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FOREWORD

By Staff
Transportation Research
Board

This guide describes the engineering study process for evaluating the operational
effectiveness of various intersection improvements. It aso shows how capacity analy-
sisand traffic simulation models can be used to assess the operational impacts of those
improvements. Use of this guide, particularly by junior traffic engineers, should
enhance the decision-making process and reduce inappropriate installations of traffic
control signals. An enhanced version of this report is available on the world wide web
at http://trb.org/trb/publications/nchrp/esg. pdf.

The Manual on Uniform Traffic Control Devices-Millennium Edition (MUTCD
2000) states as a standard that an “engineering study of traffic conditions, pedestrian
characteristics, and physical characteristics of the location shall be performed to deter-
mine whether installation of atraffic control signal isjustified at a particular location.”
The MUTCD 2000 furthers states as guidance that “atraffic control signal should not
beinstalled unless an engineering study indicates that installing atraffic control signal
will improvethe overall safety and/or operation of theintersection.” The MUTCD 2000
describes some aspects of the engineering study, including the traffic signal warrants,
but does not attempt to fully describe the decision-making process.

Capacity anadysis (e.g., the methods in the TRB Highway Capacity Manual) and traf-
fic smulation models can be beneficially used in these engineering studies to assess the
operational impact of atraffic control signal and other intersection improvements. Some-
timesthesetools may show that, whilethe warrants are met at aparticular location, aless
costly improvement would operate more effectively than atraffic control signal.

Under NCHRP Project 3-58, the Texas Transportation | nstitute analyzed difficulties
commonly faced when using traffic signal warrants to determine the appropriateness
of atraffic control signal. They also identified operational measures of effectiveness
that should be considered in the assessment of intersection improvements. They then
developed a guide to conducting an engineering study of an intersection.

Evaluating Intersection Improvements. An Engineering Sudy Guide defines the
stepsinvolved in an engineering study of a problem intersection, beginning with iden-
tifying the problem and viabl e alternative improvements to address the problem. It also
illustrates how to use capacity analysis and traffic simulation models to determine the
most effective operational improvement. The guide does not assist in the analysis of
the safety or other impacts of the aternative improvements, although these must be
considered when determining the most appropriate improvement. References to other
sources of information on these types of analysis are provided.

The reader may be interested in an enhanced version of the guide available on the
web. That version includesinternal hyperlinks between different parts of the report and
external links to source material. This web version also includes 17 interactive work-
sheets that can be helpful in using the guide.
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CHAPTER 1
INTRODUCTION

The Manual on Uniform Traffic Control Devices-
Millennium Edition (MUTCD 2000) (1) includes warrants
that set minimum thresholdsfor considering the installation
of atraffic signal. The threshold values used in these war-
rantswere established many years ago. They are based largely
on engineering judgment and reflect sensitivity to two vari-
ables: approach volume and number of lanes. However,
their subjective basis and limited sensitivity can make them
inaccurate predictors of the need for signal control at some
intersections and could result in the unnecessary installa-
tion of traffic signals. In fact, two separate evaluations of
the MUTCD warrants found that they do not always yield
conclusions that agree with engineering judgment (2,3).
Thisfinding is a concern because arecent literature review
by Bonneson and Fontaine (4) reveal ed that delays and stops
can increase 100 to 200 percent when marginally warranted
signals areinstalled at an intersection.

To eliminate the unnecessary installation of traffic signals,
the text of the MUTCD was revised for its 1988 publication.
The purpose of the revisions was to indicate clearly that the
decisiontoinstall atraffic signal should be based on thefind-
ings from an engineering study. The 1998 MUTCD stated
that “ satisfaction of awarrant or warrantsis not in itself jus-
tificationfor asignal.” Thistext wasretained for the MUTCD
2000 and further states that “A traffic control signal should
not be installed unless an engineering study indicates that
installing a traffic control signal will improve the overall
safety and/or operation of theintersection.” Theintent of this
recommendation is to encourage consideration of the full
range of intersection improvement alternatives and selection
of the most effective alternative for implementation.

This guide documents the steps involved in the formal
engineering study of improvement alternatives and focuses
on the use of capacity analysis procedures and simulation
models (i.e., analysis tools) to evaluate the operational im-
pacts of improvement alternatives. Case studiesillustrate how
these analysis tools can sometimes be used to show that an
intersection would operate more effectively without atraffic
signal, even though a signal warrant is met.

OVERVIEW OF THE ASSESSMENT PROCESS

Generally, the engineering assessment processisinitiated
when operational or safety problems are identified at an un-
signalized intersection. The goal of thisprocessisto identify

the most effective solution to the identified problem. The
assessment process is often integral to alarger, more com-
prehensive system management process in which all prob-
lematic transportation facilities are considered for improve-
ment. The stages of the system management process are
shown in Figure 1-1.

The assessment process represents three specific stages of
the system management process. In the first stage, viable al-
ternatives are identified. In the second stage, an engineering
study isconducted to evaluate the effectiveness of each viable
aternative. Finally, the best alternativeisselected onthebasis
of its effectiveness and its other, non-motorist-related effects.

