to reduce the accident rate to the average for 4D
sections. Design examples illustrating this principle are pre-
sented later in this report.
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Figure 14. Four-lane divided highway with raised median used
to limit strip commercial development.

Five-Lane with TWLTL

The five-lane TWLTL (5T) design alternative has several
important advantages. The 5T design alternative reduces delay
to through vehicles by providing two lanes for through traffic
in each direction of travel and a continuous TWLTL in the
highway median to minimize delay to through vehicles by ve-
hicles turning left. The 5T design alternative is effective in
reducing the frequency of rear-end and angle accidents associ-
ated with left-turn maneuvers and may also reduce head-on
accidents through spatial separation of the lanes of traffic mov-
ing in opposite directions, Thus, the 5T alternative reduces the
same type of accidents as the 4D alternative without the in-
creased delays often resulting from installation of a raised me-
dian. Finally, the installation of a TWLTL enhances the
operational flexibility of the facility to meet special situations
such as movement of emergency vehicles and lane closures due
to traffic accidents or work zones. Another aspect of the op-
erational flexibility of the 5T design alternative is that the center
TWLTL lends itself well to reversible flow operation; some
agencies have operated the center lane as a travel lane in one
direction of travel during the morning peak period, in the op-
posite direction during the evening peak period, and as a
TWLTL during off-peak periods. Such operation takes advan-
tage of the temporal distribution of traffic, since the peak periods
for through movements do not necessarily occur simultaneously
with the peak period for left-turn movements. The safety and
operational benefits of TWLTLs are substantial and have made
the 5T design the single most widely used multilane design
alternative for suburban highways in many jurisdictions.

Despite their many advantages, the five-lane TWLTL design
has several disadvantages that should be considered at sites
where its use is contemplated. First, the increased pavement
and right-of-way width required for a TWLTL may not be
available at all locations; the installation of a TWLTL may not
be feasible at all at some locations because of the right-of-way
restrictions (see Figure 13) and, at other locations, may require
elimination of shoulders that may partially offset the accident
reduction resulting from the TWLTL.

Second, unlike the 4D design alternative, the 5T alternative
provides no refuge area in the highway median for pedestrians.
Although pedestrian movements are usually infrequent on sub-
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Figure 13. Problems encountered by pedestrian crossing a five-
lane divided highway with TWLTL.

il

Figure 16. Inappropriate wrong-way use of intersection left-turn
lane on five-lane divided highway with TWLTL.

urban highways compared to urban and central business district
locations, pedestrians do cross the highway, both at intersections
and at midblock locations. Figure 15 shows the difficulty that
a pedestrian can encounter crossing a 5T facility; having reached
the median, the pedestrian is forced to wait in a highly exposed
position for an opportunity to cross safely to the far side of the
highway.

Third, inappropriate use of the TWLTL by drivers and po-
tential conflicts between turning vehicles may occur at driveways
located close to a major intersection (e.g., within 100 ft). Al-
though this problem arises not directly from the TWLTL but
from lack of adequate access control policies concerning drive-
way locations, it nevertheless becomes a consideration in se-
lecting and in marking a TWLTL. The usual method of marking
a TWLTL section is to provide one-way left-turn lanes at major
intersections and permit the TWLTL to be carried up to or
across minor intersections. While this policy appears appropri-
ate, the literature provides no formal evidence either for or
against this practice. Figure 16 shows that where a one-way
left-turn lane is provided at an intersection on a 5T section,
vehicles in the opposing direction may continue to use it as a

TWLTL to turn left into driveways near the intersection. Some
agencies have reported accident problems related to such move-
ments that could be alleviated by installation of a raised median
on the intersection approach.

A final disadvantage of the 5T alternative is that on suburban
highways that are not fully developed, the installation of a
TWLTL may encourage strip commercial development rather
than other types of development that land-use planners may
consider more desirable. On existing facilities that already have
strip commercial development, however, the 5T alternative may
be the design alternative best suited to serve the existing de-
velopment. However, on an arterial street that is not fully de-
veloped, future commercial development and higher turning
volumes resulting from installation of a TWLTL could partially
or totally offset the operational and safety benefits initially
gained from the TWLTL. The 4D design alternative should also
be considered in such cases.

The 5T design alternative is most appropriate for surburban
highways with commercial development, driveway densities
greater than 45 driveways per mile, low-to-moderate volumes
of through traffic, high left-turn volumes, and for high rates of
rear-end and angle accidents associated with left-turn maneu-
vers. There has been little effort in the past to measure left-turn
demand or to establish traffic volume ranges that would warrant
installation of a TWLTL. The operational evaluation performed
in this study indicates that the installation of a TWLTL on
existing 4U facilities provides operational benefits at all volume
levels. These benefits are relatively modest (7.8 to 10.2 seconds
of delay reduced per left-turn vehicle) at a flow rate of 650 vph
in each direction of travel, but are substantial at a flow rate of
900 vph (as much as one minute of delay reduced per left-turn
vehicle) and even greater at higher flow rates.

Many safety evaluations of the 5T design alternative have
been conducted. An extensive literature review by Glennon et
al. (12, 13) estimated the accident reduction effectiveness of
TWLTLs at 35 percent of the total accident experience prior
‘0 installation. This estimate was based primarily on a series of
before-after evaluations in Michigan (15, 16, 17) as well as
studies in Sacramento, California (/§), and Seattle, Washington
(19). The Michigan studies evaluated approximately 6.58 miles
of TWLTL in the 15,000 to 30,000 ADT range and found an
average 33 percent reduction in total accident frequency. The
general accuracy of this estimate is reinforced by several more
recent studies. In 1975, Busbee (20) reported a 38 percent
reduction in accident frequency for one TWLTL project, and,
in 1979, the Arizona Department of Transportation (27) re-
ported a 35.9 percent reduction in accident frequency for 12
TWLTL projects totaling 12.2 miles in length. Thakkar (7)
found a 27.7 percent reduction in total accident rate for the 5T
design alternative, while the safety comparison performed in
this study (see Table 3) found the total accident rate of the 5T
alternative to be 24 percent lower than 4U sections for com-
mercial sections and 19 percent lower for residential sections.
As with the 4D design alternative, it is probably true that the
installation of the 5T design alternative will have greater than
average effectiveness at sites with a high proportion of rear-end
and angle accidents associated with left-turn maneuvers. Fur-
thermore, in all cases, the average accident severity for 5T
sections was found to be the same or lower than that for 4U
sections (see Table 4).

These findings concerning the safety effectiveness of the 5T
alternative are reinforced further by the traffic conflict evalu-




ation by McCormick and Wilson (9) (see Table 8), which found
the 5T alternative to have the lowest traffic conflict rate for all
of the design alternatives considered.

The published literature on the safety effectiveness of
TWLTLs universally discounts the possibility of substantial in-
creases in head-on accidents between vehicles in opposing di-
rections trying to use the TWLTL to turn left at the same
location. Although the potential for such accidents exists, drivers
appear to understand the operation of a TWLTL clearly and
avoid such situations. Those before-after studies that have
looked at TWLTL effectiveness by accident type have found
that head-on accidents usually decrease with TWLTL instal-
lation, although not by as much as other accident types such
as rear-end accidents.

Five-Lane with Continuous Alternating Left-Turn
Lanes

Another five-lane alternative (5C) uses continuous alternating
one-way left-turn lanes in the median to control left-turn move-
ments on surburban arterials. When implemented with a raised
median the 5C alternative operates in a manner similar to the
4D alternative, whereas when implemented with a flush median,
it operates in a manner similar to the 5T alternative except that
a median left-turn is provided for only one direction of travel
at a time.

The advantages and disadvantages of the 5C design alternative
implemented with a raised median are essentially the same as
for the 4D alternative. A major advantage of the 5C alternative
over the 4D alternative is that median openings are generally
provided more frequently.

The advantages and disadvantages of the 5C alternative im-
plemented with a flush median are similar to the advantages
and disadvantages of the 5T alternative. The operational effec-
tiveness of the 5C flush median alternative is lower than the 5T
alternative if development is uniform along both sides of the
road, because a left-turn lane is provided for either one direction
or the other but not for both at any given location. Limited
studies of the safety effectiveness of the 5C flush median alter-
native suggest that it is less effective in reducing accidents than
the 5T alternative. Thomas (22) found that this design alter-
native reduced accidents by 28 percent, which is slightly less
than the generally accepted safety effectiveness estimate of 35
percent for TWLTLs. McCormick and Wilson (9) found the
5C flush median alternative to have nearly twice the traffic
conflict rate of the 5T alternative. The only possible advantage
of the 5C flush median alternative is the elimination of the
potential for head-on collisions in the TWLTL and this potential
problem has not, in fact, been found to occur. Thus, the 5T
design alternative is considered to be preferable to the 5C design
alternative with a flush median at any site where the latter might
be considered.

Six-Lane Divided

The advantages and disadvantages of the six-lane divided (6D)
design alternative are similar to the advantages and disadvan-
tages of the 4D design alternative discussed earlier. One advan-
tage of the 6D alternative over the 4D alternative is that the
additional roadway width provides a more generous turning
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Table 10. Critical factors in selection of design alternatives for sub-
urban highways.

® Existing geometrics end traffic control

*® Existing operationol demands

* [xisting operctioral conditions (ievel of service, speed, delay)
* Existing safety conditions

® Existing land use

EXISTING
CONDITIONS

* Other existing conditions

PROJECTED
FUTURE
COMNDITIONS

® Projected future operationa! demands
* Projected safety conditions
® Lanc use planning/articipated land use changes

® Physical constraints {ovailable right-af-way width,
acing )

® Econemic ¢ raints {available funds

aws and ordirances

intersection s

COMNSTRAINTS

* Zoning policies
* Public epinion

® Functiona! classification

PRICRITIES ® Priarity for serving through traffic vs. land access traffic
® Priority for control of future development
® Operctional effectiveress
* Sofety effectiveness

POTENTIAL * Impact on through traffic vs. land aczess traffic

BEMEFITS ® Impact on land use and development
AND * Impact on abuting businesses
CISBEMNEFITS # |mpact on future traffic volumes

® [mpact on pedestrians
* Impact on bicyeles
* [mpac! on transit

radius for vehicles to make U-turns at signalized intersections
to complete midblock left-turn maneuvers that are prevented
by the median.

Seven-Lane with TWLTL

The advantages and disadvantages of the seven-lane TWLTL
(7T) design alternative are similar to the advantages and dis-
advantages of the 5T design alternative. While the 7T alternative
could be used to provide additional through traffic capacity at
any location where the 5T alternative was under consideration,
in actual practice highway agencies appear to limit the use of
the 7T design alternative to residential and light commercial
areas with relatively low left-turn volumes. In more heavily
commercialized areas, the higher left-turn demands generated
by the commercial development may not be adequately served
by a TWLTL because of the high volume of opposing traffic.
Thus, on facilities with heavy commercial development, the 6D
design alternative may be preferable to the 7T alternative.

Selection Process

This section outlines the recommended process for selecting
an appropriate design alternative for a suburban highway. The
purpose of this discussion is to show how the various effective-
ness measures and advantages and disadvantages of design al-
ternatives discussed above can be considered together in the
decision-making process.

The critical factors that influence the selection of a multilane
design alternative are presented in Table 10. These critical fac-
tors are classified into five major categories: existing conditions,
projected future conditions, constraints, priorities, and potential
benefits and disbenefits. The critical factors set the framework
for the design alternative selection process.
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Table 11, Steps in recommended process for selecting design alterna-
tives,

Step 1 - Determine existing condilions.

Step £ - Determine projected fulure conditions

Step 3 - Identifv constraints.

Step & - Tdentify priorities

Step 5 = Determine basic number of Lhrough lanes Lo serve current and
projected future traffic volumes.

Step 6 - Identify feasible design alternatives with required number of
through lanes.

Step 7 - Examine possible geometric variations in design alternatives (e.g.,

shoulders).

Step B - Determine benefits and disbenefite of feasible alternatives.
Step 9 - Select the ultimate design alternative for the sile
Step 10 - Examine possible staged construction options to reach the ultimate

design

Table 11 presents 10 steps in the recommended process for
selecting a design alternative. Each step is discussed in the
following.

Step 1— Determine Existing Conditions. The first step in the
process of selecting an appropriate design alternative for a par-
ticular site is to document the existing conditions at the site.
Table 12 presents a list of existing conditions relevant to the
selection of a design alternative. These include existing geo-
metrics and traffic control; existing operational demands; ex-
isting operational conditions such as capacity, level of service
and delay (which are the combined results of geometrics, traffic
control, and operational demands); existing safety conditions;
existing land use; and other relevant site specific conditions.

The documentation of existing conditions for a major design
project may require extensive field work, including surveys and
traffic counts, and assembly of data from existing records, such
as construction plans and previous traffic studies. For planning
studies, a reduced set of data related to traffic operational de-
mand and operational conditions should be collected or esti-
mated, in addition to existing geometrics, to allow preliminary
consideration of an appropriate design alternative. Table 13
presents a stratification system or framework representing the
minimum data required for planning purposes. This stratifica-
tion system includes the key variables needed to assess traffic
operation conditions and estimate expected traffic accident rates
for a suburban highway. At the very least, the traffic engineer
or the designer selecting a preliminary design alternative should
determine where the site in question falls within the levels for
each factor in the stratification system.

A key operational variable included in both Tables 12 and
13 is the left-turn volume for minor intersections and driveways
along a section of highway, which is necessary for any quan-
titative assessment of the operational effects of installing a raised
median or a TWLTL. Greater emphasis needs to be placed in
the future on collecting data on midblock left-turn volumes for
use in the assessment of design alternatives, because without
such data the traffic engineer or designer must rely on surro-
gates, such as driveway density or type of development, and
engineering judgment to determine operational effectiveness.

Safety conditions at the site are also a key consideration
including the accident rate per million vehicle-miles on the
highway section, the proportion of fatal and injury accidents,
and the proportion of accidents susceptible to correction by
installation of a median or a TWLTL (head-on, rear-end, and
angle accidents).

Table 12. Existing conditions relevant to selection of design alternatives

for suburban highways.

Existing Geometrics and Traffic Control

Current design alternative

Pavement and lane widths

Presence or absence of shoulder
Shoulder width

Presence or absence of curb parking
Presence or absence of median

Type of median

Median width

Right-of-way width

Speed limit

Spacing between major intersections (and/or major driveways)
Intersection geometrics
Intersection traffic controls

Existing Operational Demand

Average daily traffic (vpd)

Hourly traffic volumes and peaking characteristics

Percent trucks

Directional split

Turning volumes at intersections and driveways
(especially left turns)

Bicycle volumes

Pedestrian volumes and desired movements

Type and frequency of transit service

Existing Operational Conditions

Capacity (vph)

Level of Service
Volume/capacity ratia

Mean and 85%ile speed (mph)
Travel-time or delay (veh-sec)

Existing Safety Conditicns

Accident rate (accidents per million vehicle-miles)

Accident frequency per mile per year

Accident severity distributien (fatal/injury/PDO)

Accident type distribution (by relationship to intersection,
number of vehicles invelved and type of collision)

Existing accident prohlems (specific localions and/or specilic
accident types)

Existing Land Use

Type of development (commercial/residential)

Continuity of development (strip development/isolated majar
traffic generators)

Oriveway density (driveways per mile)

Intersection density (minor intersections per mile)

Other Existing Conditions

Site-specific conditions relevant to design alternatives

Step 2— Determine Projected Future Conditions. Projected
future conditions at the site over the design life of the proposed
improvement should also be determined. The projections should
include, at the minimum, the stratification factors given in Table
13. The design life of the project should normally be 20 years.

Step 3— Identify Constraints. Constraints that limit the fea-
sibility of particular design alternatives or make particular al-
ternatives more or less desireable should be identified. Such
constraints may include physical constraints, economic con-
straints set by availability of funds, access control laws and
ordinances, zoning policies, and public opinion. The physical
constraints are design controls which, for all practical purposes,
cannot be changed, such as intersection spacing and the max-
imum right-of-way width that can be obtained without inter-
fering with existing development.

Step 4— Identify Priorities. Highway agency, land use, and
community priorities that affect the choice of a design alternative
should be identified at an early stage. One important consid-
eration is the priority assigned to through traffic movement as



Table 13. Stratification system for characterizing traffic operations on
suburban highways.

Traffic Volume

Average Daily Traffic

7,000 - 10,000 vpd
10,000 - 15,000 vpd
15,000 - 20,000 vpd
Over 20,000 wvpd

Peak Hour Flow Rate (one-way)
Under 300 vph

300 - 600 vph

600 - 1,000 vph

Over 1,000 vph

Lett-Turn Volume

Under 100 left turns/hr/mile
100 = 200 left turns/hr/mile
200 - 400 left turns/hr/mile
Over 400 left turns/hr/mile

Truck Volumes (Percent Trucks)

Under 5% trucks
5 = 10% trucks
Over 10% trucks

Type of Development

Commercial
Residential

Driveway Density

Under 30 driveways per mile
30 - 60 driveways per mile
Over 60 driveways per mile

Intersection Density

Under 5 unsignalized intersections per mile
i

5 - 10 unsignalized intersections per mile
Over 10 unsignalized intersections per mile

opposed to land access traffic. The functional classification of
the roadway is an indicator of this priority. Design alternatives
with raised medians that limit access to abutting property, such
as the 4D and 6D alternatives, should generally be assigned
higher priorities on facilities classified as major arterials than
on facilities classified as minor arterials or collectors.

Another consideration is the priority assigned to control of
future development. Alternatives incorporating a raised median
may be preferred on relatively undeveloped facilities to prevent
future strip commercial development, while alternatives incor-
porating a TWLTL may be preferred on facilities where strip
commercial development has already occurred.

Step 5— Determine the Basic Number of Through Lanes. The
first analytical step in the selection process is to determine the
basic number of through lanes needed to maintain an adequate
level of service, both for existing traffic volumes and for pro-
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jected future traffic volumes. The basic number of through lanes
is determined through a capacity analysis. Chapter 11 on Urban
and Suburban Arterials in the 1985 Highway Capacity Manual
(HCM) provides a procedure to consider the lane requirements
both for midblock sections and for signalized intersection ap-
proaches. On suburban highways without signals or with widely
spaced signals, the capacity analysis could be performed with
the procedures of 1985 HCM Chapter 7 on Multilane Highways
or Chapter 8 on Two-lane Highways. These procedures do not
generally address the interrupted flow conditions produced by
suburban development and midblock turning movements, but
these issues can be addressed with the data in this report on
the effectiveness of raised median and/or TWLTL design al-
ternatives.

Step 6— Identify Feasible Design Alternatives. The next step
in the selection process is to identify all feasible design alter-
natives with the required number of through lanes to serve the
projected future traffic. Feasible alternatives should include all
design alternatives that could be constructed within the physical
constraints of the site. Right-of-way restrictions have been em-
phasized in the previous discussion of design alternatives be-
cause, In most cases, alternatives that involve demolition of
existing structures or eliminating off-street parking for com-
mercial establishments will be considered infeasible. Design al-
ternatives that require utility relocation (e.g., utility poles or
street lights) should be included as well as the cost for utility
relocation included in the project cost.

Step 7— Examine Possible Geometric Variations. Possible geo-
metric variations of the feasible design alternatives should be
considered including the widths of lanes, medians, and shoul-
ders. The choice between full shoulders and no shoulders for
each design alternative should be considered at this stage both
because of the potential impact on the project cost and, espe-
cially, because the reduced roadway width from elimination of
the shoulder may make an infeasible design alternative physi-
cally feasible at some sites. The estimated 10 percent increase
in accident rate that results from elimination of a shoulder may
be more than offset by the decrease in accident rate that results
from installation of a median and/or TWLTL that would not
otherwise be feasible. The design speed of the facility and the
actual operating speeds used by drivers should be considered in
design of the detailed geometrics of the facility.

Step 8— Determine Benefits and Disbenefits. Each feasible
design alternative and possible geometric variations of each al-
ternative should be evaluated to determine the quantitative and
nonquantitative benefits and disbenefits.

The traffic operational and safety effects of each alternative
can be quantified using the effectiveness estimates presented
earlier in this report. The operational effectiveness of TWLTLs
for sites that require one or two through lanes in each direction
can be determined from interpolation in Table 6. The operational
effectiveness for installation of a raised median on a highway
with two through lanes in each direction of travel can be esti-
mated from Table E-7. The estimates of delay reduction per
left-turn vehicle from the tables should be multiplied by the left-
turn volume to obtain a delay estimate in units of vehicle-
seconds.

The safety effectiveness of each design alternative, relative to
the design alternative currently in use, can be determined from
the accident rate estimates given in Tables 1 and 2 and the
accident severity distribution data given in Table 4. For example,
improvement of a commercially developed section with an ADT
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of 15,000 vpd, 6 percent trucks, 70 driveways per mile, and 7.5
unsignalized intersections per mile from the 4U to the 5T design
alternative would be expected to decrease the accident rate by
22 percent from 8.10 to 6.28 accidents per million vehicle-miles
and to decrease the percentage of fatal and injury accidents at
nonintersection locations from 38.4 percent to 33.7 percent.

The effect of geometric variations on the safety effectiveness
of design alternatives should also be considered. In particular,
the elimination of a full shoulder for a particular design alter-
native would be expected to increase the accident rate for that
alternative by 10 percent.

At sites where the actual accident rate for existing conditions
is substantially greater than the rate for the existing design
alternative predicted from Tables 1 and 2 and / or the percentage
of head-on, rear-end, and angle accidents at the site is greater
than the percentage found in Table 5, there may be a correctable
accident problem at the site. In such cases, the safety effective-
ness of design alternatives that involve installation of a raised
median or a TWLTL is likely to be greater than average. The
magnitude of the accident reduction for sites with a correctable
safety problem must be based on engineering judgment consid-
ering the magnitude of the existing problem, the impact of
particular design alternative(s) on that type of problem, and
each agency’s experience with similar types of improvements.

Table 14 and Figure 17 have been developed as a summary
of the traffic operational and safety impacts of design alternatives
and form a basis for making judgments of the type discussed
above. Table 14 lists 11 operational factors and 13 safety factors
whose relative merits have been rated for a range of geometric
variations for five major design alternatives. Figure 17 presents
the ratings that were developed by the project staff. Each design
alternative has been rated for a range of roadway widths (trav-
eled way plus shoulder) that correspond to narrow lane, wide
lane, narrow shoulder, full shoulder, and wide median design.
A five-unit ordinal scale was used to rate each operational and
safety factor; from least desirable to most desirable, the ratings
used were ——, —, 0, +, ++. The more operational safety
factors are improved by a particular design alternative and the
greater the improvement in the rating for those factors, the
greater the safety effectiveness that would be expected from the
improvement.

Other, less quantitative benefits and disbenefits of design al-
ternatives should also be identified, because these nonquanti-
tative factors may often be as important an influence as traffic
operations and safety on the choice of a design alternative. The
nonguantitative impacts to be considered include the two issues
for which priorities were established in an earlier stage of the
selection process: the impact of the design alternative on through
traffic vs. land access traffic and the impact of the design al-
ternative on land use and development. Other benefits and dis-
benefits that should be considered are the impact on abutting
businesses, the impact on growth of future traffic volumes, the
impact on pedestrians, the impact on bicycles (particularly im-
portant if no shoulder is provided), and the impact on bus transit
operations.

Step 9—Select the Ultimate Design Alternative, The next step
in the process is to consider the trade-offs among the benefits,
and costs of the feasible design alternatives and select the most
appropriate design alternative for the site in question. The design
alternative that best serves the projected future traffic at the site
is referred to as the ultimate design alternative. The trade-offs
among design alternatives are usually considered through en-

Table 14, Operational and safety factors rated for design alternatives
on suburban highways.

Qferac1onal Factors

1. Minimize or eliminate delay Lo through vehicles by left-
turning vehicles

2. Minimize delay to through vehicles by right-turning vehicles

3. Allow provision of turning lanes at intersections and high
volume driveways

4. Fase the movement of emergency vehicles
5. Provide for storage of disabled vehicles
6. Compatible with use of frontage roads

7. Tacilitate U-turns

8. Shadew vehicles making crossing maneuvers at unsignalized
intersections (eliminate blocking of one directien while
waiting for gap in Lhe other direction)

9. Facilitate pedeslrian crossings

10. Encourage access development on side streets off of Lhe

arterial

11. Minimize high-volume ol lelt-turn and U-turn movements at
intersections

Safety Factors

1. Minimize rear-end conflicts between left-turning and through
vehicles and allow lefl-turn drivers time to evaluate oppos-
ing gaps

2. Minimize high concentration of driveways and overlapping con-
flict patterns

3. Contral conflicts hetween left turns into and out of driveways

4. Minimize or eliminate conflicts betlween opposing left-turns
off of the arterial

5. Minimize or eliminate conflicts between lefl turns and right
turns from/to Lhe same lane

6. Minimize or eliminate conflicts caused by encroachment on
opposing lanes of wvehicles turning right into and out of
driveways

Minimize or eliminate conflicts caused by encreachment on
adjacent lanes of wvehicles turning right into and out of
driveways

8. Minimize or eliminate conflicts in opposing lanes of vehicles
turning left off of Lhe arterial

9 Minimize time during which left-turn canflicts with opposing
traffic can occur

10.  Provide pratected position in median for crossing vehicles
11, Frovide protected position in median for crossing pedeslrians
12. Minimize conllicts between bicycles and motor vehicles.

13. Increase width of roadside clear recovery area

gineering judgment, although a formal cost effectiveness pro-
cedure, such as the procedure of the AASHTO User Benefit
Analysis Manual (7), could be used to examine the quantitative
aspects of traffic operations, traffic safety, and construction cost.

Step 10— Examine Staged Construction Options. The final
step in the selection process is to consider whether to construct
the ultimate design alternative immediately or whether staged
construction could be employed to construct a less costly design
alternative now and construct the ultimate design alternative
later.
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Figure 17. Relative ratings of operational and safety factors for design alternatives.

A comparison of the basic number of through lanes required
for the existing traffic volume and for the projected future traffic
volume should indicate whether alternatives with fewer through
lanes than the ultimate design alternative should be considered.
If the ultimate design alternative includes a raised median or a
TWLTL, the current need for the median treatment should be
assessed. Any design alternative considered as the first stage
should be compatible with the ultimate design alternative; for
example, it would not make sense to build a first-stage alternative

with a raised median if the ultimate design alternative involved
a TWLTL. The 3T and 4U design alternatives may be partic-
ularly appropriate as the first stage to an ultimate 4D or 5T
design. If a design alternative less costly than the ultimate design
alternative is capable of serving the current traffic demand, the
choice between immediate construction of the ultimate design
alternative and the staged construction approach should be
based on available funds and on the length of time that the first
stage improvement could continue in service.

CHAPTER THREE

INTERPRETATION, APPRAISAL, APPLICATION

The findings of the study reported in Chapter Two illustrate
the traffic operational and safety characteristics of multilane
design alternatives for improving suburban highways. These
findings form the basis for the selection of appropriate design
alternatives for particular suburban highway facilities.

The findings concerning the relative safety of multilane design
alternatives have been presented in Tables 1, 2, 3, 4, and 5 in
Chapter Two. The typical accident rates for suburban arterials
given in Tables 1, 2, and 3 represent average safety conditions
for individual design alternatives and types of development.

Although some site-to-site variation from these averages is in-
evitable, major departures from the typical rates may be inter-
preted as the presence of a safety problem that is potentially
correctable through installation of an improved design alter-
native. A predominance of head-on, rear-end, and angle acci-
dents above the levels suggested in Table 5 may also indicate
the presence of a correctable safety problem.

The evaluation of safety problems in this manner requires
judgment on the part of the designer or traffic engineer to
determine whether the accident experience at a particular site
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is susceptible to correction by a design alternative improvement.
The exercise of this type of judgment is essential because average
accident rates (for example, those presented in Tables 1, 2, and
3) suggest that the 4U, 4D, and 5T design alternatives have
higher accident rates than the 2U and 3T design alternatives.
In fact, an uncongested four- or five-lane facility is likely to
have a lower accident rate than a highly congested two- or
three-lane facility.

The operational findings obtained in the study indicate the
clear operational advantages of design alternatives involving
TWLTLs over undivided and/or raised-median alternatives
over a wide range of traffic volume levels and driveway densities.
Installation of a raised median provides an operational advan-
tage on a four-lane undivided facility only for flow rates over
1,000 vph in one direction.

The study results suggest that design alternatives involving
two-way left-turn lanes are very appropriate as the ultimate
design alternative for a wide variety of suburban highway con-
ditions, since the 3T and 5T alternatives have both traffic op-
erational and safety advantages over comparable undivided and
raised median alternatives. Raised medians should be used only
where other potential benefits outweigh their operational dis-
advantages. The use of raised medians may be appropriate on
suburban highways with high through traffic volumes and rel-
atively low turning volumes, highways in undeveloped or lightly
developed areas where strip commercial development is consid-
ered undesirable, highways with high pedestrian crossing vol-
umes, and highways where a physical separation or median
barrier is needed between the lanes of traffic moving in opposite
directions.

A nine-step process has been suggested for selecting multilane
design alternatives for suburban highways. Three design ex-
amples have been developed to illustrate the selection process
and the use of the traffic operational and safety findings pre-
sented in Chapter Two. These examples address the following
design situations:

» Improvement of a two-lane undivided (2U) design to the
three-lane TWLTL (3T) design alternative.

¢ Improvement of a two-lane undivided (2U) design alter-
native to the five-lane TWLTL (5T) design alternative.

e Improvement of a four-lane undivided (4U) design alter-
native to the four-lane divided (4D) design alternative.

The design alternatives are summarized here and presented in
detail in Appendix F.

Design Example 1 illustrates a suburban two-lane highway
with moderate peak-hour flow rates (450 vph in each direction),
but with strip commercial development and relatively high turn-
ing volumes (90 left-turns per hour per mile). These conditions
have resulted in peak-hour congestion and accident rates that
are nearly four times the accident rate for a typical two-lane
undivided highway. It was found that substantial safety benefits
(60 to B0 percent accident rate reduction) would result from
each of three design alternatives—3T, 4D, and 5T—that would
reduce the peak-hour congestion. The 5T design alternative was
selected as the ultimate design alternative for this site. However,
because of relatively slow current traffic volume growth, im-
mediate construction of the 3T design alternative was recom-
mended as a first stage that could serve the traffic demand for
at least 5 years. The ultimate 5T design alternative would be
constructed if and when traffic volumes warrant.

Design Example 2 illustrates a commercially developed sub-
urban two-lane undivided highway with greater operational de-
mands but less serious safety problems than Design Example 1.
This site has a current peak-hour flow rate of 950 vph in each
direction with 190 left-turns per hour per mile with rapid growth
of traffic volume expected. The accident rate at the site is 1.5
times the expected accident rate for a two-lane undivided high-
way. Despite the contrasting traffic operational and safety con-
ditions to Design Example 1, a two-way left-turn lane is still
the appropriate median treatment for this site. The current
traffic operational demands warrant the construction of the 5T
design alternative with possible later conversion to a six- or
seven-lane facility.

Design Example 3 illustrates an existing suburban four-lane
undivided highway. This example presents a contrasting case to
the previous examples, with rapid growth of traffic volumes
expected, but with no correctable safety problems. This site is
in a developing area, and the responsible highway agency assigns
a high priority to the preservation of through traffic capacity
and the control of commercial development through installation
of a raised median. The four-lane divided (4D) alternative is
recommended for construction at this site.

CHAPTER FOUR

CONCLUSIONS AND RECOMMENDATIONS

The major conclusions of the research address the appropriate
uses of multilane design alternatives for improving suburban
highways. A brief summary of the appropriate uses of each
design alternative is given below.

The three-lane TWLTL (3T) design alternative has substantial
traffic operational and safety advantages over a two-lane un-
divided highway and requires only a minimal increase in road-
way width. The 3T design alternative can be expected to reduce




accident rates, on the average, by 11 to 35 percent below the
accident rate for a two-lane undivided facility, with even greater
reductions possible for highly congested two-lane undivided fa-
cilities, The 3T design alternative will provide a substantial
reduction in delay to through vehicles caused by left-turning
vehicles, especially for flow rates above 500 to 600 vph in one
direction. The three-lane TWLTL design alternative has been
underutilized on suburban highways until recent years, but may
be appropriate as the ultimate design alternative for some sites
or as the first stage of a more extensive improvement, depending
on current and projected future traffic volume levels. In some
situations with high left-turn volumes and relatively low through
volumes, restriping of a four-lane undivided (4U) facility as a
3T facility may promote safety without sacrificing operational
efficiency.

The 4U design alternative is most appropriate for residential
and light commercial areas on suburban highways classified as
collectors and minor arterials. The 4D and 5T design alterna-
tives, if physically feasible, would be more desirable than the
4U design alternative on highways that have dense commercial
development, have heavy left-turn volumes, or are classified as,
or could become, major arterials. The 4U design alternative may
also be appropriate as the first stage toward construction of a
wider roadway with a median treatment.

The four-lane divided (4D) design alternative is best suited
for use on major arterials with high volumes of through traffic
and less than 45 driveways per mile. The 4D design alternative
is operationally preferable to the 4U design alternative only for
sites with peak-hour flow rates over approximately 1,000 vph
in one direction, although this alternative could be used at lower
flow rates where offsetting benefits, such as improved safety,
land use control, or preservation of through traffic capacity, are
expected. The average accident rates for the 4U and 4D design
alternatives are approximately the same, although a reduction
in accident rate would be expected from improved traffic flow
with installation of the 4D design alternative on a congested
4U facility. The 4D design alternative is not well suited to
highways with strip commercial development and may, in fact,
be used to discourage such development from occurring. How-
ever, the 4D design alternative is better suited than the 5T design
alternative to serve suburban highways with isolated major
traffic generators that have widely spaced, high-volume drive-
ways.

The five-lane TWLTL (5T) design alternative is most appro-
priate for suburban highways with commercial development,
driveway densities greater than 45 driveways per mile, low-to-
moderate volumes of through traffic, high left-turn volumes,
and /or high rates of rear-end and angle accidents associated
with left-turn maneuvers. The 5T design alternative was found
to provide traffic operational benefits, relative to the 4U and
4D design alternatives, for all levels of through traffic volume,
left-turn volume, and driveway density evaluated. The instal-
lation of the 5T design alternative on an undivided facility is
expected to reduce accident rate by 19 to 35 percent, on the
average, with even greater reductions possible for highly con-
gested facilities. The 5T design alternative has been used exten-
sively over the last 20 years and is likely to continue as the
most common multilane design alternative improvement for
suburban highways.

The five-lane continuous alternating left-turn lane (5C) design
with a raised median is similar in traffic operations and safety
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to the 4D design alternative, although more frequent median
openings are provided. The use of the 5C design alternative with
a flush median is not recommended, because the 5T design
alternative would be superior in traffic operations and safety in
any situation where the 5C design alternative with a flush me-
dian might be considered.

The traffic operational and safety performance of the six-lane
divided (6D) and seven-lane TWLTL (7T) design alternatives
has not been quantified, but is expected to be similar to their
four- and five-lane counterparts.

The provision of a full shoulder on a suburban highway is
expected to reduce the accident rate by 10 percent from the
accident rate for a similar highway with no shoulder. No dif-
ferences between design alternatives in the safety effectiveness
of shoulders were found; however, such differences would be
very difficult to detect in the available data base.

The use of a stepwise selection process for multilane design
alternatives is recommended to assure that both present and
future requirements for the facility are considered before a par-
ticular design alternative is selected. A general approach to this
selection process is presented in this report.

It should be recognized that the quantitative operational re-
sults presented in this report are based on a traffic simulation
model that is in need of further development and validation.
While the model results do suggest some fundamental findings
concerning the operational effectiveness of TWLTLs and raised
medians, the results are not as precise as desired and should be
interpreted as approximate rather than exact.

The safety effects of multilane design alternatives have been
quantified in this report, but it should be recognized that en-

_gineering judgment is required in the application of these esti-

mates to particular sites, The estimates in this report are based
on data from two states— California and Michigan. However,
both accident rates and the quality of accident reporting systems
vary from state-to-state and from jurisdiction-to-jurisdiction.
The safety measures presented in this report can be used most
effectively in conjunction with the actual experience of particular
highway agencies.

Further research is needed on the traffic operational effects
of raised medians, two-way left-turn lanes, and suburban de-
velopment. In existing capacity procedures, suburban highways
of the type addressed in this report tend to slip through the
cracks between procedures for highways with uninterrupted flow
and procedures for signalized intersections. Publication of the
1985 Highway Capacity Manual should partially remedy this
deficiency, although the effects assigned to raised medians, two-
way left-turn lanes, and suburban development in the new Chap-
ters 7 and 11 of the HCM are not very precise. It is recommended
that both future research on multilane highway operations and
design of future improvement projects should be based on an
explicit measure of left-turn demand between major intersections
expressed, for example, as left-turn volume per hour per mile.

Finally, it should be recognized that, while traffic operations
and safety are the key factors in most decisions concerning
multilane design alternatives for improving suburban highways,
other less quantitative factors, priorities, and constraints should
receive due consideration. Such factors may include available
funding levels, impacts on land use and development, impacts
on abutting businesses, impact on pedestrians and bicycles, ac-
cess control laws and ordinances, zoning policies, and public
opinion.
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APPENDIX A

DEVELOPMENT OF SAFETY DATA BASE

The safety analyses performed in this study required the as-
sembly of a data base containing geometric, traffic, and accident
data for typical suburban arterial highways with a range of
multilane design alternatives. This data base was assembled from
the records of the California Department of Transportation and
the Michigan Department of Transportation and contains data
on 377.6 miles of suburban arterials with the following design
alternatives:

¢ Two-lane undivided

¢ Three-lane with TWLTL
¢ Four-lane undivided

+ Four-lane divided

¢ Five-lane with TWLTL

The safety data for these five alternatives were extensively ana-
lyzed in the study to determine the safety differences between
the design alternatives and the safety differences between a no-
shoulder and a full-shoulder condition for each alternative.

A supplementary data base was also assembled containing
data on 91.1 miles of suburban arterial for three additional
design alternatives:

e Five-lane divided with continuous alternating left-turn lane
o Six-lane divided
« Seven-lane with TWLTL

This supplementary data base has not been extensively analyzed.

DEFINITION OF A SUBURBAN ARTERIAL
HIGHWAY

The project scope was intended specifically to address the
operational and safety problems of arterial highways in a sub-
urban setting. The reason for this particular focus was that
suburban arterials often present a unique combination of large
and growing traffic volumes, high speeds, and rapid development
of adjoining land that confront highway agencies with traffic
operational and safety problems that are particularly acute.

The focus on suburban conditions required the development
of a working definition of a suburban arterial highway as distinct
from other functional classes and from urban and rural con-
ditions. This definition was based strictly on traffic operational
conditions rather than on whether a highway section was located
within a central city or an outlying suburban community. By
this definition, a higher speed arterial street could be considered
a suburban highway even though located within a major city,
while a low-speed arterial could be considered urban if located
within the congested portion of a suburban community.

The following criteria were used to define a suburban arterial
highway in this study:

e Traffic volume over 7,000 vpd.
o Speeds between 35 and 50 mph.
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¢ Spacing of at least one-quarter mile between signalized
intersections.

« Direct driveway access from abutting properties.

¢ No curb parking.

¢ Located in or near a populated area.

The purpose of the minimum traffic volume criterion (7,000
vpd) was to focus the study on highways with enough traffic
that a two-lane undivided cross section is, or soon would become,
inadequate to handle the demand. This criterion was adhered
to rigorously in the study; each highway section in the data base
had a traffic volume over 7,000 vpd in at least one year of the
study period.

The speed criterion (35 to 50 mph) was based on the posted
speed limit, rather than actual operating speeds, because of the
lack of speed data for most of the highway sections studied.
This criterion was intended to limit the study to the suburban
environment and eliminate highways that were too urban or too
rural. Arterial highways with speed limits of 30 mph and below
are generally more urban than suburban in character and were
excluded from the study. Highways with 55-mph speed limits
generally represent either rural or controlled access conditions
that were also not considered suburban in character. Speed limits
from 35 to 50 mph represent the range typically found on
suburban highways, with the higher speeds usually associated
with less developed highways.

The signalized intersection spacing criterion was intended to
exclude urban arterials with congested signalized conditions,
such as a central business district with a signal at every inter-
section. In most cases, the average spacing between signalized
intersections on the study sections is 4-mile or more.

Highways with controlled access where direct driveway access
to the arterial were from abutting properties were excluded from
the study.

The curb parking criterion was included because arterials with
curb parking permitted were thought to be more urban than
suburban in character. Suburban arterials typically have com-
mercial establishments that provide off-street parking for their
customers. However, because it was found in California that
curb parking was permitted on more than half of the four-lane
divided sections that would otherwise be classified as suburban
arterials, it was decided to collect data on highway sections with
curb parking, but to record for each section whether or not curb
parking was permitted. Most of the safety analyses performed
in the study excluded all sections where curb parking was per-
mitted.

The final criterion, location in or near a populated area, was
introduced to eliminate the possibility of a short section of rural
highway with a depressed speed limit due to special conditions
being classified as a suburban arterial. Both state highway agen-
cies that participated in the study have classified their highway
system into urban, suburban, and rural areas, and those sections
classified as rural were excluded from the study. The distinction
between urban and suburban conditions was based on the op-
erational criteria presented here and not on the basis of the state
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criteria. (For example, California classifies a highway section as
“suburban” if it is located within an urban area, but outside
city limits, or within a rural area, but inside city limits. This
very distinction implies that the location with respect to city
limits is not a good indicator of the true character of the high-
way.) It should be noted that the study sections were not nec-
essarily located in large metropolitan areas, but could be located
in any community with a population greater than approximately
20,000 where the conditions defined as suburban are found.

SELECTION OF STUDY SECTIONS

Study sections located on suburban arterial highways in Cal-
ifornia and Michigan were selected in a two-step process. First,
a geometric inventory tape was obtained from each state and
reviewed to identify candidate sites for each design alternative
of interest to the study. Second, the candidate sites were reviewed
on the state’s photolog to confirm or update the data included
on the inventory, to eliminate sections that were not appropriate
for the study, and to subdivide sections where necessary.

The geometric inventory tapes obtained from each state were
developed by the state primarily from photolog data and were
in current use as part of the state’s accident surveillance system.
The geometric inventory file used in California was the Caltrans
Highway Data Base (HDB) from the Traffic Accident Surveil-
lance and Analysis System (TASAS); the Michigan data were
from the Michigan Dimensional Accident Surveillance System
(MIDAS). A review of these files identified approximately 175
route sections in California and 165 route sections in Michigan
that were under state jurisdiction and were classified as suburban
arterials.

Each of these route sections was reviewed on the photolog.
Based on the computerized data and the photolog review, the
route sections were subdivided into shorter lengths that were
used as study sections. Each study section was required to be
homogeneous in five parameters: design alternative, lane width,
shoulder width, speed limit, and ADT. The maximum variation
in ADT permitted within a study section was 20 percent of
ADT or 3,000 vpd, whichever is less. A minimum length of
0.25 miles over which these five parameters must remain con-
stant was established to define a study section. No maximum
length was established, and the sections were allowed to be as
long as possible given the homogeneity requirements. In no case
were homogeneous sections subdivided merely to increase the
sample size.

The process of subdividing the route sections into homoge-
neous study sections and eliminating inappropriate sections re-
sulted in 147 study sections in California and 273 study sections
in Michigan. Table A-1 shows the number of study sections and
the total length for each design alternative in both California
and Michigan. Table A-2 gives the total length of study sections
for each design alternative in the combined California and Mich-
igan data, broken down separately by nine key study variables:
ADT, truck percentage, number of driveways per mile, number
of unsignalized intersections per mile, traffic speed, lane width,
shoulder width, adjacent land use, and estimated level of left-
turn demand.

DATA COLLECTION

Data on the geometric and traffic control characteristics,
traffic volumes, and accident history of each study section were
obtained from the cooperating states. Table A-3 gives the data
elements that were obtained. The sources of these data included
computerized files, photologs, and manual files.

Geometric and Traffic Control Data

Most of the geometric and traffic control data needed for the
study sections were available in the computerized data bases,
including: number of lanes, median treatment (if any), lane
width, presence of shoulder, shoulder width, speed limit, and
number of signalized and unsignalized intersections. These data
were updated or confirmed in a review of the most recent,
available photolog film for each site, and additional data were
obtained from the photolog including presence or absence of
curb parking, type of development on adjacent land (residential /
commercial), and number of residential, commercial, and in-
dustrial driveways.

Traffic Volume Data

The traffic volume data for the study sections were drawn
from both computerized and manual files. Separate estimates
of average daily traffic volume and peak-hour traffic volume for
each year of the 5-year study period (1978-1982) were used,

Table A-1. Number and total length of study sections in California and Michigan.

California

Number of Total ”I._érrlrgitﬁ

Design Alternative Sections (miles)
Two-lane undivided (2U) 55 28.2
Three-lane with TWLTL (3T) 8 3.7
Four-lane undivided (4U) 30 16.9
Four-lane divided (4D) 28 14.4
Five-lane with TWLTL (5T) 26 16.1

147 79.3

Michigan Combined
Number of Total Length Number of  Total Length
Sections ~ _ (miles)  Sections (miles)
38 AR, 93 56.1
11 8.7 19 12.4
99 56.4 129 73.3
16 7.4 44 21.8
109 5 135 91.2
273 175.5 420 254.8
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Table A-2. Total length (miles) of study sections classified by design alternative and other variables.

Average Daily Traffic (veh/day)

Design 7,000- 10,000-  15,000- Over
Alternative 10,000 15,000 20,000 20,000 <5
20 15.1 25.8 6.9 8.3 23.9
3T 3.4 2.6 L6 1.8 4.3
4U 4.7 22.8 21.5 264.3 29.5
4N 1.0 4.2 6.7 9.9 8.8
ST 1.3 8.8 9.5 71.6 21.7
25.5 4.2 492 115.9 RR.2

______ Traffic Speed

Design Low High _ Lape Width
Mternative (35-40 mph) (45-50 mph) 10 fL 11 ft 12 ft
2u 23.4 32.7 11.7 11.6 32.8
T 3.7 8.7 1.5 2.8 8.1
4U 41.2 26.1 12.8 18.1 42.4
4D 10.9 10.9 0.0 0.3 21..5
5T 3.2 55.0 0.4 100  80.8
121.4 133.4 26.4 42.8 185.6

whenever possible. A single estimate of truck traffic as a per-
centage of the average daily traffic volume was used for all 5
years.

Many of the design alternatives evaluated in this study were
intended either to improve the safety of left-turn maneuvers or
to restrict left-turn maneuvers at driveways and at minor un-
signalized intersections. It would have been highly desirable in
the safety analysis to have data on the volume of such left-turn
maneuvers for either the peak hour or for a full 24-hour period.
However, such data were not available for the study sections
because highway agencies do not typically maintain inventory
files of left-turn volumes at midblock locations or at minor
unsignalized intersections. Two data elements were considered
as potential surrogates for midblock left-turn volumes in the
safety analysis:

o Driveway density (driveways per mile).

e Level of left-turn demand (light/moderate /heavy) esti-
mated from number of driveways and character of development
observed on the photolog.

It should be noted that left-turn volumes were considered ex-
plicitly in the traffic operational analysis presented in Appendix
D. Results indicating the impact of left-turn volumes on delay
to through vehicles are presented in that appendix.

Accident Data

Data on the accident history of each study section were ob-
tained from the computerized accident records system of each
cooperating state. The specific accident data elements and the
categories used for each are presented in Table A-4.

The accident data include the details of each individual ac-
cident occurring on each study section for a 5-year period from
1978 through 1982, inclusive. The history of construction ac-
tivity on each section during the 5-year study period was re-
viewed. Where major construction work, such as widening or
median contruction, was found during a particular year, the

_Truck Percentage

Number of
Intersections Per Mile

Driveway Density
(Driveways Per Hile)

F-10 310 =30 3060 360 5 5-J1 F1D
28.7 3.5 21.8 28.4 5.0 28.8 20.6 6.8
| 1.0 1.6 -3 By 4.1 245 5.8
435 10.3 13.7 34.4 252 25.2 235 24.6
10.9 25 8.5 8.0 5.3 15.4 5.8 0.8
62.3 7.2 18,2 45.0 28,0 43.7 36.9 106
142.5 24.1 63.8 1231 67.9 117.2 89.1 48.6
Shoulder Width Level of
Bt & _ Adjacent Land Use Left Turn Demand
0-4 ft  Over  Residential Commercial Light Moderate Heavy
25.5 30.6 35.5 20.6 49.4 6.1 0.0
4.8 7.6 3 6.7 T2 52 0.0
46 .6 26.7 25.1 48.2 54.1 173 1.9
a1 14.7 5.7 16.1 13.6 BR.2 0.0
784 12.8 10.9 8.3 28.6 368 258
162.4 92.4 82.9 171.9 152.9 74.2 2T.7
Table A-3, Data elements obtained from cooperating states.
Computerized Manual
Data Files  Photolog Files
GEOMETRIC AND TRAFFIC CONTROL DATA
Number of lanes b.o X
Median treatment (it any) X X
Lane width X
Presence of shoulder X X
Shoulder width X X
Presence of curb parking X
Speed limit X X
Type of development X
Number of driveways X
Number of signalized intersections X X
Number of unsignalized intersections x X
[RAFFIC VOLUME DATA
Average daily traffic (ADT) X X
Peak hour volume X
3 X
irn demand X
SCCIDE 178~ 1082
ot X
X
X
x
Low invilwed X
YE X
Manner of collisi X
Intersect: in ‘men X
Turning maneuver involvement X
Light cendition X
Pavement surface condition X
Weather X

entire calendar year was excluded from the study. There were
730 section-years of accident data available for the 147 study
sections in California, indicating that the average length of the
study period for each section was 4.97 years. Similarly, there
were 1,327 section-years of accident data available for the 273
study sections in Michigan, representing an average study period
of 4.86 years. Each section-year of accident data was used as a
separate observation in the safety analysis.
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Table A-4. Accident data categories.

Accidenl Severily

Fatal
Injury
Freperty-Damage-Only

Accident Type

Collision with ancther melor vehicle
Collision with parked vehicle
Collision with pedestrian

Collision with bicycle

Collision with animal

Collison with tixed object

Other collision

Noncollision

Manner of Collision

(multiple wvehi cle accidents only)

Sideswipe-same direction
Sideswipe-opposite directions
Angle

Other

Turn Involvement

Right-turn
Left-turn
U-turn

Ko turn involved

Light Condition Weather

Davlight Clear

Dusk, dawn Cloudy

Dark-street lighted Raining

Dark-not lighted Snowing
Other

Pavement Surface Condition

Dry

Wet

[ce and snow

Other

SUMMARY OF SAFETY DATA BASE

Tables A-5 and A-6 summarize the study sections in the safety
data base and the traffic exposure and accident history on those
sections during the study period.

Table A-5 presents the number of study sections, number of
section-years of data, total length of study sections, average
ADT, and million vehicle-miles of exposure broken down by
design alternative, by type of development (commercial /resi-
dential), and by state. There were over 9 billion vehicle-miles
of exposure on the study sections during the study period. Nearly
one-half of the total exposure occurred on five-lane TWLTL
sections. The ADT data show that the average ADT for each
design alternative increases with the number of lanes. The ADT
for five-lane TWLTL sections is about twice the ADT for two-
lane undivided sections.

Table A-6 summarizes the accident experience on the study
sections. The accident data are broken down by the same key
variables used in Table A-5 and also by severity and intersection
involvement. Accidents at signalized intersections, unsignalized
intersections, and at nonintersection locations are tabulated sep-
arately. In total, the study sections experienced 60,791 accidents.
Of these accidents, 16,608 (or 27.3 percent) occurred at or on
the approaches to signalized intersections, 22,325 (or 36.7 per-
cent) occurred at or on the approaches to nonsignalized inter-
sections, and 21,858 (or 36.0 percent) occurred at non-
intersection locations. The analysis of these accident data is
presented in Appendix B.
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Table A-5. Summary of study sections and exposure in safety data base.