Following the assessment process, the best alternative for
agiven intersection is pooled with other improvement proj-
ects for funding consideration. If funding is available, the
alternative is constructed, and the intersection is monitored
to confirm that the original problem has been solved.

Alternative Identification and Screening

During the alternative identification and screening stage,
the traffic engineer makes a preliminary assessment of the
problem and identifiesviableintersection improvement alter-
natives. Alternatives may include changes in traffic control,
intersection geometry, or both. Traffic control alternatives
can include two-way stop control, multi-way stop control,
or signal control. Geometric alternatives that are sometimes
identified include the addition of left or right-turn bays onthe
major or minor roadways.

Initialy, alternatives are identified that could solve the
observed problem. Then, this list of candidate alternativesis
reduced, using formal guidelines or warrants, to include only
the most viable alternatives. Formally recognized guideines
exist for traffic signals, multi-way stop control, and some
major geometric improvements. Guidelinesfor control device
applications are provided in the MUTCD 2000 (1). Similarly,
guidelinesthat describe when aleft-turn bay is needed on the
major-road approach to an unsignalized intersection are pro-
vided in A Policy on Geometric Design of Highways and
Sreets (Green Book) (5).

Engineering Study

During the engineering study stage, the viable alternatives
are evaluated in terms of their effect on road users and the
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immediate environment. The accurate assessment of these
effects typicaly requires the application of formally recog-
nized analysis procedures. However, in some less-complex
situations, experience with similar alternatives and operating
conditions may be sufficient to enable the engineer to estimate
an alternative' s effectiveness.

Alternative Selection

During the alternative selection stage, the engineer assesses
the effects of each alternative and then selects the “best” one
for implementation. Effects considered may includeimprove-
mentsintraffic operationsor safety and disruptionto areaaes-
thetics, the environment, or adjacent property. Selection of
the best alternative may also reflect consideration of the con-
struction cost of each alternative. The method of selection can
vary from a complicated life-cycle, benefit-cost analysisto a
simple identification of the alternative that yields the least
traffic delay. The methods used and the effects considered
will depend on the conditions present at the problem location.

OBJECTIVE AND SCOPE
Objective

This guide has two objectives: (1) to define the steps in-
volved in an engineering study of a problem intersection and
(2) to provide guidelines for using capacity analysis or simu-
lation to determine the most effective alternative on the basis
of operational considerations. To achieve these objectives,
the coverage of the guide is expanded to include the three
stages of the assessment process, asshown in Figure 1-1. This
approach provides a comprehensive treatment of problem
intersections by preceding the engineering study stage with

an alternative identification and screening stage and follow-
ing it with an alternative selection stage. Application of all
three stages will ensure that a wide range of alternatives is
considered and that the alternative selected is effective.

Scope

Theguideisintended to describe how to eval uate the oper-
ational effects of alternative geometrics and control modes at
a problem intersection. This description includes guidelines
on (1) the alternative selection process and (2) the use of
capacity analysis procedures and simul ation modelsfor alter-
native evaluation. The assessment of an alternative's safety
(or other) effect is beyond the scope of the guide. The analyst
isencouraged to consult the References and Bibliography for
guidance on safety evaluations.

The target audience of this guide is the junior traffic engi-
neer. Procedures and guidelines provided herein are intended
to identify critical decision points and problem-solving tech-
niques for engineers with only afew years of experience. To
meet the needs of thisintended audience, each topiciscovered
thoroughly. Sometimes, thematerial herein may contradict the
policies and procedures of the reader’s agency. In such in-
stances, agencies may substitute their policies or practicesfor
thosein this guide.

This guide is intended to be applicable to intersections
with awiderange of control modes. However, thethree modes
commonly found at U.S. intersections are given greater em-
phasisin some sections of the document. These modes are as
follows:

1. Two-way stop control,
2. Multi-way stop control, and
3. Signal control.

Although the three control modes listed above are empha
sized, the procedures in the guide can be used to evaluate
other control modes (e.g., no control, two-way yield control,
and roundabouts).

OVERVIEW OF THE GUIDE

This guide consists of four chapters and three appendixes.
Chapters 2, 3, and 4 describe the three stages of the assess-
ment process, as shown in Figure 1-1. A flowchart diagram-
ming the assessment processis shown in Figure 1-2.

Chapter 2 of the guide describes the alternative identifica-
tion and screening stage. The chapter describes how to iden-
tify the problems at the subject intersection, how to identify
candidate improvement alternatives, and how to screen these
alternatives so that only the most viable alternatives are eval -
uated in the engineering study.

Chapter 3 of the guide describes the engineering study
stage. This chapter describes the process for evaluating the
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effectiveness of the sel ected alternatives. The processfocuses
on how to evaluate traffic operations by using capacity analy-
sisprocedures or simulation models. Guidelines are provided
to help the analyst determine the most appropriate analysis
tool (i.e., capacity analysis procedure or simulation model),
the data needed for the evaluation, and whether or not an
alternative operates satisfactorily.