No. of No. of Average Total Total Travel
Type of Study Section- ADT Length in Study Period
Design Alternative Development State Sections Years (veh/day) (miles] (million veh-mile)

Two-lane undivided (2U) Commercial California 17 83 10,600 1.32 138.21
Michigan _18 80 18,032 13.25 436.04
35 173 15,474 20.57 574.25
Residential California 38 190 11,857 20.91 452,47
Michigan _20 _94 12,585 14.66 316.51
58 284 12,096 3557 768.98
2U TOTALS 93 457 13,340 56.14 1,343.23
Three-lane with TWLTL Commercial California 4 19 13,245 139 31.92
(3T) Michigan ) 35 15,270 582 148.2
11 54 14,986 671 180.18
Residential California 4 19 15,226 2.34 6177
Michigan 4 20 13,617 3.37 83.75
8 ) 14,323 5.7 145.52
3T TOTALS 19 93 14,678 12.42 325.70
Four-lane undivided (4U) Commercial California 17 85 20,184 9.13 336.31
Michigan _ B4 313 18,931 39.04 181935
81 398 19,165 48 .17 1,655,66
Residential California 13 65 22,156 7.76 31373
Michigan B35 17 15,069 17.33 465.70
48 236 17,312 25.09 779.47
40 TOTALS 129 734 18,529 73.26 2543513
Four-lane divided (4D) Commercial California 23 105 23,217 9.72 411.85
Michigan 14 70 18,922 6.43 222.04
35 175 21,507 16.1 633.89
Residential California 7 35 22,025 4.66 187.31
Michigan 2 10 12,789 0.97 22.64
9 45 20,434 569 209.95
4D TOTALS (A 220 21,229 21.78 B43.84
Five-lane with TWLTL (5T) Commercial California 24 119 26,445 15.34 734.13
Michigan _94 455 27,374 65.02 3,144.56
118 574 27,185 80.36 3,878.69
Residential California 2 10 11,938 0.75 16.34
Michigan 15 69 24,293 10.05 409.92
17 79 23,269 10.80 426.26
5T TOTALS 135 153 26,749 91.16 4,304.95

ENTIRE DATA BASE 420 2,057 20,317 254,76 9,252.85




Design Alternative

Two-lape undivided (2U)

Three-lane with TWLTL

(3T}

Four-lane undivided (4U)

Four-lane divided (4D)

Five-lane with TWLTL
(5T)

Type of
Develapment

Commercial

Residential

2U TOTALS

Commercial

Residential

3T TOTALS

Commercial

Residential

4U TOTALS

Commercial

Residential

4D TOTALS

Commercial

Residenlial

5T TOTALS

Table A-6. Summary of accident experience in project data base.

State
California

Michigan

California
Michigan

California
Michigan
California
Michigan
California
Michigan
California
Hichigan
California
Michigan
California
Michigan
California

Michigan

California
Michigan

ENTIRE DATA BASE

Nonintersection

Unsignalized
Intersection

Signalized
Intersection

~ All Accidents Accidents . Accidents ~_Accidents —

F&T PDO Total  F&I PDO Total  F&I PDO Total  F&I PDO Total
190 210 400 137 148 285 45 51 96 8 11 19
581 1,020 1,610 280 501 781 262 410 672 39 118 157
711 1,239 2,010 417 649 1,066 307 461 768 47 129 176
554 722 1,276 370 412 782 111 181 292 73 129 202
5468 1,011 1,539 218 393 611 268 508 776 62 1o 172
1,102 1,733 2,835 588 RO5 1,393 379 689 1,068 135 239 374
1,873 2,972 4,845 1,005 1,454 2,459 686 1,150 1,836 182 368 550
26 50 76 13 28 41 3 4 7 10 18 28
255 555 B0 83 198 _ 281 136 282 _ 418 _ 36 75 _ iU
281 605 886 96 226 322 139 286 425 46 93 139

11 78 155 56 49 105 15 16 31 6 13 19
124 266 3% 28 59 87 86 181 267 10 26 36
201 344 545 B4 108 192 101 197 298 16 39 55
482 949 1,431 180 334 514 240 483 723 62 132 194
689 824 1,513 372 383 760 128 202 330 184 239 423
3,622 7,868 11,490 1,215 2,246 3,461 1,866 4,091 5,957 541 1,531 2,072
4,311 8,692 13,003 1,592 2,629 4,221 1,994 4,293 6,287 725 1,770 2,495
688 940 1,628 174 239 413 68 91 159 446 610 1,056
964 2,026 2,090 197 367 _ 564 590 1,254 1,844 177 405 582
1,652 2,966 4,618 371 606 977 658 1,345 2,003 623 1,015 1,638
5,963 11,658 17,621 1,963 3,235 5,198 2,652 5,638 8,290 1,348 2,785 4,133
839 1,626 2,465 381 637 1,018 105 199 304 353 790 1,143
509 1,379 1,888 166 423 589 228 621 849 115 335 450
1,348 3,005 4,353 547 1,060 1,607 333 820 1,153 468 1,125 1,593
177 250 427 107 124 231 24 55 79 46 71 117
46 64 110 5 14 19 41 50 91 0 o o
223 314 537 112 138 250 65 105 170 46 71 117
1,571 3,319 4,890 659 1,198 1,857 398 925 1,323 514 1,196 1,710
1,127 1,356 2,483 569 678 1,247 221 233 454 337 445 782
8,926 18,800 27,726 3,195 6,850 10,045 2,807 5,877 8,684 2,924 6,073 8,997
10,053 20,156 30,209 3,764 7,528 11,292 3,028 6,110 9,138 3,261 6,518 9,779
36 22 58 13 17 30 5 4 9 18 1 19
649 1,088 1,737 200 308 508 268 738 1,006 181 42 273
685 1,110 1,795 213 325 538 273 742 1,015 199 43 242
10,738 21,266 32,004 3,977 7,853 11,830 3,301 6,852 10,153 3,460 6,561 10,021
20,627 40,164 60,791 -7,784 14,074 21,858 7,277 15,048 22,325 5,566 11,042 16,608

(43



APPENDIX B

SAFETY ANALYSIS

This appendix describes the analyses that were performed in
the project to compare the safety characteristics of multilane
design alternatives on suburban highways. The findings pre-
sented here are the combined result of formal statistical analyses
of the data base documented in Appendix A and less formal
interpretations of the data and comparisons between design al-
ternatives. Included in the following discussion are the objectives
of the analysis, the variables used in the analysis, the statistical
approach adopted, the results obtained from the statistical anal-
ysis, and the interpretation of these results.

ANALYSIS OBJECTIVES

The safety analyses performed in the project had three
objectives:

1. To quantify the differences in accident rate between mul-
tilane design alternatives.

2. To compare the accident rates between similar highway
sections with full shoulder conditions and no shoulder condi-
tions.

3. To characterize and compare the distributions of accident
severity, accident type, etc., for each design alternative.

ANALYSIS APPROACH

The statistical approach to the safety analysis consists of three
elements: (1) measures of effectiveness, or dependent variables;
(2) study section characteristics, or independent variables; and
(3) statistical techniques to compare the measures of effective-
ness between design alternatives while accounting for the effects
of the other independent variables. Each of these elements is
discussed independently, as follows.

Measures of Effectiveness

The primary measure of effectiveness used in the study is the
“accident rate per million vehicle-miles, defined as:

_ ao)
AR = b (DV(D)

AR = accident rate, accidents per million vehicle-
miles;
N = number of accidents during study period;
ADT = average daily traffic volume, veh/day;
D = duration of study period, days (based on 365
days per year); and
I = length of study section, miles.

where:

The accident rate in this form is an appropriate measure of
effectiveness for the study sections in the safety data base which
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vary in both length (ranging from 0.25 to 4.50 miles) and traffic
volume (ranging from 7,000 to 25,000 vpd). These variations in
length and traffic volume represent variations between the study
sections in the exposure to or risk of an accident.

The total accident rate for a section of suburban arterial
highway was subdivided in two ways in the study: by accident
severity level and by relationship to intersection,

Accidents are classified by severity level as fatal, injury, or
property-damage-only (PDO) accidents based on the most severe
injury to any individual involved in the accident. The accident
rate per million vehicle-miles for fatal and injury accidents and
for property-damage-only accidents were analyzed in the study.
Fatal and injury accidents were considered together because the
relative frequency of fatal accidents is usually too small to obtain
statistically valid results. The accident experience of the study
sections is classified by severity level in Table A-6.

Another key variable in the safety assessment of multilane
design alternatives is the relationship of accidents to intersec-
tions. Three types of accidents that occur on suburban arterial
streets merit separate consideration: nonintersection accidents,
unsignalized intersection accidents, and signalized intersection
accidents. The accident experience of the study sections is clas-
sified by relationship to intersection in Table A-6.

Nonintersection accidents constitute approximately 36 per-
cent of the accidents on the suburban arterial highways in the
safety data base. Nonintersection accidents may include colli-
sions involving vehicles entering or leaving driveways; rear-end
sideswipe and head-on accidents between vehicles traveling
along the arterial street; single-vehicle accidents involving col-
lisions with pedestrians, bicycles, animals, and fixed objects; and
single-vehicle noncollision accidents. For the design alternatives
studied, driveway accidents constitute 30 to 50 percent of all
nonintersection accidents.

Accidents related to unsignalized intersections constitute ap-
proximately 37 percent of the accidents on the study sections.
These accidents were identified in the data base using the criteria
of the cooperating states, which include all accidents occurring
within the intersection limits and accidents on the approaches
that are classified related to the intersection. Intersection-related
accidents on the approaches are generally within 150 to 250 ft
of the intersection, but could be located farther away if the
intersection was clearly the cause of the accident.

Accidents related to signalized intersections constitute ap-
proximately 27 percent of the accidents on the study sections.
For purposes of this study, all accidents within the limits of a
signalized intersection or within 250 ft of a signalized intersec-
tion were treated as related to the intersection.

The multilane design alternatives evaluated in this study,
which include the addition of raised medians or TWLTLs to
undivided arterials, have a direct impact on the accident ex-
perience between intersections and at unsignalized intersections.
In the case of nonintersection accidents, median dividers and
two-way left-turn lanes can reduce driveway-related accidents
by eliminating left-turns at driveways or separating vehicles
waiting to turn left from through traffic; they also increase the
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separation between vehicles traveling in opposite directions and,
thus, reduce the potential for head-on and sideswipe accidents.
Median dividers and two-way left-turn lanes also provide similar
benefits at unsignalized intersections, which typically do not
have separate left-turn lanes on undivided arterials. However,
median dividers and two-way left-turn lanes often have no direct
impact on the operation of signalized intersections, which often
have intersection channelization, separate left-turn lanes, or sep-
arate left-turn signal phases even on undivided arterials.

A decision to exclude signalized intersection accidents from
the safety analysis was reached because multilane design alter-
natives have their primary impact on accidents that occur
between intersections and at unsignalized intersections. Instal-
lation of a multilane design alternative on a suburban arterial
highway may have no impact on the operation of a signalized
intersection, especially if the basic number of through lanes is
unchanged, because signalized intersections often have inter-
section channelization, separate left-turn lane, and/or separate
left-turn phases even on undivided arterials. Furthermore, sig-
nalized intersections vary much more in geometrics and cross-
traffic volumes than unsignalized intersections so that evaluation
of their safety performance would require an intersection-ori-
ented, rather than a section-oriented, safety analysis that was
regarded as beyond the scope of the study. Thus, the study was
limited to consideration of safety at nonintersection and unsig-
nalized intersection locations. In the event that construction of
a multilane design alternative does improve the geometrics of
a signalized intersection, the safety benefits of that improvement
should be considered in addition to those predicted in this
appendix.

Independent Variables

Eight study section characteristics were used as independent
variables in the safety analysis. Each of these variables has from
two to four levels that were investigated in the safety analysis.
These variables, together with the levels used for each, are:

INDEPENDENT VARIABLE LEVELS
Average daily traffic volume (ADT) 7,000 to 10,000 vpd
10,000 to 15,000 vpd

15,000 to 20,000 vpd
Over 20,000 vpd

Under 5 percent
5 to 10 percent
Over 10 percent

Truck percentage

Type of development Commercial
Residential

Estimated level of left-turn demand Light
Moderate /heavy

Shoulder width No shoulder (D to 4 ft)

Full shoulder (8 ft and over)
Speed Low (35 to 40 mph)
High (45 to 50 mph)
Driveways per mile Under 30 per mile
30 to 60 per mile
Over 60 per mile
Unsignalized intersections per mile Under 5 per mile
5 to 10 per mile
Over 10 per mile

It should be noted that four of the eight variables—average
daily traffic volume, truck percentage, driveways per mile, and
unsignalized intersections per mile—are by nature continuous
rather than categorized variables. These variables were used in
the statistical analyses both as continuous and as categorical
variables.

Preliminary Review of Accident Rates

A preliminary review of the accident rate data illustrates a
first cut at the comparison of accident rates between design
alternatives required by the analysis objectives. Table B-1 illus-
trates the rates for nonintersection accidents and unsignalized
intersection accidents. This table is based directly on the accident
and exposure data in Tables A-5 and A-6 and is broken down
by design alternative, type of development, and state.

The raw accident rates in Table B-1 should be interpreted
cautiously because any apparent differences between design al-
ternatives, development types, or states could be caused by var-
iables whose effects are not included in the table such as traffic
volume, driveway density, etc. For example, it appears from the
data in Table B-1 that five-lane TWLTL sections with com-
mercial development in Michigan have higher nonintersection
accident rates than either four-lane undivided or four-lane di-
vided sections. In fact, just the opposite was found to be the
case, after accounting for the greater driveway densities found
on five-lane TWLTL sections.

Despite the need for cautious interpretation, several interest-
ing observations can be drawn from Table B-1. First, the non-
intersection accident rates for residential street sections appear
to be generally lower, but more variable, than for commercial
sections. This variability may be attributable to the fact that
some residential sections are completely residential, while others
include commercial development at scattered locations.

Second, a review of the nonintersection accident rates shows
relatively good agreement between the California and Michigan
data, which provides some assurance that the data from the two
states represent comparable conditions and can be combined.

In contrast, the accident rates for unsignalized intersections
in California are much lower than the rates in Michigan. Possible
differences between the California and Michigan sections that
could explain this difference in accident rate were examined,
including the possibility that there were more unsignalized in-
tersections per unit length on the Michigan sections than on
the California sections or that the Michigan intersections carried
higher traffic volumes. However, it was found that neither of
these factors could explain the observed difference between the
states. Possible differences in the accident records systems of
the two states that could explain why fewer accidents were
included at California intersections than at Michigan intersec-
tions were examined but no valid explanation was found. Both
states have similar accident reporting criteria and both states
classify intersection accidents in a similar manner (both acci-
dents involving vehicles on the arterial and on the side street
are included in the data base, even if the side street is not under
state jurisdiction). However, in the opinion of the author, it is
possible that intersection-related accidents on side streets not
under state jurisdiction in some municipalities in California are
not reported or included in the state accident records system
as consistently as they are in Michigan.

Because the California data for unsignalized intersection ac-
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Table B-1. Unadjusted accident rates classified by design alternative, type of development, and state.

Design Alternative
Two-lane undivided (2U)

Three-lane with TWLTL (3T)

Four-lane undivided (4U)

Four-lane divided (4D)

Five-lane with TWLTL (5T)

Accident Rate
(accidents per million vehitlE'milgs)

Type of Nanintersection Unsignalized lntersection
Development State Accidents Accidents
Commercial California 2.06 0.69

Hichigan 1.79 1.54
Residential California 1.73 0.64
Michigan 1.93 2.45
Commercial California 1.28 0.22
Michigan 1.89 2.82
Residential California 1.70 0.50
Michigan 1.04 3::19
Commercial California 2.26 0.98
Hichigan 2.62 4.52
Residential California 1.32 0.51
Michigan 1.21 3.96
Commercial California 2.47 0.74
Michigan 2.65 3.82
Residential California 1.:23 0.42
Michigan 0.84 4.02
Commercial California 1.70 0.61
Michigan 3.19 2.79
Residential California 1.84 0.55
Michigan 1.24 2.45

cident rates appeared extremely low, they were checked against
some statewide summary data for urban unsignalized intersec-
tions on highways under state jurisdiction published by the
California Department of Transportation (23). Although the
urban classification used in the statewide summary data rep-
resents a more inclusive category than the suburban conditions
defined in this study, it was expected that the accident experience
should be similar. The average urban unsignalized intersection
with STOP or YIELD sign control on a route under state juris-
diction in California experienced an accident rate of 0.46 ac-
cidents per million entering vehicles in 1980 to 1982 (23). Using
an estimated ADT of 18,000 vpd for the arterial street and a
conservative estimate of 1,000 vpd for the side street to estimate
the total entering volume, this statewide rate corresponds to an
expected accident frequency of 3.2 accidents per unsignalized
intersection per year. The project data base includes 0.75 ac-
cidents per unsignalized intersection per year in California and
3.6 accidents per unsignalized intersection per year in Michigan.
Thus, the complete statewide data for California is in far better
agreement with the accident rates for the Michigan sections in
the data base than the accident rates for California sections.
For this reason, it was decided to base the estimates of unsig-
nalized intersection accident rates solely on the Michigan data.

Statistical Approach

A statistical analysis of the difference in accident rate between
multilane design alternatives was conducted. The effect on ac-
cident rate of the following independent variables was considered
in the analysis, where appropriate:

« State
o Design alternative
e Average daily traffic volume

» Truck percentage

¢ Type of development

» Estimated level of left-turn demand
» Lane width

« Shoulder width

e Speed

o Driveways per mile

« Unsignalized intersections per mile

Separate analyses were conducted for nonintersection accident
rates and unsignalized intersection accident rates. The state in
which each study section was located was considered only in
the analysis of the nonintersection accident rates, because the
analysis of unsignalized intersection accident rates was based
on the Michigan data alone. Shoulder width was also considered
only in the analysis of nonintersection accidents, because the
available shoulder width data were for locations between inter-
sections and because shoulder widths are likely to vary at in-
tersections based on the geometrics of individual intersections.
The effect of driveways per mile was considered in the analysis
of nonintersection accidents only, and the effect of intersections
per mile was considered in the analysis of intersection accidents
only.

The statistical analysis used a hierarchical analysis of cov-
ariance approach. Analysis of covariance is a statistical tech-
nique used to assess the effects of both independent variables
with two or more discrete levels (known as factors) and inde-
pendent variables with values on a continuous scale (known as
covariates). Many analyses of covariance models were tried dur-
ing the analysis, but those that proved most useful included
state, design alternative, type of development, estimated level
of left-turn demand, shoulder width, and speed as factors and
average daily traffic volume, truck percentage, driveways per
mile, and unsignalized intersections per mile as covariates.

The specific form of analysis of covariance that was used was
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a hierarchical analysis of covariance, in which the effects of the
independent variables are accounted for in sequence, so that a
factor or covariate is important only if it explains a significant
proportion of the variance remaining after the variables consid-
ered previously have been accounted for.

In an analysis of variance or covariance with a balanced
design, the best measure of effectiveness for each design alter-
native is simply the average (or arithmetic mean) accident rate
for that alternative. The experiment designs used for this study
were not balanced, however, because the sample sizes in the
cells defined by the experimental factors were not equal and the
covariates did not have the same mean in every cell. In such
an unbalanced design, the best measure of effectiveness for each
design alternative is the least square mean for that alternative.
The least square mean compensates for the differences between
the cells in sample sizes and covariate means. The least square
mean is, in effect, the mean accident rate that would result if
every cell had the same sample size and the same mean for
every covariate.

All of the statistical analyses in this project were performed
using the Statistical Analysis System (SAS) (24). The analyses
of covariance, in particular, were performed using the SAS
General Linear Model (GLM) procedure.

ANALYSIS RESULTS

The results of the statistical analysis indicated that many of
the independent variables considered had statistically significant
relationships to accident rate in some circumstances, but not in
others, depending on which other variables are included in the
model and the order in which those variables were combined.
This situation arises because most of the independent variables
are strongly correlated with one another and, in some cases,
one variable may serve partially as a surrogate for the effect of
another. Many different models were tried and those presented
here, in the judgment of the investigators, best represent the
actual effects of each factor and best serve the project objectives.
However, given the complexities of the data base and the in-
terrelationships between the geometrics and traffic variables in
the study, other investigators could reach different conclusions
about which variables to include in the final models.

Nonintersection Accident Rates

Table B-2 presents the results of an analysis of covariance
illustrating the effects of seven independent variables or inter-
actions found to have a statistically significant relationship to
nonintersection accident rate. The factors found to be statisti-
cally significant in this model are state (California/Michigan),
design alternative, type of development (commercial /residen-
tial), and shoulder width. The interaction between design al-
ternative and type of development was also found to be
significant, meaning that each combination of design alternative
and development has a unique effect on nonintersection accident
rate. The covariates found to be statistically significant in this
model are driveway density and truck percentage.

The model represented by Table B-2 contains data for only
four design alternatives (2U, 4U, 4D, and 5T) because not
enough data were available for three-lane TWLTL (3T) sections
to include in this particular analysis. A separate analysis con-

ducted to compare 2U and 3T sections is illustrated by Table
B-3. The shoulder width factor and the design alternative-de-
velopment interaction have been omitted because they were not
statistically significant in this analysis.

Before documenting the influence on accident rates of each
of the statistically significant variables included in the foregoing
models, a few words are appropriate about variables that were
considered in the variables considered but found to be not sig-
nificant. Average daily traffic volume, lane width, and speed
were omitted from the models shown in Tables B-2 and B-3
because they were not statistically significant. Lane width and
speed were not significant in any of the models tried. This result
is consistent with the results of a similar study recently con-
ducted by Walton et al. (§), who were unable to find a rela-
tionship between accident rate and lane width or speed limit on
highways with 5T and 5C design alternatives, ADT would be
significant if included in the model prior to design alternative
and type of development, because the latter factors have a strong
correlation to ADT. However, to attain the project objectives,
it was considered to be more important to include design al-
ternative, rather than ADT, in the model. The lack of a sig-
nificant relationship between accident rate and ADT should not
be interpreted to mean that accidents do not increase with
increasing traffic volume; rather, because the measure of effec-
tiveness is an accident rate, this indicates that accident frequency
increases proportionally with ADT. Estimated level of left-turn
demand (light /moderate /heavy) does have a significant rela-
tionship to nonintersection accident rate and could be used in
the model as an alternative to driveways per mile. It was decided
to retain driveway density, rather than estimated left-turn de-
mand, in the model because it can be determined more easily
and is less subject to variations in judgment between observers.

Table B-4 presents the least square mean nonintersection ac-
cident rates taken from the models in Tables B-2 and B-3. The
accident rates in Table B-4 are averages that give equal weight
to the data from California and Michigan. A basic noninter-
section accident rate is indicated for each combination of design
alternative and type of development. Adjustment factors that
are added to the basic rates to account for different levels of
driveway density and truck percentage are also indicated in the
table. It is likely that these adjustment factors vary for different
design alternatives and development types, but there is no sta-
tistical evidence that this is the case. Truck percentage was found
to be inversely related to accident rate (i.e., accident rate de-
creases with increasing truck percentage, and vice versa). This
result was unexpected and is possibly the result of correlations
between truck volumes and other geometric or development
variables. The results presented in Table B-4 provide a valid
method of predicting the accident rates of suburban highway
sections, but users should be cautious about interpreting the
individual adjustment factors as precise measures of the incre-
mental effects of those factors. The individual adjustment factors
may arise partly from correlations with other variables and
cannot necessarily be interpreted as representing cause and effect
relationships.

The data in Table B-4 can be used to estimate the noninter-
section accident rate for any arterial highway segment whose
design alternative, type of development, driveway density, and
truck percentage are specified. For example, a two-lane undi-
vided arterial with commercial development, 45 driveways per
mile and 6 percent trucks would be expected to have a nonin-
tersection accident rate of 2.39—0.03 —0.07=2.29 accidents per
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Table B-2. Analysis of covariance of nonintersection accident rate for 2U, 4U, 4D, and 5T sections.

Dependent Variable: Nonintersection accident rate
Data Base: California and Michigan data for 2U, 4U, 4D and 5T sections
Sample Size: N=1964

Source of Sum of Degrees of Mean Significance (at 95%
Variation Squares Freedom Square F confidence level)
STATE (Factor) 11,071.91 2 5,535.96 1,112.66 SI1G

ALT (Factor) 114.80 3 38.27 7.69 SIG

DEV (Factor) 586.99 1 586.99 117.98 SI1G
ALTADEV (Interaction) 138.13 3 46.04 §.25 S1G

SW (Factor) 2291 1 22.717 4.58 SIG

DDEN (Covariate) 173.43 1 173.43 34 .86 S1G

TP (Covariate) 54,72 1 54.72 11.00 SIG
Explained 12,162.75 12 1,013.56 203.71 SIG

Error 9,712.05 1952 4.498 (R%=0.56)
TOTAL 21,874.80 1964

ALT Design alternative

DEV = Type of development

SW Shoulder width
DDEN = Driveways per mile
TP = Truck percentage

Table B-3. Analysis of covariance of nonintersection accident rate for 2U and 3T sections.

Dependent Variable: Nonintersection accidenl rate
Data Base: California and Michigan dala for 2U, and 3T sections
Sample Size: N=550

Source of Sum of Degrees of Mean Significance (at 95%
Variation Squares _Freedom Square F confidence level)
STATE (Factor) 1,930.63 2 965.32 432.86 S1G

ALT (Factor) 10.60 1 10.60 4.75 SIG

DEV (Factor) 12.63 1 12.63 5.66 sSIG

DDEN (Covariate) 29.47 1 29.47 1322 SIG

TP (Covariate) 33.67 1 33.67 15.10 SIG
Explained 2,017.00 6 336.17 150.74 SIG

Error 152083:713 Shb 2.23 (R2=0.56)
TOTAL 4,230.17 550

ALT = Design alternative

DEV = Type of development

DDEN = Driveways per mile

TP = Truck percentage

million vehicle-miles. On a highway with an average daily traffic =~ Table B-4, Least square mean rates and adjustment factors for non-
volume of 12,000 vpd, this corresponds to 10.0 accidents per  intersection accidents.
mile per year. BASIC ACCIDENT RATES

Table B-4 shows that suburban arterial highway sections with (accidents per million vehicle miles)
residential development generally have lower nonintersection
accident rates than sections with commercial development. On

: o . K ) Type of Design Alternative
commercial facilities, 3T sections have lower nonintersection Deve Lopment 20 3T AU 4D 57T
accident rates than 2U sections, and 5T sections have lower - - — — * —
rates than either 4U or 4D sections. The pattern of variations Commercial 2.39 1.56 2/85 2.800 2.69
in nonintersection accident rates for residential sections is less Residential 1.88 1.64 0.97 1.39 1.39
regular for 4U, 4D, and 5T sections. Nonintersection accident
rates generaflly were found to increase w1th the density of drive- ADJUSTMENT FACTORS
ways per mile but to decrease with increasing truck percentage.

.The effect of the shoplder width factor, which indicates a Under 30 3060 Over 60
difference between arterials with no shoulder and with a full Driveways per mile -0.41  -0.03  +0.35
shoulder, was found to be statistically significant in Table B-2.

The results of the analysis indicate that the nonintersection Under 5%  5-10%  Over 10%
accident rates for arterials with a full shoulder are about 5 Truck percentage +0.18 -0.07 -0.33

percent lower than the rates shown in Table B-4 and the rates
for arterials with no shoulder are about 5 percent higher than
the table values. However, this result may not apply to 3T
sections, as the shoulder width factor was not statistically sig-
nificant when included in the model presented in Table B-3.
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Tests of statistical contrasts were made to compare the full-
shoulder and no-shoulder conditions for individual highway
types (2U, 4U, 4D, and 5T). The purpose of the statistical
contrast texts was to determine if the provision of a full shoulder
was more effective for some highway types than for others.
However, none of these contrasts for individual highway types
was found to be statistically significant. Thus, it was not possible
to conclude that the difference between the no-shoulder con-
dition and the full-shoulder condition was higher or lower than
5 percent for any particular design alternative.

Tables B-5 through B-7 present results for unsignalized in-

tersection accident rates for the study sections analogous to those
presented above for nonintersection accident rates.

Table B-5 presents the results of an analysis of covariance of
the accident rates for 2U, 4U, 4D, and 5T sections analogous
to Table B-2. The analysis of unsignalized intersection accident
rates incorporates unsignalized intersections per mile rather than
driveways per mile, and does not include shoulder width as an
independent variable. The analysis of covariance results pre-
sented in Table B-5 is similar to the model in Table B-2 except
that the effect of truck percentage is statistically significant only
at the 90 percent confidence level.

Table B-5. Analysis of covariance of unsignalized intersection accident rate for 2U, 4U, 4D, and 5T

sections.

Dependent Variable:
Data Base:

Unsignalized intersection accident rate
Michigan data for 2U, 4U, 4D and 5T sections

Sample Size: N=1272

Source of Sum of Degrees of Mean
Variation Squares Freedom Square ~F
ALT (Factor) 16,528.96 4 4,132.24 500
DEV (Factor) 32.95 1 32.95 X
ALT*DEV (Interaction) 132.50 3 44,17 S
UINTPM (Covariate) 1,789.90 1 1,7849.90 216
TP (Covariate) 28.40 1 28.40 3.
Explained 18,512.71 10 1,851.27 224
Error 10,423.93 1262 5.26

TOTAL 28,936.64 1272

o Statistically significant at 90% confidence level.

ALT = Design alternative

DEV = Type of development

UINTPH = Unsignalized intersections per mile
TP = Truck percentage

.28

99
35

.10

(3

Significance (at 95%
confidence level)

SI1G
s1G
516G
SIG
Ns®

816
(R?=0.64)

Table B-6. Analysis of covariance of unsignalized intersection accident rate for 2U and 3T sections.

Dependent Variable: Unsignalized intersection accident rate

Data Base: Michigan data for 2U and 3T sections

Sample Size: N=239

Source of Sum of Degrees of Mean

Variation Squares Freedom  Square B
ALT (Factor) 1,680.59 2 840.30 250.61
DEV (Factor) 81.10 1 81.10 24.19
UINTPM (Covariate) 390. 40 1 390.40 116.43
TP (Covariate) 10.89 1 10.89 3.25
Explained 2,162.99 5 432.60 129.02
Errar 784.61 234 3.35

TOTAL 2,947.60 239

a Statistically significant at 90% confidence level.

ALT = Design alternative

DEV = Type of development

UINTPM = Unsignalized intersections per mile
TP = Truck percentage

Significance (at 95%
confidence level)

516
SIG
SIE
NS

SIG
(R2=0.73)



Table B-7. Least square mean rates and adjustment factors for unsig-
nalized intersection accidents.

BASTIC ACCIDENT RATES
(accidents per million vehicle miles)

Type of Design Alternative .
Development — 2U 3T 4U 4D 5T
Commercial 2.11 2.43  4.77 4.71 3 54l
Residential 2.88 1.91 3.03 2.71 1.85

ADJUSTMENT FACTORS

Under 5 5-10 Over 10
Intersections per -0.99 -0.28 #1455
mile
Under 5%  5-10% Over 10%
Truck percentage +0.22 -0.08 -0.38

In a similar approach to the analysis of nonintersection ac-
cident rates, Table B-6 presents analysis of covariance of high-
way sections with the 2U and 3T design alternatives. These
results are also analogous to the results presented in Table B-
3, except that the truck percentage factor is statistically signif-
icant only at the 90 percent confidence level.

The results of the analysis of unsignalized intersection acci-
dent rates are summarized in Table B-7. The table presents basic
accident rates for each design alternative and type of develop-
ment and adjustment factors to account for the effects of in-
tersections per mile and truck percentage.

Table B-8 summarizes the combined accident rates for both
nonintersection and unsignalized intersection accidents. In a
manner analogous to Tables B-4 and B-7, the table presents
basic accident rates for individual design alternatives and types
of development and adjustment factors for driveways per mile,
unsignalized intersections per mile, and truck percentage. The
results presented in Table B-8 indicate that the 3T alternative
has accident rates that are 11 to 25 percent lower than the 2U
design alternative. Highway sections with the 4U and 4D design
alternative have very similar accident rates, while the 5T design
alternative has accident rates that are 21 to 24 percent lower.

Accident Severities

The raw accident severity distributions from the project data
base are given in Table B-9. The total accident experience for
the study sections is broken down in the table by accident
severity (fatal and injury vs. property-damage-only), by accident
location (nonintersection vs. unsignalized intersection), by de-
sign alternative (2U/3T/4U/4D/5T), and by type of develop-
ment (commercial/residential). For each combination of
accident location and type of development, difference of pro-
portions tests were performed to compare the differences be-
tween the design alternatives in the relative number of accidents
involving a fatality or an injury. The results of these tests are
indicated in the table.
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Table B-8, Least square mean rates and adjustment factors for suburban
arterial highways (including nonintersection and unsignalized intersec-
tion accidents).
BASIC ACCIDENT RATES
(accidents per million vehicle-miles)

Type of Design Alternative
Development 2U 3T 4U 4D 5T
Commercial 4.50 3.99 7.62 7.61 5.80
Residential 4.76 305 4.00 4.10 3.24

ADJUSTMENT FACTORS

Under 30  30-60 Over 60
Driveways per mile -0.41 -0.03 +0.35

Under 5 5-10 Over 10
Intersections per -0.99 +0.28 +il..55

mile

Under 5%  5-10%  Over 10%

Truck percentage +0.40 <@, 15 =8, 71

The accident severity data were pooled to provide a single
severity estimate for design alternatives found to be not signif-
icantly different in the percentage of fatal and injury accidents.
These pooled estimates, given in Table B-10, can be used in
conjunction with the accident rate estimates to determine the
expected frequency of fatal and injury accidents and property-
damage-only accidents on a suburban highway section.

Accident Types

There are three general types of accidents susceptible to cor-
rection through the installation of multilane design alternatives.
These are multiple-vehicle head-on, rear-end, and angle colli-
sions. Table B-11 indicates the relative frequency of these ac-
cident types on the suburban arterial highways in the safety
data base, classified by design alternative and type of develop-
ment.

Direct comparisons between the design alternatives in Table
B-11 may be misleading because there is no formal statistical
control for the fact that design alternatives with higher turning
volumes are more likely to have higher rates for these accident
types. Nevertheless, it is informative to note that the percentage
of accidents susceptible to correction by installation of a mul-
tilane design alternative typically ranges from 40 to 65 percent
of total accidents. Where these types of accidents are relatively
more frequent, the percentage reduction in accident rate may
be relatively higher. The table also demonstrates the predomi-
nance of rear-end accidents at nonintersection locations and
angle accidents at unsignalized intersections.

No attempt has been made to break down the accident ex-
perience by the type of turning maneuver involved (left-turn,
right-turn, U-turn, or crossing maneuver) or by driveway in-
volvement, since examination of the raw data suggests that these
classifications are not applied consistently in the accident re-
porting and coding process.
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Table B-9. Comparison of accident severity distributions.

Difference of Proportions Test

Fatal Tnjury Property-Damage Significantly Not Significantly
Design Total Accidents -0Only Accidents Different Different
Alternative Accidents (numher (%)) {uwnbe;_(&li__ From From

NONINTERSECTION ACCIDENTS--COMMERCIAL DEVELOPMENT
(California and Michigan sections)

2U 1,066 417 (39.1) 649  (60.9) 3T, 4D, 5T 4U
3T 322 96 (29.9) 226 (70.1) 2U, &4U, 4D, 5T -

4u 4,221 1,59 {377 2,629 (62.3) 3T 4b; 5% 2U
4D 1,607 547  (34.0) 1,060 (66.0) 2U, 3T, &U 5T
5T 11,292 3,764 (33.3) 7,528 (66.7) 2U, 3T, &U 4D

NONINTERSECTION ACCIDENTS--RESIDENTIAL DEVELOPMENT
(California and Michigan sections)
2U 1,393 588 (42.2) 805 (57.8) 40, 5T aT, 4D
3T 192 B4 (43.7) 108  (56.3) 4U, 5T 2U, 4D
4U 977 371 (38.0) 606 (62.0) 2U, 3T, 4D 5T
4D 250 112 (44.8) 138 (55.2) 4U, 5T 21, 3T
5T 538 213 (39.6) 325 (60.4) 2U, 3T, 4D 4u
UNSIGNALIZED INTERSECTION ACCIDENTS--COMMERCIAL DEVELOPMENT
(Michigan sections only)

20 672 262 (39.0) 410 (61.0) 3T, 4U, 4D, 5T -

3T 418 136 (32.5) 282 (67.5) 20, 4Db 4U, 5T
41 1,844 590  (31.4) 1,254 (68.6) 2U, 4D aT;. ST
4D 849 228 (26.9) 621 (73.1) 21, 3T, &y, 57T =

5T 8,684 2,807 (32.3) 5,877 (67.7) 2U, 4D 3T, 4U

UNSTGNALTZED TNTERSECTION ACCIDENTS--RESIDENTTAL DEVELOPMENT
(Michigan sections only)

2U 776 268 (34.6) 508 (65.4) 4D, 5T aT, 4u
3T 267 86 (32.2) 181 (67.8) 4D, 5T 2U, 4U
4U 1,844 590  (32.0) 1,254 (68.0) 4D, 5T 2u, 3T
4D a1 41 (45.1) 50 (54.9) 2U, 3T, 4U, 5T =
5T 1,006 268 (26.6) 738 (73.4) 2U, 3T, 4U, 4D =

Table B-10. Accident severity distribution for suburban arterial high-

ways,
Percentage of Accidents
Involving a Fatality or Injury
Nonintersection Unsignalized Intersection
Design Accidents Accidents

Alternative Commercial Residential Commercial Residential

2U 38.4 43.6 39.0 3249
T 29.9 43.6 3271 32.9
4l 38.4 38.8 2.1 32.9
4T 3347 43.6 26.9 45.1
5T 33.7 38.8 32,1 26.6




41

Table B-11. Relative frequency of accident types susceptible to correction on suburban arterial highways,

Number of Accidents (percent of tatal accidents)

Type ol
Development

Design
Alternative

. El
Head-on

2U Commercial 46
Residential 94

3T Commercial 23
Residential 12

4 Commercial 216
Residential 57

4D Commercial 23
Residential 5

5T Commercial 436
Residential 86

2u Commercial 28
Residential 14

ar Commercial 13
Residential 4

4u Commercial 163
Residential 70

4D Commercial 12
Residential 1

ST Commercial 307
42

Residential

Total Susceptible

Rear-Endb Angle ta Correction Total
NONINTERSECTION ACCIDENTS
(9.0) 386 (36.2) 57 (5.3) 539 (50.5) 1,066
(6.7) 479 (34.4) 44 (3.2) 617 (44.3) 1,393
(7.1) 95 (29.5) 27 (8.4) 145 (45.0) 322
(6.2) 79 (41.1) 4 (2.1) 95 (49.4) 192
(5.1} 1,575 (37.3) 162 (3.4) 1,933 (45.8) 4,221
(5.8) 415 (42.5) 32 (3.3) 504 (51.6) 977
(1.4) 829 (51.6) 90 (5.6) 942 (58.6) 1,607
(2.0) 99 (39.6) 4 (1.6) 108 (43.2) 250
(3.9) 4,668 (41.3) 596 (5.2) 5,700 (50.5) 11,292
(16.0) 216 (40.1) 21 (3.9) 323 (60.0) 538
UNSTGNALIZED INTERSECTION ACCIDENTS

(3.6] 187 (24.3) 214 (271.8) 429 (55.9) 768
{3:2) 229 (21.4) 276 (25.8) 539 (50.5) 1,068
(3.1) 132 (31.1) 132 (31:.1) 291 1652 425
(1.3) 14 (24.8) 91 (30.5) 169 (56.7) 298
(2.3 1,950 (31.0) 1,975 (31.4) 4,088 (65.0) 6,287
£3589 640 (32.0) 562 (28.1) 1,272 (63.5) 2,003
(1.0) 279 (24.2) 347 (30.0) 638 (55.3) 1,153
(0.6) 13 {7.6) 58 (34.1) 72 (42.4) 170
(3.4) 912 (10.0) 2,854 (31.2) 4,073 (44.6) 9,138
(4.1) 293 (28.9) 223 (22.0) 558 (55.0) 1,015

Including apposite direction sideswipe accidents.

Including same direction sideswipe accidents.

APPENDIX C

TYPICAL ACCIDENT FREQUENCIES FOR SUBURBAN ARTERIAL

HIGHWAYS

Table C-1 presents typical accident frequencies per mile per
year for suburban arterial highways under various geometric
and traffic conditions and types of development. Six parameters
are needed to look up an estimated accident frequency for any
particular highway segment:

» Design alternative

e Type of development (commercial / residential)
= Average daily traffic volume (ADT)

» Driveways per mile

« Unsignalized intersections per mile

e Truck percentage

Table C-1 provides estimates of the frequency of nonintersection
accidents (labeled NINT in the table) and unsignalized inter-
section accidents (UINT) per mile per year and the frequency
for both of these accident categories combined (TOT). The
accident frequencies in Table C-1 are based directly on the
accident rates developed in this study and presented in Tables
B-4, B-7, and B-8.

The safety picture of suburban arterials is incomplete without
consideration of signalized intersections. Table C-2 gives typical
annual accident frequencies for signalized intersections on sub-
urban arterials based on a predictive equation developed by
Webb (25). This equation was based on approach speeds of 25
to 45 mph, which Webb called the semiurban group. The equa-
tion he developed to express the relationship between traffic
volume and accidents was:

N=D.17 X" ¥

where: N = annual number of accidents;
X = ADT of major highway (hundreds of vehicles per
day); and
Y = ADT of crossroad (hundreds of vehicles per day).

It should be noted that the tables in this appendix present
average values of accident frequency and that the actual accident
experience for particular locations can vary widely from these
averages,
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Table C-1. Estimated accident frequency per mile per year on suburban arterial highways,

Design Type of
Alternative Development

Driveways

Per Hile

2U C

20 R

3T {43

3T R

4U C

4U R

4D C

4D R

5T R

Under 30
30-60
Over 60

Under 30
30-60
Over 60

Under 30
30-60
Over 60

Under 30
30-60
Over 60

Under 30
30-60
Over 60

Under 30
30-60
Over 60

Under 30
30-60
Over 60

Under 30
30-60
Over 60

Under 30
30-60
Over 60

Under 30
30-60
Over 60

Average Daily Traffic Volume (veh/day)

7,000-10,000 10,000- 15,000 15,000-20,000 Over 20,000
NINT UINT TOT NINT UINT TOT NINT UINT Igz NINT UINT IQI
TRUCK PERCENTAGE: UNDER 5%
INTERSECTIONS PER MILE: UNDER 5
5.9 Il 9.6 9.9 6.1 16.0 13.8 8.6 22.4 )5 Py F1.:0 28
7.0 3.7 0.7 11.6 6.1 17.7 16.2 8.6 248 20.9 11.0 3
8.0 3.7 11.37 13.3 6.1 19.4 18.7 8.6 27.3 24.0 11.0 35.
4.5 5.8 103 75 9.6 17.1 10.5 13.5 24.0 13.6 173 30.
5.6 5.8 11.4 9.3 9.6 1§.9 13.0 13.5 26.5 16.7 13.3 34
6.6 5.8 12.4 11.0 9.6 20.6 15.4 135 28.9 19.8 7.3 37
3.6 4.5 8.1 6.1 7.6 137 8.5 10.6 199 10.9 13.6 24
4.7 4.5 9.2 7.8 7.6 15.4 10.9 10.6 21.5 14.0 13.6 27
L 4.5 10.2 9.5 7.6 BT 13.3 10.6 23.9 172 13.6 30
3.9 31 7.0 6.6 5.2 11.6 9.0 7.3 16.3 11.6 9.4 21
4.9 3.1 8.0 8.2 5.2 13.4 11.4 7.9 18.7 14.7 9.4 24
5.9 3.1 9.0 9.9 5.2 15.1 13.9 7.3 21.2 17.8 9.4 27
e 11.0 18.2 12.0 18.3 30.3 16.7 25.6 42.3 21.5 32.9 54.
8.2 11.0 19.2 13.7 18,3 32.0 19.2 25.6 4L.8 24.6 32.9 57
9.3 11.0 20.3 15.4 18.3 33.7 21.6 25.6 47.2 27.8 32.9 60
2.0 6.2 8.2 5 08 10.3 13.7 4.7 14 .4 151 6.1 18.6 24
3.1 6.2 2.3 5.1 10.3 15.4 T2 14.4 21.6 5.2 18.6 27
4.1 6.2 10.3 6.8 10.3 17.1 9.6 14.4 24.0 12.3 18.6 30
7.3 10,8 18.1 12.2 1B.0 30.2 17.1 25.2 42.3 21.9 32.4 5h.
8.3 10.8 1.1 13.9 18.0 31.9 19.5 25.2 [ 25.0 32.4 57
9.4 10.8 20.2 15.6 18.0 33.6 Z1r.9 25.2 47.1 28.2 32.4 60
Fd 5.3 8.5 543 8.9 14.2 7.4 12.4 19.8 9.5 15..9 25
4.2 523 9.5 7.0 8.9 15.9 9.8 12.4 22.2 12.6 15,9 28,
5.3 5.3 10.6 8.8 8.9 Tlsd 1243 12.4 264.7 15.8 15.9 3.
6.7 6.4 13.1 112 10.7 21.9 13.7 14.9 30.6 20.2 19.2 39.
7.8 6.4 14.2 13.0 10.7 23 18.1 14.9 33.0 23.3 19.2 42,
8.8 6.4 15.2 14.7 10.7 25.4 20.6 14.9 35.5 26.4 19.2 45,
3.2 3.0 6.2 5.3 4.9 10.2 7.4 6.9 143 9.5 8.9 18,
4.2 3.0 Lot 7.0 4.9 11.9 9.8 6.9 16.7 12.6 8.9 1
5.3 3.0 8.3 8.8 4.9 13.7 12.3 6.9 19.2 15.8 8.9 24,
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Table C-1. Continued

Average Daily Traffic Volume (veh/day)
Design Type of Driveways 7,000-10,000 10,000- 15,000 15,000-20,000 Over 20,000
Alternative Development Per Mile NINT UINT TOT NINT  UINT TOT NINT UINT TOT NINT UINT TOT

TRUCK PERCENTAGE: UNDER 5%
INTERSECTIONS PER MILE: 5-10

2U H Under 30 5.9 T 13.0 9.9 11 .9 21.8 13.8 16.7 30:5 1727 2376 301
30-60 7.0 7.1 14.1 11.6 11.9 23:5 6.2 16.7 2.9 20.9 21.4 42.3

Over 60 8.0 71 15.1 13:3 1129 25.2 18.7 16.7 35.4 24.0 21.4 45.4

2U R Under 30 4.5 9.3 13.8 75 15.4 22.9 10.5 21.6 32.1 13.6 27.8 41.4
30-60 5.6 923 14.9 A 15.4  24.7 13.0 21.6 34.6 16.7 27.8  44.5

Over 60 6.6 9.3 15.9 11.0 15.4  26.4 15.4 21.6 37.0 19.8 27.8 47.6

3T c Under 30 3.6 8.0 11.6 6.1 13.4 19.5 8.5 18.7 27.2 10.9 24.1 35.0
30-60 4.7 8.0 12.7 7.8 13.4  21.2 1049 18.7 29.6  14.0  24.1] 38.1

Over 60 5.7 .0 137 9.5 13.4 22.9 3.3 18.7 32.0 17.2  24.1 41.3

3T R Under 30 3.9 6.6 10.5 6.4 11.0 17.4 9.0 15.4 24.4 11.6 19.8 31.4
30-60 4.9 6.6 T35 8.2 11.0 19.2 11.4 15.4  26.8 14.7 19.8 34.5

Over 60 L 6.6 12:5 9.9 11.0 20.9 13.9 15.4  29.3 17.8 19.8 37.6

4U C Under 30 7.2 14.4  21.6 12.0  24.0 36.0 16.7 33.7 50.4 21.5 43.3  64.8
30-60 8.2 14.4 22.6 13.7  24.0 377 19.2 33.7 52.9 24.6 43.3  67.9

Overe( 9.3 14.4 23.7 15.4  24.0 39.4 21.6 33.7 55.3 27.8 43.3  71.1

4U R Under 30 2.0 9.7 11.7 3.4 16.1 19,5 4.7 225 2752 6.1 29.0. 35,7
30-60 31 9.7 12.8 Tl 16.1 21.2 Te2 2235 29.7 9.2 29.0 38.2

Over 60 4.1 9.7 13.8 6.8 16.1 22.9 Db 225 321 12.3  29.0 41.3

4D C Under 30 T8 14.3  21.6 12.2 23.8  36.0 17.1 33.3  50.4 21.9 42.8 64,7
30-60 8.3 14.3  22.6 13.9 23.8  37.7 19.5 33.3 52.8 25.0 42.8 67.8

Over 60 9.4 14.3  23.7 15.6 23.8 39.4 21.9 33.3 55.2 28.2 42.8 71.0

4D R Under 30 Jid 8.8 12.0 543 14.6 19.9 7.4 20.5  27.9 9.5 26.4  35.9
30-60 4.2 8.8 13.0 7.0 14.6  21.6 9.8 20.5 30.3 12.6 26.4 39.0

Over 60 5.3 8.8 14.1 8.8 14.6  23.4 12.3° 20,5 32.8 15.8 26.4 42.2

5T C Under 30 6.7 9.9 16.6 11.¢ 16.5 27.7 15 23.0 38.8 20.2 29.6  49.8
30-60 7.8 9.8 L7l 13.0 16.5 29.5 18.1 23.1 41.2 23.3 29.6 52.9

Over 60 8.8 9.9 18.7 14.7 16.5 31.2  20.6 23.1 43.7 264 29.6 56.0

5T R Under 30 3.2 6.4 9.6 543 10.7 16.0 7.4 15.0 22.4 D:5 19.3  28.8
30-60 4.2 6.4 10.6 7.0 10.7 1334 9.8 15,0 24.8 12.6 19:3  31:8

Over 60 5.3 6.4 11.7 8.8 10.7 19.5 12:3 150 273 15.8 19.3  35.1




44

Table C-1. Continued
Average Daily Traffic Volume (veh/day)

Design Type of Driveways 7,000-10,000 10,000-15,000 15,000-20,000 Over 20,000
Alternative  Development Per Mile NINT UINT TOT NINT  UINT TOT NINT UINT TOT NINT UINT TOT
TRUCK PERCENTAGE: UNDER 5%
INTERSECTIONS PER MILE: OVER 10

2U c Under 30 5.9 10.6 16.5 9.9 173 276 13.8 24.8  38.6 17.7  31.9 4§
30-60 7.0 10.6 17.6 11.6 17.7  29.3 16.2 24.8 41.0 20.9 31.9 52

Over60 8.0 10.6 1B.& 13.3 3.2 31.0 18.7 2.8 43.5 24.0 31.9 55

2U R Under 30 4.5 12.7 17.2 1.5 21.2 28.7 10.5 29.7 40.2 13.6 38.2 51
30-60 5.6 12.7 18.3 9.3 21.2 30:5 13.0  29.7 42.7 16.7 38.2 54

Over 60 6.6 12.7 W3 110 212 324 15.4 29.7 45.1 19.8 38.2 58.

=1 C Under 30 3.6 11.5 15.1 6.1 19.2 25.3 8.5 26.8 35.3 10.9 34.5 45
30-60 4.7 11.5 16.2 7.8 19.2  27.0 10.9  26.8 77 14.0 34.5 48

Over 60 5.7 11.5 1752 9. 19.2  28.7 13.3  26.8 40.1 17.2 34.5 51

3T R Under 30 3.9 10.1 14.0 6.4 6.8 23.2 9.0 23.5 32.5 11.6  30.2  41.
30-60 4.9 10.1 15.0 8.2 16.8 25.0 1.4 23.5 34.9 14.7 30.2 44

Over 60 5.9 1c.1 16.0 9.9 16.8  26.7 13,9 23,5 37.4 17.8  30.2 48

4U c Under 30 7.2 17.9 25.1 12.0 29.8 41.8 16.7 41.8 58.5 21.5 53.7 753,
30-60 8.2 17.9  26.1 13.7 29.8 43.5 19.2  41.8 61.0 24.6 53.7 78.

Over 60 9.3 17.9 27.2 15.4 29.8 45.2 21.6 41.8 63.4 27.8 53.7 Bl

4u R Under 30 2.0 13.1 15.1 398 289 2543 4.7 30.7 35.4 6.1 39.4 45
30-60 31 A%kl 162 5.4 1.9 27.0 7.2 30.7  37.9 9.2 39.4 48

Over &0 4.1 13.1 17.2 6.8 21.9 ZB.7 9.6 30.7 40.3 12.3 3%.4 51

4D c Under 30 7.3 17.7  25.0 12.2 29.6 41.8 17.1 41.4 58.5 21.9 53.2 75
30-60 8.3 17.7 26.0 13.9  29.6 43.5 19.5 41.4 60.9 25.0 53.2 78

Over 60 8.4 17.7  27.1 15.6 29.6  45.2  21.% 41.4  63.3 28,2 53.2 81

4D R Under 30 3.2 12.3 15.5 5.3 200k 257 7.4 28.6 36.0 9.5 36.8 46
30-60 4.2 12.3  16.5 7.0 20.4 27.4 9.8 28.6 38.4 12.6 36.8 49

Over 60 5.3 12,3 116 B.8 20.4 29.2 12.3  28.6 40.9 15.8 36.8  52.

5T C Under 30 6.7 13.4 20.1 11.2  22.3 33.5 15.7 31.2 46.9 20.2  40.1 60
30-60 7.8 13.4  21.2 13.0 22.3 35.3 18.1 31.2  49.3 23.3  40.1 63

Qver 60 &.8 13.4 22.2 14.7 22.3 37.0 20.6 31.2 51.8 26.4 40.1 &é

5T R Under 30 3.2 9.9 13.1 5.3 16.5 21.8 7.4 23,1 30.5 9.5 2.7 39.
30-60 4.2 9.9 14.1 7.0 16.5 23.5 9.8 23.1 32.9 12.6 29.7 42.

Over 60 5.3 9.9 15.2 8.8 16.5 25.3 12.3 Z23.1 35.4 15.8  29.7  45.
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Table C-1. Continued
Average Daily Traffic Volume (veh/day)
Design Type of Driveways 7,000-10,000 10,000-15,000 15,000-20,000 Over 20,000
Alternative Development Per Mile NINT UINT TOT NINT  UINT TOT NINT  UINT  TOT NINT UINT TCT

TRUCK PERCENTAGE: 5-10%
INTERSECTIONS PER MILE: UNDER 5

2Uu G Under 30 52 2.8 8.0 8.7 4.7 13.4 12.2 6.6 18.8 1507 8.5 24.2
30-60 6.3 2.8 8.1 10.4 4.7 15.1 14.6 6.6 21 .2 18.8 By 2723

Over 60 B 2.8 10:1 12,2 4,7 16.9 17.1 6.6 23,7 21.9 8.5 30.4

2U R Under 30 3.8 5.0 8.8 6.4 8.3 14.7 8.9 11.6  20.5 1 14.9 26.4
30-60 4.9 5.0 9.4 8.1 8.3 16.4 11.4  11.6 23.0 14.6 14.9 29.5

Over 60 5.9 5.0 10.9 9.9 8.3 18.2 13.8 11.6 25.4 1.7 14.9  32.6

3T G Under 30 340 3.7 6.7 4.9 6.2 T2 6.9 8.7 15.6 8.9 1.2 20.1
30-60 4.0 30 7.7 6.7 6.2 12.9 9.3 8.7 18.0 12.0 1.2 2342

Over 60 5.0 3.7 8.7 8.4 6.2 14.6 11.8 8.7 20.5 15.1 11.2 26.3

3T R Under 30 3.2 253 J4D S 3.8 2.1 7.4 5.4 12.8 9.5 6.9 16.4
30-60 4.2 2:3 6.5 7.0 34 10.8 9.8 5.4 15.2 12.6 6.9 19.5

Over 60 5.3 2.3 7.6 8.8 3.8 12.6 12.3 5.4 17.7 15.8 6:9 227

40U C Under 30 6.5 10.1 16.6 10.8 16.9  27.7 L3 23.6 38.7 18.5 30,4  49.9
30-60 1 10.1 17.6 12.5 16.9 29.4 17.6 23.6 41.2 22.6  30.4  53.0

Over 60 8.6 10.1 18.7 14.3 16.9 31.2 20.0 23.6 43.6 257 30.4  56.1

4U R Under 30 1.3 5.4 6.7 2ol 8.9 p 2 2ol 2.5 1556 4 16.1 20.1
30-60 2.4 5.4 7.8 4.0 8.9 12.9 5.6 12.5 18.1 ¥ 16.1 23.2

Over 60 3.4 5.4 8.8 5.7 8.9 14.6 8.0 12.5 20.5 10.3 l6.1 26.4

4D C Under 30 6.6 10.0 16.6 11.0 16.6  27.6 I5.5 23.3 38.8 19.9 29.9  49.8
30-60 7.0 10.0 17.7 12.8 16.6  29.4 179 23.3 41.2 23.0 29.9 52.9

Over 60 8.7 10.0 18.7 14.5 16.6  31.1 20:3 23.3 G3u6 26.1 29.9  36.0

4D 4 Under 30 2.5 4.5 7.0 4.2 T8 117 5:8 10.5 16.3 i 13.5 21.0
30-60 348 4.5 8.0 59 748 13.4 8.2 10.5 16.7 10.6 13.5 24.1

Over 60 4.6 &5 9.1 7.6 7.5 151 10.7 105  21a2 13:.7 13:5 272

5T C Under 30 6.0 5.6 11.6 10.1 93 19.4 14.1 13.0 @27.3 18.1 16.8  34.9
30-60 Tl 5.6 12.7 11.8 9.3 21.1 16.5 13.0  29.5 21.3 16.8 38.1

Over 60 8.1 5.6 131 13.6 9.3 22.9 19.0 13.0 32,0 24.4 16.8  41.2

5T R Under 30 2.5 2l 4.6 4.2 b 7.8 5.8 5.0 10.8 T 6.4 13.9
30-60 345 2.1 5.6 5.9 3.6 9.5 8.2 5.0 13.2 10.6 6.4 17.0

Over 60 4.6 231 6.7 7.6 3.6 11.2 167 5.0 1557 13.7 6.4 20.1
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Table C-1. Continued
Average Daily Traffic Volume (veh/day)

(== R ]
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— 0

[+ SO0 I~

< S L T

Design Type of Driveways 7,000-10,000 10,000-15,000 15,000-20,000 Over 20,000
Alternative Development Per Mile NINT UINT TOT NINT UINT TOT NINT ~UINT TOT NINT UINT TOT
TRUCK PERCENTAGE: 5-10%
INTERSECTIONS PER MILE: 5-10

2u C Under 30 Sin? 6.3 11.5 8.7 1.5 19.2 12.2 14.8 27.0 15.7 19.0 34.
30-60 Gl 6.3 12.6 10.4 10.5 20.9 14.6 14.8 29.4 1B.8 19.0 37

Over 60 T3 6.3 13.6 12.2 10.5 22.7 17.1 14.8 31.9 21.9 19.0 40.

2u R Under 30 3.8 8.4 12.2 6.4 141 20.5 8.9 18.7 28.6 11.5 25.3 36.
30-60 4.9 8.4 13.3 8.1 14.1 22.2 11.4 19.7 31.1 14.6 25.3 39,

Over 60 5.9 8.4 14.3 9.9 14.1 24,0 13.8 19.7 33.5 17.7 25.3 43.

3T c Under 30 3.0 7.2 10.2 4.9 12.0 16.9 6.9 16.8 23.7 8.9 21.6 30.
30-60 4.0 7:2  ddg2 6.7 12.0 18.7 9.3 16.8 26.1 12.0 21.6 33.

Over 60 5.0 1:2 122 8.4 12.0 20.4 11.8 16.8 28.6 15.1 21.6 36.

3T 4 Under 30 3.2 5.8 G.0 Susd 9.6 14.9 7.4 13.5 20.9 9.5 17.3 26.
30-60 4,2 5.8 10.0 7.0 9.6 16.6 9.8 13.5 23.3 12.6 17.3 29.

Over 60 5.3 5.8  11.1 8.8 9.6 18.4 12.3 13.5 25.8 15.8 17.3 33.

4u C Under 30 6.5 13.6 20.1 10.8 22.7 33.5 15.1 31.7 46.8 19.5 40.8  60.
30-60 7.5 13.6¢ 21.1 12.5 22.7 35.2 17.6 31.7 49.3 22.6 40.8 63.

Over 60 8.6 13.6 22.2 14.3 22.7 37.0 20.0 31.7 51.7 25.7 40.8 6.

4u R Under 30 1.3 8.8 10.1 2.2 14.7 16.9 3.1 20.6 23.7 4.0  26.5 30.
30-60 2.4 8.8 11.2 4.0 14.7  18.7 5.6 20.6 26.2 7= 265 33

Over 60 3.4 8.8 12.2 5.7 14.7 20.4 8.0 20.6 28.6 10.3 26.5 36.

4D 5 Under 30 6.6 13.4 20.0 11.0 22.4 33.4 15.5 31.4 46.9 19.9 40.3 60.
30-60 7.7 13.4  21.1 12.8  22.4 35.2 17.9 31.4 49.3 23.0 40.3 3.

Over 60 87 13& 22,1 14.5 2.4 36.9 20,3 31.4 51.7 26.1 40.3 66,

4D R Under 30 2.5 8.0 10.5 4.2 13.3 17.5 5.8 18.6 24.4 745 289 31
30-60 3.5 8.0 11.5 5.9 13.3 19.2 6.2 18.6 26.8 10.6 23.9 34,

Over 60 4.6 8.0 12.6 7.6 13.3 20.9 20,7 18.6 29.3 4A3.7 23.9 37

5T C Under 30 6.9 9.1 15.1  10.1 15.1 25.2 14,1 21.1 35.2 18.1 27.2 45.
30-60 T:1 9:1 6.2 11.8 15.1 26.9 16.5 21.1 37.6 21.3 7.2 48,

Over 60 8.1 9.1 17.2 13.6 15.1 28.7 19.0 21.1 40.1 24.4 27.2 51.

5T R Under 30 2.5 5.6 8.1 4.2 9.4 13.6 5.8 13.1 18.9 7.5  16.8  24.
30-60 3.5 5.6 9.1 &0 9.4 15.3 8.2 13.1 21.3 10.6 16.8 27.

Over 60 4.6 5.6 10.2 7.6 $.4 17.0 10.7 13.1 23.8 13.7 16.8 30.
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Table C-1. Continued
Average Daily Traffic Volume (veh/day)
Design Type of Driveways 7.,000-10,000 10,000-15,000 15,000-20, 000 Over 20,000
Alternative Development Per Mile NINT UIKT TOT NINT  UINT TOT NINT UINT TOT NINT UINT TOT

TRUCK PERCENTAGE: 5-10%
INTERSECTIONS PER MILE: OVER 10

2u C Under 30 5.2 2.8 15.0 8.7 16.3  25.0 12.2 22.9 35.1 15.7 29.4  45.1
30-60 6.3 5.8 16.1 10.4 16.3  26.7 4.6 22.9  37.5 18.8 20.4  48.2

Over 60 T 2.8 17.1 122 16.3 28.5 7.1 22.9 40.0 21.9 29.4 51.3

2U R Under 30 3.8 11.9 183 6. 19.8 26.2 8.9 27.8 36.7 11:5 35.7  47.2
30-60 4.9 11.9 16.8 8.1 19.8 27.9 1.4 2718 39.2 14.6  35.7 50.3

Over 60 5.9 139 17.8 9.9 19.8  29.7 13.8 Z7.8 41.6 17..7 35.7 53.4

3T C Under 30 3.0 10,7 . 13.7 4.9 i7.8 22,7 6.9 24.9 31.8 8.9 325 40.9
30-60 4.0 10.7 14.7 6.7 17.8  24.5 9.3 24.9 34.2  12.0  32.0 4400

Over 60 5.0 10.7 15.7 8.4 17.8 26.2 11.8  24.9 36.7 151 32.0 47.1

3T R Under 30 dud 9.3  12:5 5:3 15.4  20.7 7.4  21.6 29.0 9.5 27.8 37.3
30-60 4.2 B3 A3:S 7.0 15.4 22.4 9.8 21.6 31.4 12.6 27.8 40.4

Over 60 5.3 9.3 14.6 8.8 15,4 24.2 12.3  21.6 33.9 15.8 27.8 43.6

4U ¢ Under 30 6.5 17.1 23.6 10.8 2B.5 39.3 15.1 39.9 55.0 19.5 51.2 70.7
30-60 7-5 17.1 24.6 12,5 28.5 41.0 17.6 39.9 57.5 22.6 51.2 73.8

Over 60 8.6 17.1 25.7 14.3 28.5 42.8 20,0  39.9 59.9 2549 51.2 76.9

4U R Under 30 1.3 12.3  13.6 i) 20.5 22.7 3.1 28.7 31.8 4. 7.0 41.0
30-60 2.4 12.3 14.7 4.0 20.5 24.5 5.6 28.7 34.3 | 37.0  44.1

Over 60 3.4 12:3 I5z7 57 20.5 26.2 8.0 28.7 36.7 10..3 37.00 4T3

4D (& Under 30 6.6 16.9 23.5 11.0 28.2 39.2 15.5 38.5 55.0 19.9 50.8 70.7
30-60 Tl 16.9 24.6 12,8 28.2 41.0 17.9 39.5 57.4 23.0 50.8 73;8

Qver 60 8.7 16.9 25.6 14.5 28.2 42.7 20.3 39.5 59.8 26.1 50.8 76.9

4D R Under 30 245 11.4  13.9 4.2 8. 23.3 5.8 26.7 32.5 5 34.3  41.8
30-60 3.5 11.4  14.9 5.9 9.1 25.0 8.2 26.7 34.9 10.6 34.3 4.9

Over 60 4.6  11.4 16.0 7.6 1.1 26.7 10.7 26.7 37.4 13:57 34,3  4B.0

5T C Under 30 6.0 12.5 18.5 10.1 20.9 31.0  14.1 29.3 43.4 18.1 371.6  55.7
30-60 Fim 12.5 19.6 11.8 20.9 32.7 16.5 29.3  45.8  21.3 37.6 58.9

Over 60 8.1 12.5 20.6 13.6  20.9 34.5 19.0  29.3  4B.3 24.4 37.6 62.0

5T R Under 30 245 §id 11.6 4.2 151 19:3 5«8 21.2 27.0 1.5 27.3  34.8
30-60 3.5 g1 12.6 5.9 15:1 21.0 B.2 21.2 29.4 10.6 29,3 319

Over 60 4.6 9.1 13.7 1.6 15.1 22.7 10.7 21.2 31.9 1347 27.3 41,0
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Table C-1. Continued
Average Daily Traffic Volume (veh/day)
Design Type of Driveways 7,000-10,000 10,000-15,000 15,000-20,000 Over 20,000
Alternative Development Per Mile NINT UINT TOT NINT UINT TOQT NINT UINT TOT NINT UINT TOT

TRUCK PERCENTAGE: OVER 10%
INTERSECTIONS PER MILE: UNDER 5

2U C Under 30 4.5 20 6.3 7] 3.4 10.9 10.5 4.7 15.2 13.6 6.1 19.7
30-60 5.6 2.0 1+6 9.3 3.4 12.7 13.0 4.7 7.7 16.7 6.1 22.8

Over 60 6.6 2.0 8.6 11.0 3.4 14.4  15.4 4.7 20.1 19.8 6.1 25.8

2U R Under 30 3l 4.1 7.2 2 6.9 12,1 1.3 9.6 16.9 9.4 12.4  21.8
30-60 4.2 4.1 8.3 6.9 6.9 13.8 B.7 9.6 19.3 12.5 12.4  24.9

Over 60 5.2 4.1 8.3 E.7 6.9 15.6 12,3 9.6 21.7 15.6 12.4  2B.0

AT C Under 30 22 2.9 5.1 3.7 4.8 8.5 5.2 6.8 12.0 6.7 8.7 15.4
30-60 3.3 2:8 6.2 Sid 4.8 10.3 i 6.8 14.5 9.9 8.7 18.6

Over 60 4.3 2.9 i 2.2 4.8 12.0 10.1 6.8 16.9 13.0 8.7 21.7

3T R Under 30 25 1.5 4.0 w1 2.5 6.6 5 3.4 9.1 7.4 4.4 11.8
30-60 35 1.5 5.0 5.8 2.5 §.3 8.2 3.4 11.6 10.5 4.4 14.9

Gver 60 4.5 1.5 6.0 7.6 2.5 10.1 10.6 3.4 14.0 136 4.4 18.0

40 C Under 30 5.8 9.3 15.1 9.6 15.5 25.% 13..8 21.7 35.2 17.3  27.9 45.2
30-60 6.8 9.3 ol 11.4  15.5 26.9 15.9  21.7 37.6 20.4 27.9 48.3

Over 60 79 9.3 152 13 15.5 28.6 18.3 21.7 40.0 23.6 27.9 51.5

41 R Under 30 0.6 4.5 31 1.0 7.6 8.6 1.5 10.6 12.1 1.9 13.6 15.5
30-60 1.7 4.5 6.2 2.8 7.6 10.4 328 10.6 14.5 5.0 13.6 18.6

Over 60 2.7 4.5 72 4.5 7.6 127 6.3 10.6 16.9 8.1 13.6  21.7

4D C Under 30 5.9 97k 15.0 8.9 15.2 25.1 13.8  21.3 35.1 1747 27.4  45.1
30-60 7.0 9.1 16.1 11.6 15.2  26.8 162 21.3 37.5 20.9 7.4  48.3

Over 60 8.0 9.1 171 13.3 15.2 28.5 18.7  21.3  40.0 2.0  27.4 51.4

4D R Under 30 1.8 3.7 5.5 3.0 6.1 9.1 4.2 8.6 12.8 5.3 11.0 16.3
30-60 2.8 = I 6.5 4.7 6.1 10.8 6.6 8.6 15.2 8.5 11.0 19.5

QOver 60 3.9 3.7 746 6.4 6.1 12.5 9.0 8.6 17.6 11.6 11.0  22.6

5T C Under 30 5.3 4.8 10.1 8.9 7.9 16.8 1255 K1zl 23.6  16.0 14,3  30.3
30-60 6.4 4.8 11.2  10.6 7.9 18.5 14.9 1101 26.0 19.1 14.3  33.4

Gver 60 7.4 4.8 12.2 12.4 7:9 20:.3 17.3 Tl 28.4  22.3 14.3  36.6

5T R Under 30 1.8 1.3 3.1 3.0 2.2 2 4.2 2l 7.3 5.3 3.9 9.2
30-60 2.8 .8 4.1 4.7 2.2 6.9 6.6 3.1 9.7 8.5 3.9 12.4

Over 60 3.9 1.3 5.2 6.4 2.2 8.6 9.0 3«1 12.1 11.6 3.9 15.5
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Table C-1. Continued
Average Daily Traffic Volume (veh/day)
Design Type of Driveways 7,000-10,000 10,000-15,000 15,000-20,000 Over 20,000
Alternative Development Per Mile NINT UINT TOT NINT UINT TOT NINT UINT TOT NINT UINT TOT

TRUCK PERCENTAGE: OVER 10%
INTERSECTIONS PER MILE: 5-10

]
—
o

2U g Under 30 4.5 5.5 10.0 7+5 9. -7 10.5 12.8  23.3 13.6 16.5  30.1
30-60 5.6 §<5 A58 Bt 9.3 9.2 18.5 13.0 12.8 25.8 16.7 16.5 33.2

Over 60 6.6 5 123 11.0 9.2 20.2 15.4 12.8 28.2 19.8 16.5 36.3

2U R Under 30 3.1 7.6 10.7 5.2 12.7 b7 £ 3 178 25.1 8.4 2.8 .32.2
30-60 4.2 7.6 11.8 6.9 1Z.2 19.6 9t 7:8 27.5 12.5 22.8  35.3

Over 60 il 7.6 12.8 8.7 12,7 21.4 12,1 17.8  29.9 15.6 22.8  38.4

3T C Under 30 2.2 6.4 8.6 5 10.6 14.3 5iii2 14.9  20.1 6.7 19.1 25.8
30-60 3.3 6.4 9.7 5.5 10.6 16.1 7.7 14.9  22.¢6 9.9 191 29.0

Over 60 4.3 6.4 10.7 7.2 10.6 17.8 10.1 14.9 5.0 13.0 19.1 32.1

3T R Under 30 25 5.0 745 4.1 8.3 12.4 5.7 1.6  17.3 7.4 14.9  22.3
30-60 3.5 5.0 8.5 Sull 8.3 14.1 B.2 11.6 19.8 10.5 14.9  25.4

Over 60 4.5 5.0 9.5 7.6 8.3 15.9 10.6 11.6 22.2 13.6 14.9 28.5

4U C Under 30 5.8 12.8 18.6 9.6 21.3 30.9 13.5 29.8 43.3 17.3 38.4 55.7
30-60 6.8 12.8 19.6 11.4  21.3  32.7 15.9  29.8 45.7 20.4 38.4 5B.8

Over 60 7.9 12.8  20.7 13..1 21.3  34.4 18.3 29.8 48.1 23.6  38.4 62.0

40 R Under 30 0.6 8.0 g. 1.0 13.4 14. 4 1.5 18.7 20.2 1.9 24.1 26.0
30-60 1.7 g.0 9.7 2.8 13.4  16.2 3+9 18.7 22.6 5.0 24.1 29.1

Over 60 2.2 8.0 10.7 4.5 13.4 7.9 6.3 18.7 25.0 8.1 24.1 32.2

4D C Under 30 5.9 12.6 18.5 9.9 21.0 30.0 13.8  29.4 43,2 TE:T 3749 55.6
30-60 F0 2.6 19.6 11.6 21.0 2.6 16.2  29.4 45.6  20.9 37.9 58.8

Over 60 8.0 12.6 20.6 13.3  21.0 34.3 18.7 29.4 48.1 24.0 37.9 61.9

4D R Under 30 1.8 Tl .9 3.0 11.9 14.9 4.2 16.7 20.9 5.3 21.4 26.7
30-60 2.8 7.1 9.9 4.7 11.9 16.6 6.6 16.7 23.3 5 21.4  29.9

Over 60 39 7.1 11.0 6.4 1.9 18.3 9.0 1.7 25,7 11.6  21.4 33.0

5T C Under 30 Hii3 8.2 13,3 §.9 13.7  22.6 12.5 192 381:7 16.0  24.7  40.7
30-60 6.4 8.2 14.6 10.6 13.7 2603 14 19.2  34.1 19,1 24.7  43.8

Over 60 7.4 B.2 15.6 12.4 13.7 26.1 173 19 36.5 22.3 24.7  47.0

5T R Under 30 1.8 4.8 6.6 3.0 8.0 11.0 4.2 1.2 15.4 5.3 14.4  19.7
30-60 2.8 4.8 7.6 4.7 8.0 12.7 6.6 11.2 17.8 8.5 4.4 22.9

Over 60 3.9 4.8 8.7 6.4 8.0 14.4 9.0 11.2 20.2 11.6 14,4  26.0
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Table C-1. Continued

Average Daily Traffic Volume (veh/day)
Design Type of Driveways 7,000-10,000 10,000-15,000 15,000-20,000 Over 20,000
Alternative Development Per Mile NINT UINT TOT NINT UINRT TOT NINT UINT TOT NINT UINT TOT

TRUCK PERCENTAGE: OVER 10%
INTERSECTIONS PER MILE: OVER 10

2U C Under 30 4.5 9.0 13.5 7.5 15.0 22.5 105 218 3105 13.6 26.9 40,
30-60 5.6 9.0 14.6 9.3 15.0 24.3 13.0 21.0 34.0 16.7 26.9 43.

Gver 60 6.6 9.0 15.6 11.0 15.0 26.0 15.4 21.0 36.4 19.8  26.9 46.

2U R Under 30 3] 131 14.2 Bl 18.8 2379 7.3  25.9 332 9.4 33.3 42.
30-60 4.2 11.1 15.3 6.9 18.5 25.4 9.1 259 35.6 12.5 33.3 45.

Over 60 5.2 T.d 16.3 8.7 18.5 27.2 12.1 25.9 38.0 15.6  33.3  48.

3T o Under 30 2.2 9.9 12:1 3.7 16.4  20.1 5:2 230 28,2 6.7 29.6 36,
30-60 33 959 13.2 5.5 16.4 21.9 T 23.0 30.7 9.9 29.6  39.

Over 60 4.3 9.9 14.2 7.2 16.4 23.6 0.1 23,0 33.1 13,0  29.6 42,

3T R Under 30 2.5 8.4 10.9 4.1 14.1 18.2 Sl 18.7 25.4 7.4 25.3 32.
30-60 3.5 8.4 11.9 5.8 14.1 16.9 8.2 19.:7 27.9 10.5 25.3 35

Over 60 4.5 8.4 12.9 7.6 14.1 21.7 10.6 18,7 30.3 13.6 25.3  38.

41 C Under 30 5.8 16.3  22.1 9.6 27.1 36.7 13.5 37.9  51.4 17.3 48.8  66.
30-60 6.8 16.3  23.1 11.4  27.1 38.5 15.9 37.9 53.8 20.4 48.8  69.

Over 60 1.9 16.3  24.2 13.1 27.1 40.2 18.3 37.9 56.2 23.6 48.8 72.

4U R Under 30 0.6 11.5 12.1 1.0 19.2 20.2 15 26.8  28.3 1.9 34.5 36.
30-60 1,7 L1:5 13.2 2.8 19.2 22.0 3.9 26.8 30.7 5.0 34.5  39.

Over 60 & 11.5 14.2 4.5 192 28.7 6.3 26.8 33.1 8.1 34.5 42,

4D C Under 30 5.9 6.1 22.0 8.9 26.8 36.7 13.8 37.6 51.4 17.7 48.3  66.
30-60 7.0 16.1 Z3.1 11.6  26.8 38.4 16.2  37.6 53.8 20.9 4B.3° 69.

Over 60 8.0 16.1  24.1 13.3  26.8  40.1 18.7 37.6 56.3 24,0 48.3 72,

4r R Under 30 1.8 10.6 12.4 340 17,3 20.7 4.2 24.8 29.0 8.3 339 3T
30-60 2.8 10.6 13.4 4.7 1 22.4 6.6 24.8 31.4 8.5 31.9 40.

Over 60 9 10.6 14.5 6.4 17.7 24.1 9.0 24.8 33.8 11.6 31.9 43.

5T C Under 30 s S b T 17.0 8.9 19.5 28.4 1253 21.3 39.8 16.0 35.1 51.
30-60 6.4 11.7 18.1 10.6  19.5 30.1 149 223 42,2 19.1 35.1 54.

Over 60 7.4 11.7 19.1 12.4 19.5 31.9 17.3  27.3 44.6 22.3  35.1 57,

5T R Under 30 1.8 8.3 10.1 3.0 13.8 16.8 4.2 19,3 235 5.3 24.8 30.
30-60 2.8 8.3 11.1 4.1 13.8 18.5 6.6 19.3 25.9 8.5 24.8 33

Over 60 3.9 8.3 12.2 6.4 13.8  20.2 9.0 19.3 28.3 11.6  24.8  36.

o

Table C-2. Typical annual accident frequencies for a signalized intersection on a suburban arterial highway

(25).

Crossroad ADT - Arterial Highway ADT (veh/day)

_ (veh/day) 7,000-10,000  10,000-15,000  15,000-20,000  Over 20,000
Low (< 1,000) 22 2.8 Fieid, 3.6
Medium (1,000-5,000) 4.3 5.4 6.3 7.

High (> 5,000) 6.0

-4
o
oo
=

9.8

—

=
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SIMULATION OF TRAFFIC OPERATIONS ON SUBURBAN ARTERIALS

This appendix documents the operation and application of a
computer simulation model used to assess the traffic operational
effectiveness of multilane design alternatives. The first portion
of the appendix describes the simulation model used in this
assessment. The latter portion of the appendix presents the
results obtained from a traffic operational comparison of two-
lane and four-lane suburban arterials both with and without
two-way left-turn lanes.

OVERVIEW OF SIMULATION MODEL

The operational assessment of multilane design alternatives
in this study was based on a traffic operational computer sim-
ulation model. This model, known as the Two-Way Left-Turn
Lane Computer Simulation Model (TWLTL-SIM) was devel-
oped by Dr, John L. Ballard and Dr. Patrick T. McCoy at the
University of Nebraska-Lincoln to provide a tool for traffic
engineers to predict the operational effectiveness of a TWLTL.
An earlier version of the TWLTL-SIM model was used in several
published assessments of TWLTLs (3, 4 26). The TWLTL-
SIM model was written in the General Purpose Simulation
System Version H (GPSSH) (27, 28), a special purpose com-
puter language especially suited for modeling discrete systems.
The TWLTL-SIM model was applied to the assessment of mul-
tilane design alternatives in this project by Dr. Ballard under a
subcontract agreement with MRI.

The TWLTL-SIM model can be used to evaluate four basic
geometric situations: (1) a two-way two-lane undivided street
without a TWLTL; (2) a two-way two-lane street with a
TWLTL; (3) a two-way four-lane undivided street without a
TWLTL; and (4) a two-way four-lane street with a TWLTL.
Thus, the model is capable of simulating four of the five design
alternatives given primary attention in this study (all except
four-lane divided). The following discussion presents the input,
processing logic, output, and validation of the model.

Input

The input data to the model consist of street geometrics, traffic
volume, and traffic characteristics data. The input parameters
to the model include:

e Number of through lanes.

s Presence or absence of TWLTL.

« Length of simulated section.

« Locations of individual driveways.

« Entering traffic volume by lane in each direction (vph).

e Arrival distribution of entering traffic.

e Percentage of vehicles turning left at individual driveways.

= Percentage of vehicles turning right at individual driveways.

e Travel speed in each direction (mph).

e Random number seeds that serve as the basic for proba-
bilistic generation of entering traffic headways, turning loca-
tions, and gap-acceptance criteria.

The traffic characteristics input to the models are the volume
and average speed of traffic in each direction and the percentage
of traffic volume turning left and right into each driveway on
the street. Also, the arrival distribution of the traffic entering
at each end of the simulated street section is specified. The
model can generate both random and nonrandom arrival pat-
terns, so the effects of upstream traffic signals can be simulated.
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Because of the nature of the GPSS language, the street ge-
ometry is defined in terms of sections. Each lane on the street
is divided into 20-ft sections, and driveway locations on the
street are defined by the numbers of the sections in which they
are located. Also specified for each driveway is the section
number of the farthest point upstream at which a vehicle turning
left into the driveway can enter the TWLTL. Typically, left-
turn vehicles enter the TWLTL at a distance of 200 ft upstream
from the driveway at which they desire to turn left.

As an example, the geometry of a 1,000-ft street segment for
a three-lane highway with a TWLTL is shown in Figure D-1.
Each lane is divided into 50, 20-ft sections, which are numbered
as follows:

Lane 1: Sections 1-50,
Lane 2: Sections 51,100, and
TWLTL: Sections 101-150.

Processing Logic

In the TWLTL-SIM model, traffic enters the simulated street
segment at either end in accordance with the traffic volumes
and arrival patterns specified in input. Three vehicle paths are
possible for any vehicle entering the segment; the vehicle may
(1) traverse the entire length of the segment without turning
and exit at the far end; (2) traverse a portion of the segment
and exit by turning left at one of the driveways; or (3) traverse
a portion of the segment and exit by turning right at one of the
driveways. On entering the segment, the path to be taken by
each vehicle is determined probabilistically in accordance with
the turning percentages specified in input.

In addition to the vehicles entering the street segment at either
end, some vehicles enter the segment by turning right onto the
roadway from a driveway. All of these vehicles traverse the
remainder of the segment and exit at the far end. The model

C 8
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Figure D-1. Geometry of 1,000-ft street segment with TWLTL.

The section numbers of the driveway locations and their cor-
responding TWLTL entry points that would be input to the
model for the TWLTL section shown in Figure D-1 are shown
as follows:

LANE NO. DRIVEWAY TWLTL
ENTERED LOCATION ENTRY POINT
DRIVEWAY FROM SECTION SECTION
A 2 18 121
B 2 29 133
C 2 38 139
D 2 45 149
E 1 61 139
F 1 72 124
G 1 74 124
H 1 78 121
I 1 86 111

In the case of a 1,000-ft street section without a TWLTL, sec-
tions 101-150 would not exist. Therefore, only the driveway
location section numbers, and not the entry points, would be
input to the model.

does not include the capability to simnulate left turns onto the
roadway from driveways.

The left-turns off the roadway may delay following vehicles
or force them to stop if no TWLTL is present. Such delay
provides a measure of TWLTL effectiveness. The right-turns
onto and off of the simulated roadway have no direct impact
on TWLTL effectiveness. However, a right-turn off of the road-
way can create a gap through which an opposing vehicle could
subsequently turn left, while a right-turn onto the roadway could
fill such a gap so that it was not available to opposing vehicles
that desire to turn left.

The impact on delay measures of not simulating left-turn
maneuvers out of driveways is uncertain, but it may not be
large. While vehicles waiting to turn left from driveways ex-
perience substantial delay, may interrupt traffic flow in both
directions of travel and may cause accidents, it is not clear that
provision of a TWLTL is effective in reducing such delays and
accidents. Some drivers use TWLTLs (especially those that are
wider than average) as a median storage area to complete left-




turns out of driveways. There are no hard data on the proportion
of drivers who choose to complete left turns in this manner.
However, the majority of drivers do not use TWLTLs in this
manner and both the literature and practicing engineers are
divided on the desirability of this practice.

Vehicles move through each 20-ft section in the main lanes
at a constant speed specified in input and maintain at least a
2-sec headway behind their immediate leader. When a 2-sec
headway cannot be maintained (because of a vehicle slowing or
stopping to make a turn, for example), following vehicles will
use a uniform deceleration rate of 5 ft/sec®. Then, when system
conditions warrant, vehicles will accelerate at a uniform rate of
5 ft/sec’ to regain their desired speed. The constant speed
assumption means that the entering headway distribution is
preserved until modified by the responses to turning vehicles.
The assumption of a constant desired speed and a constant
minimum headway is an oversimplification of driver-speed se-
lection and car-following behavior on actual highways. How-
ever, these assumptions are considered justified in this case
because the objective of the model is not to estimate the actual
travel speed on arterial streets, but is rather to simulate the left-
turn gap-acceptance process and estimate its impact on vehicle
delay.

In a model run with two through lanes, one in each direction,
vehicles enter in one of the through lanes and continue in that
lane until they turn or exit the roadway segment. The model
has the capability to allow delayed vehicles to bypass on the
right vehicles that are stopped to make a left turn, but this
capability was not used in the study. Thus, the model implicitly
assumes that there is not a usable shoulder for bypassing stopped
vehicles.

In a model run with four through lanes, through vehicles are
assigned probabilistically to either the right or left lane at the
entrance point of the simulated roadway. Through vehicles that
are delayed by turning vehicles on a four-lane section may
change lanes to avoid delay. Vehicles that intend to turn right
from the roadway are assigned to enter in the right lane and
continue in that lane until they reach their desired turning point.
A vehicle that intends to turn left enters the segment in the left
lane and remains in the left lane until it reaches the entry point
to the TWLTL, 200 ft upstream from the left-turn driveway.
At this point, the left-turning vehicle begins decelerating to a
velocity of 10 mph. Once it attains the desired speed of 10 mph,
the vehicle enters the TWLTL and moves ahead in the TWLTL
until it reaches the driveway at which it desires to turn or until
it is stopped by vehicles already in the TWLTL waiting to turn
left. The model continuously monitors the TWLTL and adjusts
the entry point for left-turning vehicles as queues develop in the
TWLTL.

If a turning vehicle reaches its entry point to the TWLTL
and finds that the TWLTL section is already occupied by a left-
turning vehicle from the other direction, it remains in the
through lane and moves ahead until it either finds an unoccupied
section in the TWLTL upstream from the driveway into which
it wants to turn, reaches the driveway and stops in the through
lane, or aborts the turn. In model runs at high flow rates both
with and without a TWLTL, a vehicle will abort its turn and
proceed ahead when stopping would precipitate a locked or
jammed flow situation. This capability to abort a turn was added
to the model to prevent it from ceasing operation due to jamming
under very high flow conditions.
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In all situations, a left-turning vehicle must have a minimum
acceptable gap in the opposing traffic stream before it can turn
left. The required length of gap is determined probabilistically
in accordance with the left-turn gap-acceptance function derived
by Gerlough and Wagner (29). The cumulative distribution
function is as follows:

P{G < @)

G PROBABILITY OF ACCEPTING
GAP (5EC) A SHORTER GAP

3 0

3.5 0.15

4.0 0.32

4.5 0.52

5.0 0.69

5.5 0.82

6.0 0.90

6.5 0.95

7.0 0.97

7.5 0.986

8.0 0.993

8.5 0.997

9.0 0.998

9.5 0.999

10.0 1.0

If the left-turn vehicle is at the head of the queue and the required
gap is available, the vehicle turns left. Otherwise, it waits for
an acceptable gap. However, if a vehicle is not at the head of
the queue, it will follow the leader across the opposing roadw:‘iyv‘
as long as the available gap is longer than a minimum clearance
time (1.5 sec to cross one lane, 2.86 sec to cross two lanes). The
gap acceptance distribution based on Gerlough and Wagner was
one of several candidates considered for the model and was
found to produce the closest agreement with the field data
collected for model validation.

Qutput Data

The output from the model includes the following data:

« Number of vehicles entering and exiting the segment.
e« Number of left turns attempted and completed.

¢ Number of stops.

+ Travel time in the segment.

« Stopped-time delay.

The travel time, stops and delay totals are output separately for
through vehicles, left-turning vehicles, and all vehicles.

Model Validation

Time-lapse film of traffic flow on three arterial highway seg-
ments was obtained in order to validate the model. Two sites
were located in Omaha, Nebraska (one 4U and one 5T site),
and the third site (also 5T) was located in Lincoln, Nebraska.
Altogether, 6 hours of time lapse film were taken.

The films were analyzed to determine the volumes, left-turn
percentages, travel times, delays, and percentage of vehicles
stopping on the three arterial street segments. The model was
then run using the actual traffic volumes, left-turn percentages,
and street geometrics as input data.

Table D-1 illustrates a comparison between the model results
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Table D-1. Comparison of simulation model and field results.

Design Measure of Mean Difference  Std.
Alternative Effectiveness (Model-Actual)
Four-lane undivided Percentage of vehicles 30.33

(40) stopping

Average stopped delay 15
(veh-min/hr)
Five-lane with TWLTL Percentage of vehicles 28.00

(5T stopping

Average stopped delay 0.17

(veh-min/hr)

4
b

-1

Dev. of =
Difference t Significance
.58 2.14 NS
2.17 0.65 N5
-0 6.93 SIGh
.05 0.07 NS

Statistical significance at 95% confidence level (0=0.05) unless aotherwise specified.

Statistically significant at the 95% confidence level (@=0.05), but not at the 99% confidence

level (o=0.01).

and the results obtained from the time lapse film. Paired t-tests
were performed to compare the simulation model and actual
mean delay times and percentage of vehicles stopping.

Table D-1 shows that for the 4U site there was no statistically
significant difference at the 95 percent confidence level (a =
0.05) between the simulation and field results for the percentage
of vehicles stopping and the average stopped delay. At the 5T
sites, there was no significant difference in average stopped delay
between the model output and the field data. However, there
was a difference between the model and field results for the
percentage of vehicles stopping at the 5T sites; this difference
is statistically significant at the 95 percent confidence level (a
0.05), but not at the 99 percent confidence level. The observed
difference is attributed to the difficulty of the judgments required
by the time-lapse film analysts to distinguish vehicle stops.

Our assessment of the model after applying it in this research
is that it can provide reasonable results, but that the simulation
results were more consistent and repeatable for the reduction
in delay due to a TWLTL than for the reduction in the number
of stops. However, the use of several replicates for each situation
of interest was found to be necessary, because the results of
occasional runs can differ from the results of nominally identical
runs by as much as an order of magnitude; the results of such
deviant runs were discarded as outliers.

SIMULATION ANALYSES OF TWLTL
OPERATIONAL EFFECTIVENESS

The TWLTL-SIM model was used to investigate the opera-
tional effectiveness of 3T and ST sections over comparable 2U
and 4U alternatives, respectively.

Simulation Inputs

A series of runs was made to simulate traffic operations on
a 1,000-ft section of suburban arterial highway while varying
the design alternative, through traffic volume, left-turn per-
centage, and driveway density. Table D-2 indicates the specific
combinations of these variables that were simulated for the 2U/
3T and 4U /5T comparisons. Each X in Table D-2 represents
a combination of flow rate, left-turn percentage, and driveway
density for which paired runs were made with and without a
TWLTL. Each pair of runs with and without a TWLTL were

Table D-2. Conditions specified for simulation analysis of TWLTL
effectiveness.

Percent of Traffic Turning Left
Driveway Density Within a 1,000-ft Section
{driveways/mile) 5% 10% 15% 20%  25%

Flow Rate®
(vph)

Two-Lane Undivided and Three-Lane With TWLTL

400 30 X
60 X

a0 X

Bl
L]

650 30
60
90

o bd bt

X
X
X

i

900 30 X

Percent of Traffic Turning Left

Flow Rate® Driveway Densityh Within a 1,000-ft Section
(vph) (driveways/mile) 2.5% 5% 71.5% 10% 12055
650 30 X X X
60 X X X
90 X X X
900 30 X X X
60 X X X
40 X X X
1,100 30 X X X
60 X X X
90 X X X

Flow rate in each direction of travel.
Driveways per mile including driveways on both sides of
highway.

“clones” of one another, using the same random number seeds,
so that the identical traffic stream entered highway sections that
differed only in the presence or absence of a TWLTL. Three to
five replicates were run for each paired comparison indicated
in the table.

The combinations that were run were chosen for use in this
study in light of the results of the previous TWLTL studies by
McCoy, Ballard, and Wijaya (3) and Ballard and McCoy (4)
using an earlier version of the TWLTL-SIM model. These com-
binations were intended to focus on the operational range of
greatest interest to highway engineers; lower volume levels pro-
duce very little reduction in delay and higher volume levels
produce jammed conditions where lengthy queues of vehicles
waiting to turn left at driveways saturate the left lane of a four-
lane undivided roadway or the single through lane of a two-




lane undivided roadway. However, as explained in the discussion
of the simulation results, the combinations chosen for the 4U/
5T comparison proved to be more appropriate than those chosen
for the 2U /3T comparison.

The directional split used for the model runs was 50/50; i.e.,
the flow rates given in Table D-1 were the same in both direc-
tions of travel. A substudy performed using a 60/40 split found
that more delay resulted with the 50/50 split; with a 60/40
split there are more gaps in the lightly traveled direction to
serve the larger turning volume in the heavily traveled direction.
Thus, it appears that a 50/50 directional split results in the
maximum delay.

For each driveway density simulated, the driveway locations
input to the model consisted of equally spaced driveways stag-
gered on opposite sides of the roadway, In all model runs, a
left- or right-turning vehicle was equally likely to turn into any
of the driveways on the appropriate side of the road, so all of
the simulated driveways had the same turning volumes.

All model runs included 10 percent right turns into driveways
and 10 percent right turns out of driveways in the 1,000-ft
section. As noted earlier, these right-turn maneuvers have no
direct impact on left-turn delay, but they do create gaps for use
by left-turning vehicles and/or fill gaps that could otherwise
be used by left-turning vehicles.

The travel speed on the arterial was assumed to be 40 mph
for flow rates of 400 and 650 vph in each direction and 35 mph
for flow rates of 900 and 1,000 vph; this difference in travel
speed was intended to approximate the volume-density rela-
tionships known to exist for arterial highways.

Simulation Results

The simulation results for the comparison of two-lane undi-
vided (2U) and three-lane TWLTL sections are given in Table
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D-3. Similar results for the comparison of four-lane undivided
(4U) and five-lane TWLTL (5T) sections are presented in Table
D-4. Each line in the table represents the average results ob-
tained from three to five pairs of simulation runs for the same
flow rate, driveway density, and left-turn volume. The model
results presented in the table are the average delay reduction
for through vehicles due to installation of a TWLTL, the average
reduction in the number of stops by through vehicles due to
installation of a TWLTL, and the average waiting time for left-
turn vehicles, all expressed in units of vehicle-seconds per hour
and vehicle-seconds per left-turn vehicle.

The simulation results presented in the tables should be in-
terpreted in the following manner. Consider, for example, the
first line of Table D-3, which represents a 2U/3T comparison
for a flow rate of 400 vph in each direction, with 15 percent
left turns in a 1,000-ft section and 30 driveways per mile. Under
these conditions, the installation of a TWLTL results in 1,073
veh-sec per hour of delay reduction for through vehicles in one
direction of travel on the 1,000-ft section, or 17.88 sec of delay
reduction to through vehicles for each of the 60 vehicles per
hour that turn left. Similarly, TWLTL installation resulted in
a reduction of 232 stops per hour by through vehicles in the
1,000-ft section or 3.86 stops per left-turn vehicle. Left-turn
vehicles were themselves delayed 337 veh-sec, or an average of
5.62 sec per left-turn vehicle, waiting for a suitable gap in op-
posing traffic to turn left.

The average delay reduction was found to be much more
consistent than the average reduction in number of stops, so
measures of effectiveness for TWLWL installation were based
on delay reduction alone.

The results obtained from the simulation runs showed that
the combinations of input conditions chosen for the 4U/5T
comparison were very appropriate, while those chosen for the
2U /3T comparison were less so. For example, simulation runs

Table D-3. Results of simulation runs comparing two-lane undivided and three-lane TWLTL sections.

Left-Turn Volume®
15 1;000%8¢ Seerion

Reduction {veh-sec)

Average Delay Average Reduction

in Number of Stops

Average
Waiting Time (veh-sec)

5 % of for through vehicles by Through Vehicles for Left-Turn Vehicles
Flow Rate Driveway Density Through Pera Per Left- P(-'1"i Per Left- Pera Per Lefi-
_ (wph) (driveways/mile) Volume Turns/hr Hour Turn Vehicle Hour" Turn Vehicle Hour Turn Vehicle
400 30 1o 60 1,073 17.88 232 3.87 337 5.62
0 80 1,370 § (7 A 250 3,13 368 4.61
25 100 2,203 22.03 287 2.87 460 4.60
60 15 60 535 8.92 140 2.33 218 363
20 80 967 12.09 208 2.60 267 3.3%4
25 100 1,042 10.42 207 2.07 288 2.88
90 15 60 741 12.35 169 2.82 184 3.06
20 80 1,030 2.87 216 2.70 264 3.30
25 100 1,841 18.41 249 2.49 301 3.01
650 30 10 65 22,551 346,94 780 12.00 1,853 28.51
15 98 39,905 407.20 794 B.15 2,517 25.68
20 130 45,819 352.45 705 5.42 2,899 22.30
60 10 65 33,492 515:.27 866 .32 1,070 16.46
15 98 35,857 365.89 907 §.26 1,854 18.92
24 130 41,224 e 881 .78 1,937 14.90
90 10 &5 25,337 389.81 785 12.08 741 11.40
15 98 23,911 243.99 879 8.97 996 10.16
20 130 32,566 250.21 872 6.71 1,873 14,41
900 30 5 45 62,426 1,387.26 188 4.18 18,866 419.24

a g i
b In each direction of travel.

Driveways per mile including driveways

on both sides of highway.
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Table D-4. Results of simulation runs comparing four-lane undivided and five-lane TWLTL sections.

Left-Turh Volume®
in 1,000-ft Section

Average Delay
Reduction (veh-sec)

Average Reduction

in Number of Stops Waiting Time (veh~-sec)

b % of for Through Vehicles by Through Vehicles for Left-Turn Vehicles
Flow Rate® Driveway Density  Through Per Per Left- l:‘era Per Left- Pera Fer Left-
(vph) (driveways/mile) Volume Turns/hr Hour® Turn Vehicle Hour Turn Vehicle Hour Turn Vehicle
650 30 1.5 49 480 9.80 120 2.45 342 6.99
10.0 65 715 11.00 111 1.71 461 7.10
1245 81 795 9.82 i h 1.62 475 5.87
60 1.5 49 372 7.59 89 1.82 284 5.80
10.0 65 507 7.80 122 1.88 312 4.80
12.5 81 780 9.63 122 1.51 338 4.17
90 T 49 359 7.34 80 1.63 199 4.06
10.0 65 648 5.:97 110 1.69 301 4. 64
12.5 81 530 6.55 112 1.38 311 3.85
900 30 5.0 45 1,977 43,94 297 6.60 613 13.63
7.5 68 4,800 70.58 423 6.22 970 14.26
10.0 90 6,084 67.60 488 5.42 1,183 13.35
60 5.0 45 713 15.84 206 4.58 529 11.76
7.5 68 4,569 7.1% 668 5.82 918 13,50
10.0 90 5,407 60.08 459 5.10 1,090 12.11
90 5.0 45 765 17.00 198 4, 40 325 T3
7.5 68 1,778 26.17 264 3.88 536 7.88
10.0 90 6,072 67.47 489 5.43 960 10.66
1,100 i 30 2.8 28 25,895 92480 938 35.50 1,057 3173
5.0 55 45,245 822.63 1,165 21.18 1,675 30.47
7.5 83 59,278 714.19 1,143 13.77 2,614 31.50
60 2.5 28 16,631 593.95 855 30.54 1,345 48 .04
5.0 55 42,640 775.26 1,337 24.31 »505 27.36
7.5 B3 52,465 632.10 1,208 14.55 2,261 27.24
90 Lok 28 22,184 792.30 928 33.14 680 24.29
bl 35 30,236 549.75 1,157 21.04 1,176 21.38
7.5 B3 40,607 489 .25 1,072 292 2,131 25.67
In each direction of travel.

Driveways per mile including driveways on both sides of highway.

could not be made for a 900-vph flow rate in each direction of
travel on a two-lane undivided roadway with more than 5 per-
cent left turns in 1,000 ft, because jammed conditions resulted.
This result is consistent with current knowledge about the ca-
pacity of two-lane undivided highways, which is estimated to
be 2,000 to 2,800 vph in both directions for uninterrupted flow
conditions (30, 37). It is not surprising that under interrupted
flow conditions, with vehicles waiting to turn left at driveways,
traffic flow should break down at 1,800 vph. Even for through
volumes of 650 vph in each direction of travel on two-lane
undivided highways, the model did not jam, but the turning
volumes simulated produced very high delay values indicative
of overcapacitated conditions. It should be noted that the sim-
ulation runs did not allow through vehicles to bypass turning
vehicles on the right.

For the reasons presented above, the only simulation results
used for the 2U /3T comparison were those for a flow rate of
400 vph in each direction of travel. These results are presented
above the line in the center of Table D-3 and are in good
agreement with the results obtained from field data by Harwood
and St. John (6) (see Chapter Two). While not quantitatively
meaningful, the results presented below the line in Table D-3
illustrate that above a flow rate of 500 to 600 vph in each

direction, a two-lane undivided roadway with even moderate
left-turn demand will be overcapacitated and in need of an
improved design alternative.

Figure D-2 presents the data for the 4U /ST comparison at
a flow rate of 650 vph in each direction. Although the individual
points in the figure do not show a completely consistent trend
in the variation of delay with driveway density and left-turn
volume for a given flow rate, such a trend is evident in the
regression lines shown in the figure for each of the three drive-
way densities. The regression lines show that for a given flow
rate and left-turn volume, there is more delay if that left-turn
volume is concentrated at a few driveways than if that same
volume is spread over many driveways.

Figure D-3 shows that these same trends as shown in Figure
D-2 were observed for every volume level in the 4U /5T com-
parisons. For the 2U/3T comparison at 400 vph, a slightly
larger delay reduction was found at 60 driveways per mile than
at 90 driveways per mile. However, because the delay reduction
for the 60 and 90 driveways per mile was less than the delay
reduction for 30 driveways per mile, a decision was reached to
combine the 60 and 90 levels into a single regression line so as
not to provide a prediction of delay reduction inconsistent with
the remainder of the findings. The combined regression line for
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Figure D-2. Delay reduction for converting from 4U to 3T design alternative for flow rate of 650 vph.
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the 2U /3T comparison at a flow rate of 400 vph is shown in
Figure D-3.

The relationships between through traffic delay and left-turn
volume shown in Figures D-2 and D-3 have been represented
as straight lines passing through the origin. Theoretically, these
relationships must pass through the origin, because no delay to
through traffic would be expected at zero left-turn volume. There
is no theoretical reason that these relationships are necessarily
linear, and there is some suggestion from the data that they
could be nonlinear with increasing slope at higher left-turn
volumes. However, the limited amount of data available and
the lack of precision in the simulation model results do not
permit any interpretation of the model results more sophisticated
than a simple linear fit.

The slope of each regression line in Figure D-3 is tabulated
in Table D-5. These slopes represent delay reduction measures
of effectiveness for TWLTL installation. The total delay to
through vehicles in one direction for any length of section can
be obtained by multiplying one of the values from Table D-5
by the traffic volume turning left in that section. Interpolation
within the range of traffic volumes and driveway densities cov-
ered by the model runs and extrapolation within a limited span
above that range is considered acceptable.

The use of these results to assess the operational effectiveness
of highway improvements involving TWLTLs is addressed in
Chapter Two of the report and in the design examples in Ap-
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Table D-5. Delay reduction estimates for installation of TWLTLs on
suburban highways.
Delay Reduction
(veh-sec per

Flow Raléc Driveways left-turn vchiclc)a
(vph) per Mile 2U vs. 3T 40 vs. 5T
400 30 +19.7 +6.3

60 *#13..1 +5.4

90 +13.1 +4.8

650 30 - +10.2
60 ¥ +8.7

90 = +7.8

900 30 - +65.4
60 - +56.3

90 = +47.8

1,100 30 = +764.2
60 - +673.5

90 - +531.1

In one direction of travel.

pendix F. The simulation results presented above have also been
employed in Appendix E, together with analytical results, to
assess the operational effectiveness of raised medians.

APPENDIX E

ESTIMATION OF OPERATIONAL EFFECTS OF RAISED MEDIANS

This appendix presents estimates of the operational effects of
raised medians on suburban arterials. The results presented here
represent an estimate of the reduction in delay that results from
installing a raised median on a four-lane undivided arterial. The
estimates are based in part on the results obtained with the
TWLTL-SIM model presented in Appendix D and in part on
estimates made using the signalized intersection analysis pro-
cedure in the 1985 Highway Capacity Manual The results of
the operational comparison between four-lane undivided and
four-lane divided sections are compared with the effectiveness
of five-lane TWLTL sections.

OPERATIONAL ANALYSIS APPROACH FOR
RAISED MEDIANS

The operational effectiveness of a four-lane divided arterial
with a raised median cannot be addressed directly with the
TWLTL-SIM model because the model is intended to evaluate

only undivided and TWLTL alternatives. However, indirect
estimates of the effectiveness of a median divider can be devel-
oped combining the model results with estimates based on re-
vised capacity analysis procedures.

The installation of a raised median provides an operational
advantage to through vehicles similar to the installation of a
TWLTL by eliminating delays due to left turns at most drive-
ways, but it accomplishes this at the cost of forcing drivers that
desire to turn left to reach their destinations by some other
route. Several scenarios of how such drivers will reach their
destinations are possible: some may go past their destination
and make a U-turn at the next intersection with a median
opening, while others may choose an entirely different route
from their origin that brings them to their destination in the
direction of travel from which they can make a right turn into
the desired driveway. The first scenario is common and is used
on many arterial streets where the left-turn lanes at signalized
intersections are signed for use by left-turn and U-turn vehicles.
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Figure E-1. Traffic flow rates and geometrics assumed for sig-
nalized intersection at boundary of analysis section.

This scenario can be analyzed in a relatively straightforward
manner. The second scenario involves a myriad of possible
routes to any given destination, but it can be assumed that a
driver would not choose to use another route unless he perceived
that route to involve less delay than the U-turn scenario.

The reduction in delay that results from upgrading a four-
lane undivided arterial to a four-lane divided arterial with a
raised median can be estimated from five components:

» Reduction in delay to through vehicles because they are
not delayed by vehicles waiting to turn left at midblock drive-
ways (C,).

¢ Reduction in delay to left-turning vehicles by not having
to wait for gaps in opposing traffic at a midblock driveway (C,).

» Increase in travel time for left-turning vehicles as they
proceed to the next intersection and return to their destination
after making a U-turn (C,).

e Increased delay to U-turning vehicles as they wait to make
a left turn at a signalized intersection (C,).

o Increased delay to all other vehicles at the signalized in-
tersection due to increased left-turn volumes resulting from the
U-turn demand (C,).

Components C, and C, can be estimated with the results from
the TWLTL-SIM model. Component C, can be estimated from
the average running speed of the arterial and the average distance
from a driveway to the next signalized intersection. Components
C, and C, can be estimated using the signalized intersection
procedure presented in Chapter 9 of the 1985 Highway Capacity
Manual (HCM). A major advantage of the revised procedure
over the existing HCM signalized intersection procedure is that
the revised procedure provides an explicit measure of delay for

use as a measure of effectiveness. Consideration was also given
to estimation of the fourth and fifth components for unsignalized
intersections as well, but the revised HCM procedures for un-
signalized intersections provide only a general level of delay
rather than an explicit estimate that can be used for this purpose.

The U-turn scenario was analyzed for each of the flow rate,
left-turn volume, and driveway density levels considered on four-
lane facilities in Appendix D. It was assumed that a driver
denied the opportunity to turn left by the presence of a median
would travel 500 ft to a signalized intersection, complete a U-
turn during a separate left-turn signal phase, and return 500 ft
to his destination. The same assumptions as were made in Ap-
pendix D concerning average running speed on the arterial
highway were also made in this analysis; the assumed average
running speed was 40 mph for a flow rate of 650 vph in each
direction and 35 mph for flow rates of 900 and 1,100 vph in
each direction. These assumptions concerning additional travel
time are somewhat arbitrary, but not unreasonable, and the
results obtained indicate that the additional travel time (Com-
ponent C,) is a relatively small part of the total operational
effect of the median divider.

The analysis of the U-turn scenario also required assumptions
concerning the traffic volumes and signal timing and phasing
at the signalized intersection where the drivers make their left
turns. All operational conditions at the signalized intersection
(including the major street left-turn volumes, minor street vol-
umes, signal cycle length and phasing) were kept constant and
only the major street through volume and the increase in left-
turn volume due to the U-turn demand were allowed to vary.
Figure E-1 shows the assumed conditions at the signalized in-
tersection. The major street through volume, X, was either 650,
900, or 1,100 vph in each direction, while the major street left-
turn volume of 75 vph was increased by a U-turn volume, Z,
of 45 to 90 vph depending on the left-turn demand in the
upstream section.

The signalized intersection capacity procedure in Chapter 9
of the 1985 HCM allows the computation of delay estimates
per vehicle for individual signal phases (including the left-turn
phase) and for the intersection as a whole. The estimates for
this analysis were developed by determining a signal timing for
each level of through traffic volume, X, and applying the revised
HCM procedure to that base condition with no U-turn volume
(£ = 0 vph). Then, as each increment of U-turn volume, Z,
was added to the left-turn phase, the signal timing was recom-
puted accordingly and the capacity analysis repeated. The
differences between the base condition (Z = 0) and each sub-
sequent case (£ > 0) in left-turn delay per left-turn vehicle and
delay per entering vehicle on all other phases were used as
measures of effectiveness. It should be noted that the delay
estimates provided by the capacity analysis procedure in Chapter
9 are applicable to the peak 15-min period within a particular
hour rather than to the entire hour. There is no established
method to convert the peak 15-min delay per vehicle to an
hourly delay per vehicle. We chose to make this conversion by
reducing the peak 15-min delay per vehicle by the peak-hour
factor (in this case, 0.85).

DELAY REDUCTION ESTIMATES FOR RAISED
MEDIANS

Table E-1 illustrates the results of the comparison of the four-
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Table E-1. Operational effectiveness of four-lane divided compared to four-lane undivided alternative for 30 driveways

per mile.
: " .8 Net Delay Reduction

Flow Left-Turn Demand® Ccmponizt;_::rneljyhiﬁduthan o (veh-sec)
Rate in 1,000-Ft Section T - = AF oS C c 5 Per Left-Turn
(vph) ¥ vph _i 2 “3 _i 5 Per Hour Vehicle

650 1.5 49 499.3 342.4 -835.5 -1,137.5 =3,221.9 -4,353.2 -88.8

650 10.0 65 622.4 461.4 -1,108.3 =1, 770.2 -3,408.9 -5,163.6 -79.4

650 1235 81 825.4 475.3 -1,381.1 -2,293.4 -5,557.8 -7,931.6 -97.9

300 5.0 45 2,944 4 613.2 -876.6 -1,670.4 +527.6 +483.0 +10.7

900 Tooh 68 4,449 .2 970.3 -1,324.4 -3,174.4 -3,539.8 -2,619.3 -38.5

900 10.0 g0 5,888.7 1,183.1 =-1,753.2 -3,506.0 -10,906.6 -9,094.0 -101.0
1,100 2.5 28 21,397.6 1,056.8 -545.4  -1,160.7 -4,931.6  +15,816.7 +564.9
1,100 5.0 35 42,031.0 1,675.9 -1,071.4 -2,987.8 -7,145.6 +32,502.1 +580.9
1,100 7.5 83 63,428.6 2,614.3 -1,616.8 -4,336.7 +13,568.7 +46,520.7 +560.4
2 In each direction of travel

lane undivided and four-lane divided alternatives for selected
levels of through-traffic volume and left-turn demand. The table
presents the estimates for each of the five delay reduction com-
ponents (C, through C.) and their sum, the total delay reduction,
expressed on a per hour basis and a per left-turn vehicle basis.
It should be noted that all of the data in Table E-1 represent

one direction of travel on an arterial highway and the delay
reductions should be doubled to obtain estimates for both di-
rections of travel. Increases in delay are represented in the table
by negative values of delay reduction. Comparable data are
presented in Tables E-2 and E-3 for driveway densities of 60
driveways per mile and 90 driveways per mile, respectively.

Table E-2. Operational effectiveness of four-lane divided compared to four-lane undivided alternative for 60 driveways

per mile.
. a Net Delay Reduction

Flow Left-Turn Demand® Compongsits of Delay:Reguttinn (veh-sec)
Rate”  in 1,000-FL Section c C EVEh:SEE per hr) & 7 . FPer left-Turn
(vph) * vph £ i i 4 i Per Hour _Vehicle

650 Fdy 49 424.13 284.2 -835.5 o P8 1 L =3,271.9 -4,385.9 -91.5

650 0.0 65 563.6 311.9 -1,108.3 -1,770.2 -3,408.9 -5,411.9 -83.3

650 245 81 702.3 338.0 -1,381.1 -2,293.4 -5,557.8 -8,192.0 -101.1

900 5.0 45 2,535.3 529.1 -876.6 -1,670.4 +527.6 +10.2 +0.2

900 1.5 68 3,831:1 918.3 -1,324.4 -3,174.4 -3,539.8 -3,289.4 -48.4

900 10.0 90 5,070.6  1,190.0 -1,753.2 -3,506.0 -10,906.6  -10,005.2 -111.2
1,100 245 28 18,858.6 1,345.0 -545.4 -1,160.7 -4,931.6  +13,565.9 +484.5
1,100 5.0 55 37.043.6  1,505.1 -1,071.4 -2,987.8  -7,145.6 +27,343.9 +497.2
1,100 Pl 83 55,902.2 2,261.3 -1,616.8 -4,336.7 +13,568.7  +38,641.3 +465.6

In each direction of travel.

Table E-3. Operational effectiveness of four-l

ane divided compared to four-lane undivided alternative for 90 driveways

per mile.
. -, o g — | Net Delay Reduction
Flow Left-Turn Demand? LomPUL?“Ff_U’ Ut:drlﬁgdurt,nn ~ (veh-sec)
Rate’ in 1,000-Ft Section P LYED &Er R ¢ e Per Left-Turn
(vph) % vph . % H i 2 Per Hour®  Vehicle
650 15 49 381.2 199.1 -835.5 =1, 1375 =3y 2219 -4,614.6 -04.2
650 10.0 65 5.7 301.4 -1,108.3 b : -3,408.9 -5,480.3 -84.3
650 1255 &1 sk 388 -1,381.1 -5,557.8 -8,290.6 -102.4
900 5.0 45 2,149.8 3255 -876.6 -1,670.4 +527.6 £50009 +13.:3
900 7.5 68 3.247.0 £36.1  =1,324.4 -3 740k <3;539.8  <4;255.7 -62.6
990 10.0 490 4.,297.5 959.8 =1 #53:2 -3,506.0 -10,906.6 -10,908.5 -121.2
235 28 1&,871.1 680.1 -545.4 -1,160.7 -4,931.6 +8, 0135 +318.3
5.0 55 29,211.1 1,175.9 =1,071.4 -2,987.8  -7,145.6 +19,182.2 +348. 8
75 &3 44,0821 2,131.0 -1,616.8 -4,336.7 +13,568.7 +26,690.9 +321.6

cach direction of travel
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The delay reduction components in Tables E-1 through E-3
should be interpreted in the following manner. Component C,
represents the reduction in delay to through vehicles because
they are not delayed by vehicles waiting to turn left at midblock
driveways. This is numerically the same as the effectiveness of
a TWLTL in accomplishing this same objective and has been
computed as the delay reduction per left-turn vehicle tabulated
in Table D-5 for the appropriate flow rate and driveway density
multiplied by the left-turn demand per hour.

Component C, represents the reduction in delay to left-turning
vehicles by not having to wait for gaps in opposing traffic at a
midblock driveway. This component is equal to the left-turn
waiting time at an undivided or TWLTL section, which has
been tabulated in Table D-4,

Component C, represents the increase in travel time for left-
turning vehicles as they proceed to the next intersection and
return to their destination after making a U-turn. This com-
ponent was computed as the additional travel distance (assumed
to be 1,000 ft) divided by the assumed average running speed
and multiplied by the left-turn demand per hour. Component
C; has a negative sign because it represents an increase rather
than a reduction in delay.

Component C, is the increased delay to the U-turning vehicles
as they wait to make a left turn at a signalized intersection.
This component is the left-turn demand multiplied by the dif-
ference between the average delay per vehicle for the left-turn
phase when serving both the left-turn and U-turn volumes and
the average delay per vehicle for the left-turn phase when serving
just the left-turn volume. The estimates of the average delay per
vehicle were computed using the procedures of Chapter 9 of
the 1985 HCM. Component C, has a negative sign because it
represents an increase rather than a reduction in delay.

Component C; is the increase in delay to all other vehicles
at the signalized intersection due to the increased left-turn vol-
ume resulting from the U-turn demand. This component is the
difference between total intersection delay with and without the
U-turn volume, reduced to eliminate Component C,. Compo-
nent C,; was also computed with the Chapter 9 procedure and
has a negative sign because it represents an increase, rather than
a reduction, in delay.

OPERATIONAL COMPARISON OF RAISED
MEDIANS AND TWLTLs

The operational analysis approach presented in Tables E-1
through E-3 can also be used to compare the 4D and 5T alter-
natives. Each of the five delay reduction components except
Component C, is applicable to the 4D /5T comparison. Com-
ponent C, is eliminated because both the 4U and 5T alternatives
effectively eliminate delay to through vehicles caused by vehicles
waiting to complete a left-turn and, therefore, do not differ in
Component C,.

The operational comparison between the 4D and 5T alter-
natives is presented in Tables E-4 through E-6, which are anal-
ogous to Tables E-1 through E-3, respectively, with Component
C, set to zero.

SUMMARY OF OPERATIONAL COMPARISONS OF
MULTILANE DESIGN ALTERNATIVES

Table E-7 presents a summary of each of the operational
comparisons between design alternatives developed in Appen-
dixes D and E. The comparisons presented in the table include
four-lane undivided 4U vs. 4D, 4D vs. 5T, and 4U vs. 5T. In
each design alternative comparison (e.g., 4U vs. 4D), a positive
value indicates that the first design alternative is operationally
preferable, while a negative sign indicates that the second design
alternative is operationally preferable.

Two major conclusions are evident in Table E-7. First, at
flow rates of 900 vph and below, median dividers generally result
in an increase in delay. However, at flow rates of 1,100 vph and
above, the installation of a median divider on an undivided street
reduces delay, even for minimal levels of left-turn demand. These
results suggest that the breakpoint where a median divider begins
to provide operational benefits is a flow rate of approximately
1,000 vph in each direction of travel. This result does not mean
that raised medians should not be used at lower flow rates, but
it does imply that raised medians should be used only when
there are other benefits that offset the operational disadvantages
of the raised median.

Second, the 5T design alternative is preferable to both the
4U and 4D design alternatives for all levels of flow rate, left-
turn demand, and driveway density. This result provides strong
evidence that, strictly from an operational standpoint, the use
of a TWLTL is a highly desirable alternative in a wide variety
of design situations. Of course, as discussed in Chapter Two of
this report, a wide variety of other factors including safety, right-
of-way restrictions, land-use planning, and construction cost
need to be considered.
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Table E-4. Operational effectiveness of four-lane divided compared to five-lane TWLTL alternative for 30 driveways
per mile.
Net Delay Reduction

3 - a
Flow Left-Turn Demand® tompon?ei?ié{‘Delath(dnrtlnn (veh-sec)
Rate® in 1,000-Ft Section c - __“mE____;lil SE( PEr I)—EAAAAAAAA—C~ : Per Left-Turn
{vph) % ~ wph H 22 3 4 _? Per Hour' Vehicle
650 -5 49 0 342.4 -835.5 -3:.221:0 -4,852.5 =99.0
650 10.0 65 0 461.4  -1,108.3 -3,408.9 -5,826.0 -89.6
650 12.5 81 0 475.3 =T08 al -5,557.8 =-8,757.0 -108.1
900 5.0 45 0 613.2 -876.6 +527.6 -2,461.4 -54.7
900 T4, 68 0 970.3 -1,324.4 -3,539.8 -7,068.5 -103.9
900 10.0 90 0 1,183.1 =13 753:2 -10,906.6 -14,982.7 -166.5
1,100 2.5 28 [t} 1,056.8 -545.4 -4,931.4 -5,580.9 -199.3
1,100 5.0 BS 0 1,675.9 -1,071.4 -7,145.6 -9,528.9 =173:3
1,100 1.5 83 a 2,614.3 -1,616.8 +13,568.7 -16,907.9 -203.7

In each direction of travel.

Table E-5. Operational effectiveness of four-lane divided compared to five-lane TWLTL alternative for 60 driveways
per mile,

Net Delay Reduction

0 § . " BT o
Flou) LefraTivn Demand® Lompun:nﬁ?-u: Hl{{yjﬁalu:l|un Erabins -
Rate®  in 1,000-Ft Sectien N - Wyelnoes DEL kD = | Per Left-Turn
(vph} w vph (j Ve b3 4 L85 Per Hour® _ Vehicle
650 F4i5 L9 0] 2842 -835.5 1.4 -4,910.7 -100.2
650 65 4} 311.9 -1,108.3 5.4 =-5,975.5 -91.9
650 81 a 338.0 =1,381.1 .8 -8,884.3 -109.8
900 540 45 0 529.1 -876.6 -1,670.4 +527.6 -2,545.5 +56.6
00 7.5 68 0 918.3 -1,324.4 -3,174.4 -3,539.8 ~7,120.5 -104.7
4900 10.0 20 0 1,090.0 =1,7153.2 -3,506.0 -10,906.6 -15,075.8 -167.5
1,100 25 28 () 1,345.0 -545.4 -1,160.7 -4,931.6 i, 29T -189.0
1,100 5.0 55 0 1,505.1 -1,071.4 -2,987.8 -7,145.6 -9,699.7 -176.4
1,100 T 83 0 2,261.8 -1,616.8 -4,336.7 +13,568.7 -17,260.9 -208.0

In each direction of travel.

Table E-6. Operational effectiveness of four-lane divided compared to five-lane TWLTL alternative for 90 driveways
per mile,

Components of Delay Reduction” = DEl?Y Redustion

Flow Left-Turn Demand? (vati-sed hrl ~ (veh-sec)
Rate in 1,000-Ft Section c, C E E per_nr g Per Left-Turn
Gph) % vph i d & N i Per Hour® _ Vehicle
650 e 49 0 1991 -835.5 i S T G =3,221.9 -4,995.8 -102.0
650 10.0 65 0 301.4 -1,108.3 -1,770.2 -3,408.9 -5,986.0 =92.1
650 125 81 0 311.5 -1,381.1 -2,293.4 w5, 557 -8,920.8 -110.2
900 5.0 45 0 325.5 -876.6 -1,670.4 +527.6 -2,749.1 +61.1
900 F ot 68 0 536.1 -1,324.4 -3,174.4 -3,539.8 citidlaid =1L50:3
900 10.0 90 0 959.8 =1 1532 -3,506.0 -10,906.6 -15,206.0 -169.0
1,100 2.5 0 680.1 -545.4 -1,160.7 -4,931.6 -5,957.6 -212.8
1,100 5.0 55 0 1547529 -1,071.4 -2,987.8 -7,145.6 -10,028.9 -182.3
1,100 o) 83 0 2,131.0 -1,616.8 -4,336.7 +13,568.7 o T 3 B -209.5
a

In each direction of travel.
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Table E-7. Summary of operational comparisons of multilane design alternatives,

Left-Turn
4U vs. 4D
Delay Reduction (veh-sec)

4D vs. 5T
Delay Reduction (veh-sec)

40 vs. 5T
Delay Reduction (veh-sec)

a
Demand” in

Flow Rate 1,000-ft Section = » >
(vph) % Per Hour Per Hour Per Left-Turn Veh. Per Hour Per Left-Turn Veh. Per Hour Per Left-Turn Veh.
30 Driveways Per Mile
650 Th 49 -4,353.2 -B8.8 -4,852.5 +99.0 +499.3 +10.2
650 10.0 65 -5,163.6 -79.4 +5,826.0 +89.6 +662.4 +10.2
650 125 81 =71,831.6 -97.9 +8,757.0 +108.1 +825 .4 +10.2
900 5.0 45 +483.0 +10.7 +2,461.4 +54.7 +2,944 .4 +65. 4
900 7.5 68 -2,619.3 -38.5 +7,068.5 +103.9 +4,449.2 +65. 4
900 10.0 90 -9,094.0 -101.0 +14,982.7 +166.5 +5,888.7 +65.4
1,100 Z.5 28 +15,816.7 +564.9 +5,580.9 +199.3 +21,397.6 +764.2
1,100 5.0 55 +32,502.1 +590.9 +9,528.9 +173.3 +42,031.0 +764.2
1,100 75 83 +46,520.7 +560.4 +16,907.9 +203.7 +63,428.6 +164.2
60 Driveways Per Mile
650 Th 49 -4 ,485.9 -91.5 -4,910.7 +100.2 +428.8 +8.7
650 10.0 65 -5,411.9 -83.3 +5,975.5 +91.59 +513.5 +B8.7
650 12.5 81 -8,192.0 -101.1 +8,894.3 +109.8 +702.3 +8.7
900 5.0 45 +10.2 +0.2 +2,545.5 +56.6 47 535.3 +56.3
900 Ted 68 -3,289.4 -48.4 +7,120,5 +104.7 +3,8%1: 1 +56.3
900 10.0 90 -10,005.2 =111.2 +15,075.8 +167.5 +5,070.6 +56.3
1,100 2.5 28 +13,565.9 +484.5 +5,292.7 +189.0 +18,858.6 +673.5
1,100 5.0 55 +27,343.9 +497.2 +9,699.7 +176.4 +37,043.6 +*673.5
1,100 Tl 83 +38,641.3 +465.6 +17,260.9 +208.0 +55,902,2 +673.4
90 Driveways Per Mile
650 Fich 49 -4,614.6 -94.2 -4,995.8 +102.0 +3B1.2 +7.8
650 10.0 65 -5,480.3 -84.3 +5,986.0 +92.1 +505.7 +7.8
650 12.5 81 -8,290.6 -102.4 +8,920._8 +110.2 +630.2 +7.8
900 5.0 45 -599.3 =13.3 +2,749.1 +61.1 +2,149.8 +47.8
500 T3 68 -4,255.7 -62.6 +7,502.7 +110.3 +3,247.0 +47 .8
900 1G.0 90 -10,908.5 =121.2 +15,206.0 +169.0 +4,297.5 +47.8
1,100 &35 28 +8,913.5 +318.3 +5,957.6 +212.8 +14,871.1 +531.1
1,100 5.6 55 +19,182.2 +348.8 +10,028.9 +182.3 +29,211.1 +531.1
1,100 3.5 83 +26,690.9 +321.6 #17,391.2 +209.5 +44,082.1 #5311

a e
In each direction of travel,

APPENDIX F

DESIGN EXAMPLES

This appendix presents three design examples that illustrate
the application of the procedure for selecting multilane design
alternatives for suburban highways presented in this report. The
design examples address the following situations:

« Improvement of a four-lane undivided (4U) design to the
four-lane divided (4D) design alternative.

The design examples are based on actual sites, although some
of the data have been changed to make the examples more

+ Improvement of a two-lane undivided (2U) design to the
three-lane TWLTL (3T) design alternative,

« Improvement of a two-lane undivided (2U) design to the
five-lane TWLTL (5T) design alternative.

illustrative. The design examples follow the outline of the design
alternative selection procedure presented in Table 10. The ex-
amples recommend the ultimate design alternative for each site
and any appropriate staged construction approaches.




DESIGN EXAMPLE 1

This design example illustrates a two-lane undivided (2U)
suburban arterial appropriate for conversion to the three-lane
TWLTL (3T) design alternative, with possible later upgrading
to the five-lane TWLTL (5T) design alternative.

Existing Conditions

The highway section in question is 0.5 miles long and is
located on the outskirts of a small city with a population of
23,000. The highway section has relatively dense strip com-
mercial development with 41 driveways, three unsignalized in-
tersections, and no signalized intersections. Table F-1
summarizes the existing geometrics, traffic control, and oper-
ational demand at the site.

Observation of traffic flow during the peak hour indicates an
unacceptable level of service due to delays to through vehicles
caused by vehicles waiting for a gap in opposing traffic to turn
left. These delays are unavoidable with the current geometrics
at the site because there is no provision for left turns in the
highway median and no shoulder for through vehicles to bypass
left-turning vehicles.

The site has substantial safety problems related to turning
manecuvers. Table F-2 summarizes the accidents experienced for
two calendar years— 1981 and 1982, The table shows an average
rate of 5.3 accidents per MVM for nonintersection locations
and 14.2 accidents per MVM for unsignalized intersections,
compared to the typical rates of 2.8 and 2.3 accidents per MVM,
respectively, determined from Tables 1 and 2 (see Chapter Two).
This comparison shows higher than expected accident experi-
ence for both nonintersection locations and unsignalized inter-
sections, with the most serious problems associated with the
three unsignalized intersections.

The accidents occurring at the site are not particularly severe;
only 26 of the 85 accidents at the site (30.6 percent) involved
a fatality or an injury, in comparison to 38 to 39 percent that
is typical for commercial 2U sites (see Table 4). However, 67
of the 85 accidents (78.8 percent) involve multiple-vehicle head-
on, rear-end, and angle collisions—types of accidents that are
susceptible to correction through installation of a raised median
or a TWLTL. This suggests that an upgrading project would
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Table F-1. Existing conditions—Design Example 1.
Section length: 0.5 miles

Existing design alternative: Two-lane undivided (2U)

Average daily traffic volume: 10,000 vpd

Peak hour flow rate (one-way): 450 wph

LefL-turn demand (one-way): 90 left turns/hr/mile
Percent truchks: 8.6%

Type of development: Commercial

Uriveway density: 82 driveways per mile

Unsignalized inlersections: 6 intersections per mile

Signalized interseclions: None
Speed limit: 35 mph
Lane width: K. £
Shoulders: None
Pedestrian activity: Low

be particularly effective in improving safety at this site since
only 50 to 56 percent of accidents at commercial 2U sites typ-
ically involve head-on, rear-end, and angle collisions.

Projected Future Conditions

The traffic operational demands at this site are not expected
to change dramatically. The adjacent land is fully developed
and no increase in the density of development is expected. The
current traffic volumes are not growing. Over the last 5 years,
the average daily traffic volume has increased in some years
and decreased in others. No growth is expected over the next
5 years and only moderate growth over the next 20 years. The
average daily traffic volume is expected to grow 50 percent to
15,000 vpd over the 20-year design period with proportional
increases in the peak-hour flow rate and the left-turn demand.

Constraints

There are no right-of-way restrictions that will limit the choice
of design alternative. Public opinion and adjacent landowners
are supportive of an improvement that will ease congestion on
this highway section.

Table F-2. Existing accident experience—Design Example 1.

Unsignalized

Nonintersection Intersection

Year __Accidents _Accidents
1981 16 35
1982 i 27
Total 23 62
. T ceident Type
Single
Year Vehicle Head-on Rear-end
1981 5 4 14
1982 1 1 12
6 5 26

__Accident Frequencies and Rates

Accident Type and Severity Distribution N

(Accidents per million geh:mn]és)
Unsignalized
Intersection
Accident Rate

Total
Accident Rate

Nonintersectien
Accident Rate

Total
Accidenls

51 1.5 16.4 23.9
34 3.3 12.6 15.9
a5 5.4 14.5 199

Other _ Accident Severity
Multiple Fatal and
Angle Vehicle _Injury Property-Damage-Only
20 3 17 4
16 4 9 25

3|

36 1 59

%
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Priorities

The highway section is classified as a major arterial, so an
upgrading project to ease the movement of through traffic is
appropriate. The site is already commercially developed, so an
improvement to serve the existing development while reducing
the interference with existing traffic is desirable.

Basic Number of Through Lanes

The current peak-hour flow rate of 450 vph can be served
adequately with one through lane in each direction of travel if
the interferences caused by left-turning traffic can be reduced.
Two through lanes in each direction of travel will be needed to
serve to a 20-year projected peak-hour flow rate of 675 vph.

Feasible Design Alternatives

There are three feasible design alternatives that provide two
through-traffic lanes in each direction to serve the projected
future traffic. These are: four-lane undivided (4U), four-lane
divided (4D), and five-lane with TWLTL (5T). The three-lane
TWLTL (3T) design alternative should also be considered as a
possible first stage to the 5T alternative.

Geometric Variations

There are no right-of-way restrictions along the section that
would limit the incorporation of a full shoulder in any of the
design alternatives under consideration. Therefore, each design
alternative will be considered both with and without a full
shoulder.

Benefits and Disbenefits

Table F-3 compares the accident rate data for the existing
condition to the typical accident rates for a 2U design and for
each of the feasible design alternatives with and without a full
shoulder. Data from Table 3 (Chapter Two) suggest that at an
average or typical site conversion from the 2U to the 3T design
alternative might reduce accident rate by 11 percent and con-
version to the 4D or 5T alternatives could increase accident
rate. However, the site considered in this example is not an
average or typical site because of the peak-hour congestion, the
high accident rate (four times the average for a 2U section),
and the high proportion of accidents susceptible to correction.
Thus, it is more reasonable to assume a much higher safety
effectiveness estimate for this particular site.

The design alternatives that directly remedy head-on, rear-
end, and angle accidents (3T, 4D, and 5T) are estimated to
reduce the accident rate from its current level (19.5 accidents
per MVM) to the average rate for each of those treatments. The
4U design alternative, which makes no special provision for left-
turn movements, does not directly remedy head-on, rear-end,
and angle accidents and would be expected to be much less
effective than the 3T, 4D, or 5T alternatives in reducing the
accident experience at this site. The expected accident rate re-
ductions for 3T, 4U, and 5T design alternatives are quite com-

Table F-3. Estimated accident rates for design alternatives— Design
Example 1,

Accident Rate (accidents per million veh-miles)
Unsignalized Expected

Design Nonintersection Intersection Tetal Accident Rate
Alternalives Accidents Accidents Accidents  Reduction
2U - actual 5.3 14.2 19.5 =
20 - no shoulder 2.8 2.3 5.1 =
2U - full shoulder 2.5 23 4.8 o
31 - no shoulder 1.9 2.6 4.5 1
3T - full shoulder 1.8 2.6 &4 15.1
4U - no shoulder L) 5.0 8.3
4U - full shoulder 3.0 2.0 8.0
4D - no shoulder 3.3 8.2 11.3
4D - full shoulder 3.0 4.9 1.9 11.6
5T - no shoulder 3.1 Fid 6.4 13.1
5T - full shoulder 2.8 3.2 6.1 13.4

parable, ranging from 11.3 to 15.1 accidents per MVM. This
accident rate reduction corresponds to a reduction of 24 to 32
accidents per year at current traffic volume levels and 35 to 47
accidents per year at the projected future traffic volume level,
so any of these design alternatives would be highly desirable
from a safety viewpoint. Each of these design alternatives would
also be expected to reduce the proportion of fatal and injury
accidents at the site.

The operational effectiveness of the design alternatives is as-
sessed in the following manner. Table 6 (see Chapter Two) shows
the installation of the 3T alternative for a flow rate of 400 vph
and 60 to 90 driveways per mile would be expected to reduce
through-vehicle delay by 13.1 veh-sec per left-turn vehicle. For
the actual flow rate of 450 vph at this site, the delay reduction
estimate should be increased proportionally to 14.7 veh-sec per
left-turn vehicle, or 2,650 veh-sec per hour in both directions
combined during the peak period. For the projected future peak-
hour volume, the capacity of the two-lane undivided roadway
would be exceeded and a design alternative improvement would
be absolutely essential. The future operational benefits of con-
verting to the 3T design alternative would be large but unmea-
surable. The 5T design alternative would be expected to reduce
delay by the estimated effectiveness of the 3T alternative plus
an additional reduction because the provision of two through
lanes in each direction of travel will increase speeds at the site.
Since the peak-hour flow rate is below 1,000 vph, even for
projected future conditions, the 4D alternative would result in
more delay than either the 4U or 5T alternatives.

Ultimate Design Alternative

Given the eventual need for two through lanes in each di-
rection of travel to provide traffic service at the site, the 3T
alternative is not appropriate as the ultimate design alternative.
The 4U alternative is not considered appropriate either because,
without a raised median or a TWLTL, the existing safety prob-
lems at the site are likely to continue. Thus, either the 4D or
the 5T alternative is appropriate as the ultimate design alter-
native for this site.

The 5T design alternative is preferable to the 4D alternative
at this site for a number of reasons. The 5T alternative provides
greater operational and safety benefits than the 4D alternative.
The installation of a TWLTL is more in keeping with the existing
strip commercial character of the site. Installation of a raised




median would restrict access to the existing development and
increase total delay without any offsetting benefit. A raised
median would not be appropriate to implement established land
use policies at this site, because strip commercial development
has already occurred. Therefore, the 5T alternative is most
appropriate as the ultimate design alternative for this site.

The safety benefits from provision of a full shoulder at this
site are relatively small in comparison to the safety benefits of
the design alternative improvement. However, because there are
no right-of-way restrictions, the provision of a full shoulder is
recommended. However, if funding limitations constrain the
decision, the construction of the 5T design alternative should
take priority over the provision of a full shoulder.

Staged Construction Options

A staged construction approach is particularly suitable for
this site because of the uncertainty about future traffic volume
growth. The 3T alternative would adequately serve the current
traffic volume and the 5-year traffic volume projection. The 3T
alternative would be less expensive to construct than the 5T
alternative, and it would provide immediate relief for the safety
and delay problems at the site. Furthermore, the 3T alternative
could easily be upgraded to the 5T alternative if the traffic
volume growth projected for the medium- to long-term future
actually occurs. Therefore, the construction of the 3T design
alternative is recommended for the immediate future, while
improvement to the 5T design alternative would occur when
traffic volumes warrant.

DESIGN EXAMPLE 2

This design example illustrates a two-lane undivided (2U)
suburban arterial appropriate for immediate upgrading to the
five-lane TWLTL (5T) design alternative.

Existing Conditions

The highway section for the second design example is 0.3
miles long and is located in a rapidly growing suburban com-
munity within a metropolitan region with over one million pop-
ulation. The highway section has moderately dense commercial
development with some interspersed residential properties; there
are 20 driveways, two unsignalized intersections, and no sig-
nalized intersections on the section. Table F-4 summarizes the
existing geometrics, traffic control, and operational demand at
the site.

The two-lane undivided highway at this site creates a bottle-
neck because four-lane arterial streets are located at both ends
of the section. The existing through traffic volume at the site
(950 vph in each direction) during the evening peak hour is
close to the capacity of a two-lane roadway for uninterupted
flow conditions and is growing rapidly. Table F-5 illustrates the
ADT growth in the 3 recent years. The left-turn demands on
the section are also substantial (190 left turns/hr/mile). The
only reason that the left turns are not causing a complete break-
down in traffic flow is that through vehicles frequently use the
paved shoulder to bypass left-turning vehicles. However, with
any further growth of either through volumes or left-turn vol-
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Table F-4. Existing conditions—Design Example 2.

Section length: 0.3 miles

Existing design alternative: Two-lane undivided (2U)
Average daily traffic volume: 21,000 vpd

Peak hour flow rate (one-way): 950 vph

Left-turn demand (one-way): 190 left turns/hr/mile
Percent trucks: 2%

Type of development: Commercial
Driveway density: 67 driveways per mile

Unsignalized intersections: 7 intersections per mile

Signalized intersections: None

Speed limit: 35 mph

Pedestrian activity: Low

Lane width: 12 ft

Shoulders: 8 ft paved shoulders

Table F-5, Recent traffic volume growth—Design Example 2.

Peak Hour

Flow Rate (vph) Truck
Year ADT (vpd) (one-way) Percentage
1980 18,500 850 1.0
1981 19,300 900 2.0
1982 21,000 950 2.0

umes, jammed conditions are expected during the evening peak
hour.

The site currently has a moderate safety problem, but this
problem appears to be growing rapidly, especially for noninter-
section accidents. Table F-6 summarizes the accident experience
at the site for three calendar years— 1980, 1981, and 1982. The
expected accident rate for this type of site, based on Tables 1
and 2 (in Chapter Two), is 2.78 accidents per MVM for non-
intersection locations and 2.61 accidents per MVM for unsig-
nalized intersections. The actual nonintersection accident rate
was only slightly higher than the expected accident rate in 1978
but has been increasing rapidly since, and is now nearly twice
the expected rate. The unsignalized intersection accident rates
are also higher than expected.

The accidents at the site are predominantly multiple-vehicle
head-on, rear-end, and angle accidents that are susceptible to
correction through installation of a raised median or a TWLTL.
Of the 51 accidents that occurred at the site over a 3-year period,
46 (or 90 percent) are of these potentially correctable types.

The severity of the accidents at this site is not particularly
high. A total of 18 of the 51 accidents (35 percent) at the site
involved a fatality or personal injury compared to 38 to 39
percent fatal and injury accidents for commercial 2U sites as a
whole.

Projected Future Conditions

Traffic volumes at the site have been increasing rapidly and
this growth is expected to continue. Much of the traffic volume
growth has been generated by construction of a major regional
shopping center about 3 miles from the site, and further de-
velopment adjacent to this shopping center, as well as in the
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Table F-6. Existing accident experience—Design Example 2.

Accident Frequencies and Rates

(Accidents per million veh-miles)___( i

Unsignalized Unsignalized
Nonintersection Intersection Total Nonintersection Intersection Total
Year Accidents Accidents Accidents _Accident Rate Accident Rate Accident Rate
1980 6 9 15 30 b.ob 7.4
1981 8 8 16 3.8 3.8 1.6
1982 12 8 20 5.2 3.5 8.7
Total 26 25 51 4.0 3.9 7.9
Accident Type and Severity Distribution
Accident Type
Other Accident Severity
Single Multiple Fatal and
Year Vehicle Head-on Rear-end Angle Vehicle Injury Property-Damage-Only
1980 1 0 10 4 0 6 10
1981 1 1 8 5 1 5 12
1982 2 1 11 6 - 0 4 14
A z 9 15 1 18 36

area as a whole, is expected to increase traffic volumes. The
average daily traffic is expected to increase to 35,000 vpd over
the 20-year design period, while the peak-hour flow rate is
expected to grow to 1,700 vph. An increase in left-turn demand
to 300 left-turns per hour per mile is also expected.

Constraints

Existing off-street parking arrangements and building set-
backs along the section limit increases in roadway width to a
maximum of five lanes with paved shoulders. Thus, because of
right-of-way restrictions six- and seven-lane design alternatives
with full shoulders are considered to be infeasible at this site.

Priorities

The priorities for Design Example 2 are similar to those for
Design Example 1. The site is classified as a major arterial, so
that priority is assigned to the movement of through traffic.
There is no particular priority for control of development. It
has been recognized and accepted in community land use plan-
ning that the remaining residential properties along this section
are likely to be converted to commercial uses.

Basic Number of Through Lanes

The current peak-hour traffic is not adequately served with
one through lane in each direction of travel. Two through lanes
will be required in each direction to serve the 20-year traffic
forecast of 1,700 vph per direction.

Feasible Design Alternatives

There are three feasible design alternatives that provide two
through-traffic lanes in each direction to serve the projected
future traffic. These are: four-lane undivided (4U), four-lane
divided (4D), and five-lane with TWLTL (5T). Design alter-
natives with less than two through lanes in each direction of

travel (2U and 3T) are not adequate to serve the current or
projected traffic volumes.

Geometric Variations

The existing section has full paved shoulders and there are
no right-of-way restrictions that would limit the incorporation
of paved shoulders in a four- or five-lane site. The incorporation
of full shoulders in the selected design alternative is recom-
mended since the rapid traffic volume growth at this site might
eventually require conversion of shoulders to travel lanes to
achieve a six- or seven-lane design alternative.

Benefits and Disbenefits

Table F-7 compares the accident rate data for the existing
2U design alternative to the expected accident rates for the 4U,
4D, and 5T design alternatives with full shoulders. It is apparent
from the table that the 4U and 4D design alternatives are un-
likely to result in a substantial reduction in accident rate. On
the other hand, if the 5T design alternative reduces the accident
rate from its current level of 8.70 accidents per MVM to the
average rate for similar commercial 5T sections, 6.68 accidents
per MVM, a 23 percent reduction in accident rate would result.
This decrease in accident rate corresponds to the elimination of
five accidents per year at current traffic volume levels and eight
accidents per year at projected future traffic volume levels. The
percentage of accidents involving a fatality or injury would also
be expected to decrease by approximately 6 percent.

Table F-7, Estimated accident rates for design alternatives—Design
Example 2.

Accident Rate (accidents per million veh-miles)
Unsignalized Expected
Lesign Nonintersection Intersection Total Accident Rate
Alternatives Accidents Accidents Accidents  Reduction
2U - actual 5.22 3.48 8.70
4 - full shoulder 3.21 5. 217 B.4B 0.22
4D - full sheulder 3.2 5.21 8.48 0.22
5T - full shoulder 3.0 3.61 6.68 2.02




A direct operational comparison of the 2U and 5T design
alternatives is not possible using the simulation results in Table
6 (Chapter Two) because the simulation results indicate jammed
flow conditions (i.e., infinite delay) for both the existing and
projected future traffic volumes on the 2U design alternative.
These jammed conditions have not, in fact, occurred under the
existing conditions because the shoulder is being used as a bypass
lane. However, jammed conditions are probable under the pro-
jected traffic volumes even with shoulder use. Thus, the oper-
ational benefits of improving the 2U design alternative to any
of the multilane design alternatives are very large but not quan-
tifiable.

The 5T design alternative has a clear operational advantage
over the 4U design alternative. The estimated delay reduction
for the 5T design alternative under current traffic conditions is
210.6 sec per left-turn vehicle or 24,000 veh-sec during the peak
period. This delay reduction corresponds to an average time
savings of 13 sec for each vehicle passing through the section
and a delay reduction of at least 673.5 sec per left-turn vehicle,
corresponding to 121,230 veh-sec per hour in the peak hour or
33 sec per through vehicle.

At the current peak-hour flow rate of 950 vph, the total delay
experienced by motorists is nearly the same for the 4U and 4D
design alternatives. However, as the peak-hour volume grows
to 1,700 vph, the 4D design alternative will become operationally
preferable to the 4U design alternative. However, even at this
high flow rate, the 5T design alternative would provide less
delay than the 4D design alternative.

Ultimate Design Alternative

The 5T design alternative is recommended as the ultimate
design alternative for this highway section. Only alternatives
with two through traffic lanes in each direction of travel can
adequately serve the through traffic demand. Of the possible
four- and five-lane alternatives, the 5T alternative has the great-
est delay reduction and is also the only design alternative that
can be expected to substantially reduce accident rates. The com-
mercial development at the site is appropriate for a TWLTL
and is consistent with current land use planning. There is a
possible need for a six- or seven-lane design alternative at this
site in the long-term future, although construction of this al-
ternative would require narrow lanes and elimination of the full
shoulder.

Staged Construction Options

There are no staged construction options that are appropriate
for this site. The need for the 5T design alternative is immediate
and neither the 3T or 4U design alternatives could adequately
serve the through traffic and left-turn demands.

DESIGN EXAMPLE 3

This design example illustrates a four-lane undivided (4U)
suburban arterial appropriate for conversion to a four-lane di-
vided (4D) design.

69

Table F-8, Existing conditions—Design Example 3.

Section length: 0.8 miles

Existing design alternalive: Four-lane undivided (4U)
Average daily traffic volume: 15,000 vpd

Peak hour flow rate (one-way): 600 vph

Left-turn demand (one-way): 80 left turns/hr/mile
Percent trucks: 4%

Type of development: Light commercial
Driveway density: 25 driveways per mile

Unsignalized intersections: 4 intersections per mile

Signalized intersections: None
Speed limit: 40 mph
Lane width: 12 ft
Shoulders: None
Pedestrian activity: Low

Existing Conditions

The highway section for the final design example is 0.8 miles
long and is located in a surburban community with a metro-
politan area of several million population. The highway section
serves a sparsely developed area with light commercial devel-
opment interspersed with undeveloped areas. There are 20 drive-
ways, three unsignalized intersections, and no signalized
intersections on the section. The highway section is located on
a major arterial street that serves a rapidly developing suburban
area and connects that area with a nearby radial freeway. Table
F-8 summarizes the existing geometrics, traffic control, and
operational demand at the site.

The present 4U design alternative provides adequate traffic
service to the existing traffic because the peak-hour through
volume (600 vph) is moderate and the left-turn volume (64 left
turns per hour in the 0.8-mile section) is low. However, sub-
stantial increases in traffic volume are expected from planned
development, as explained below in the discussion of projected
future conditions.

The safety conditions on the existing facility are illustrated
for two recent years (1981 and 1982) in Table F-9. The accident
rates at the site, 2.4 accidents per MVM for nonintersection
locations and 3.5 accidents per MVM for unsignalized inter-
sections, are slightly lower than the expected accident rates from
Tables 1 and 2 (see Chapter Two) for such locations, 2.8 and
4.0 accidents per MYM, respectively.

Projected Future Conditions

An immediate increase in traffic volumes at the site is expected
because of the opening, within the next year, of a major regional
shopping center being constructed on undeveloped land at the
eastern end of the section. The average daily traffic volume is
expected to increase to 20,000 vpd and the peak-hour flow rate
to 1,100 vph within the first year that the shopping center is
open. Two signalized driveways with separate left-turn lanes are
planned on the section to provide access to the shopping center.

The opening of the shopping center will not have a direct
impact on left-turn volumes elsewhere on the section. However,
the shopping center is expected to encourage new development
along the entire section.
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Table F-9. Existing accident experience—Design Example 3.

Accident Frequencies and Rates

”VijAcEidents per million veh-miles)

Unsignalized Unsignalized
Nonintersection Intersection Total Neonintersection Intersection Total
Year Accidents Accidents Accidents _Accident Rate Accident Rate Accident Rate
1981 10 14 24 2.3 3.2 5.0
1682 11 16 27 2.5 3.7 5.7
Total 21 30 51 2.4 3.5 5.4
Accident Type and Severity Distribution
Accident Type i
~ Other Accident Severity
Single Multiple Fatal and
Year Vehicle Head-on Rear-end Angle Vehicle Injury Property-Damage-Only
1981 6 1 7 5 5 8 16
1982 8 2 5 6 6 8 18
14 3 12z 11 11 17 34

In the long term, the traffic volume on the section is expected
to grow over the 20-year design period to 30,000 vpd with a
peak-hour flow rate of 1,600 vph. The future turning volumes
at the site are quite uncertain because they will depend on the
type of development that occurs.

Constraints

There are no right-of-way restrictions at the end of the site
adjacent to the new shopping center. At the western end of the
site, existing development limits the maximum roadway width
to four or five lanes with shoulders.

Priorities

The highway section is a major arterial and the preservation
of its ability to move through traffic has been assigned a high
priority. The community plans to limit strip commercial de-
velopment of the section and encourage low-density office de-
velopment with fewer access points.

Basic Number of Through Lanes

The projected peak-hour flow rate of 1,600 vph can be served
adequately with two through lanes in each direction of travel
under uninterrupted flow conditions. However, three through
lanes will eventually be required on the approach to the signals
at the shopping center driveways.

Feasible Design Alternatives

There are two feasible design alternatives that provide two
through traffic lanes in addition to the existing four-lane un-
divided (4U) design alternative. These are four-lane divided (4D)
and five-lane TWLTL (5T) alternatives. The six-lane divided
(6D) and seven-lane TWLTL (7T) alternatives should also be
considered because of the need for three through lanes in each
direction on the shopping center signal approaches.

Geometric Variations

The existing site has a curb-and-gutter section with no shoul-
ders. However, there are no right-of-way restrictions that would
limit the construction of full shoulders for any alternative at
the eastern end of the site or for any four- or five-lane alternative
at the western end of the site.

Benefits and Disbenefits

The current accident rate at the site is below average, so the
purpose of the improvement is to serve the traffic to be generated
by the new development and to prevent the development of
safety problems that might result from increased turning vol-
umes.

The 4D design alternative would be operationally preferable
to the existing 4U design because the expected peak-hour flow
rate exceeds 1,000 vph both for the period immediately following
the opening of the shopping center (1,100 vph) and for the long-
term future (1,600 vph). However, the 5T design alternative
would involve less delay than the 4D design alternative at all
of the traffic volume levels under consideration.

The current accident rate for the existing 4U design is below
average, but this rate would be expected to increase as devel-
opment proceeds. Both the 4D and 5T design alternatives would
be expected to alleviate any safety problems that result from
increased development. Table F-10 compares the current acci-
dent rate at the site to the average rate for the current 4U design

Table F-10. Estimated accident rates for design alternatives—Design
Example 3.

Accident Rate (accidents per million veh-miles)

Unsignalized Expected
Desigzn Nonintersection Intersection Total Accident Rate
Alternatives Accidents Accidents  Accidents Reduction
40 - actual 2.4 3.5 5.9 =
4l - ne shoulder 2.8 4.0 6.8 =
4D - full shoulder 2.5 3.9 6.4 0.4
5T - full shoulder 2.3 1.3 4.6 p




and the expected rates for the 4D and 5T design alternatives.
The table shows that if the existing accident rate were to increase
even to the average for commercial 4U sections, both the 4D
and 5T design alternatives with full shoulders would be likely
to reduce that rate.

The 4D design alternative has an important benefit not pro-
vided by the 5T design alternative because of the priority placed
by the community on controlling land use and development at
the site. The 4D design alternative incorporating a raised median
is most compatible with the type of office development desired
by the community; this type of development has relatively few
driveways at which median openings can be provided. The 5T
design alternative would encourage strip commercial develop-
ment and generate turning volumes that could degrade the
through traffic movement function of this major arterial. It is
possible that the apparent operational and safety benefits of the
ST alternative over the 4D alternative would be lost through
increased development.
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Ultimate Design Alternative

The ultimate design alternative that is most appropriate for
this site is four-lane divided (4D) at the western end of the site
and six-lane divided (6D) at the eastern end of the site (near
the shopping center). The primary reason for choosing a raised
median at this site is to influence future development and, thus,
protect through-traffic capacity and safety of the site. The in-
stallation of full shoulders throughout the length of the project
is recommended.

Staged Construction Options

The third through lane in each direction at the eastern end
of the site is not needed immediately, so it is recommended that
the entire site be reconstructed initially as four-lane divided
until the need for the added lanes near the shopping center can
be demonstrated.