Chapter 4 of the guide describes the alternative selection
stage, including how to identify the best alternative for a
given intersection. Alternative selection is described in gen-
eral, rather than precise, terms, so as to allow the analyst
some flexibility in selecting the types of effects to consider
when selecting an alternative and the relative weight to be
applied to each effect.

Guidelines that support the assessment process are pro-
vided in the Guidelines section of Chapters 2 and 3. The
materials provided include (1) a list of traffic control and
geometric design aternatives, (2) warrants and guidelines de-
scribing conditions suitable for selected alternatives, (3) tech-
niques for designing the traffic signal control alternative, and
(4) guidelines for using stochastic simulation models. Use of
this guide should help agencies to maximize their return on
infrastructure investment and that they will avoid the unnec-
essary installation of traffic signals.

The appendixes to the guide are intended to provide sup-
plementary information that makesthe guideamoreversatile
document. The use of the guide is demonstrated in severa
case study situations in Appendix A. Appendix B provides

worksheetsfor documenting the MUTCD signal warrant check.
Appendix C describes techniques that can be used to gather
or derive the data needed for the engineering study.

Although the coverage in the guide is thorough, it is as-
sumed that the reader will have access to two reference doc-
uments: (1) the current edition of the MUTCD and (2) the
Manual of Transportation Engineering Studies (6). Thislat-
ter document describes procedures for collecting datafor the
direct evaluation of intersection performance and for collect-
ing theinput data needed for a capacity analysis procedure or
simulation model.

Other Impacts

Although the focus of the guide is on evaluating the oper-
ational effectsof improvement alternatives, the analyst should
also consider safety and other effects during the engineering
study. Safety impact assessment may range from an informal
subjective assessment to a formal quantitative evaluation,
depending on the types of problems being experienced (or
anticipated) at the subject intersection. Often, the best alter-
native will be the one that improves traffic operation and
enhances safety. However, thismay not always be the case—
some alternatives may improve operation but degrade safety
and vice versa. Therefore, the analyst should carefully eval-
uate and weigh all relevant effects when selecting the best
alternative.




CHAPTER 2

ALTERNATIVE IDENTIFICATION AND SCREENING

Intersections that are inefficient or unsafe are typically
subjected to some type of engineering assessment to identify
the underlying problem and its solution. The engineering
assessment process consists of three stages. (1) aternative
identification and screening, (2) the engineering study, and
(3) dternative selection. The first stage of the assessment
process is the subject of this chapter. The steps involved in
the alternative identification and screening stage are defined
in the first section of this chapter. Guidelines are provided in
the second section. These guidelines describe (1) conditions
where selected improvement alternatives may be helpful and
(2) conditions that might mislead the signal warrant check.

PROCESS
Overview

The aternative identification and screening stage consists
of three steps. These steps are as follows:

1. Define problem and cause,
2. Select candidate alternatives, and
3. Select viable alternatives.

In thefirst step, the problem is defined and its cause is identi-
fied through the conduct of asitevisit and the collection of rel-
evant existing data. Then, several aternatives are selected for
further consideration. Finally, these alternatives are screened
using available engineering guidelines so that a subset list of
viable alternatives is identified.

The objective of the alternative identification and screen-
ing stage isto determineif aproblem existsand, if it does, to
identify one or more viable aternatives that can eliminate
or mitigate the problem. This objective is achieved through
an evaluation of existing conditions and consideration of a
range of improvement alternatives. The stepsin this process
are described in the remainder of this section.

Step 1. Define Problem and Cause

The first step in the alternative identification and screen-
ing stageisto determinethe nature of the problem at aninter-
section and to define its potential causes. The tasksinvolved
in making this determination are to

a. Gather information and
b. Define the problem and cause.

In the first task, data are collected that describe the inter-
section’s history and its present condition in terms of traffic
volume, safety record, and geometric layout. Then, thesedata
are used to define the intersection’s operational or safety
problems and to identify their causes.

The assessment process typically begins when the engi-
neer is notified of a problem at an intersection or series of
intersections. This natification can come from sources that
are either internal or externa to the agency. Some possible
sources of problem reports include

« Complaints from local residents about existing inter-
sections,

+ Developers seeking traffic control for proposed inter-
sections,

* Observations from field crews,

+ Data obtained from consultant studies,

« Information obtained from regional traffic counts,

+ Potential problematic conditions identified through
regional traffic projections, and

» Annual safety analysis of high-crash locations.

1-a. Gather Information

Overview. Following notification of aproblem, the engi-
neer makes a preliminary assessment to determine the extent
of the problem and whether it requires a solution. This as-
sessment involves gathering readily available information
about the problem intersection so that the problem can be
defined and its cause identified. Information sourcesinclude
historic file data, firsthand observation, and a site survey.

Completion of this task should not require a rigorous data
collection effort. A visit to the site should provide sufficient
information to determine if aproblem exists. Traffic volume,
conflict, or delay datashould not be needed to makethisdeter-
mination. In Step 3 of the process, Select Viable Alternatives,
additional data will be collected to alow a more detailed
assessment of the problem and its solution.

Historic Data. The analyst should gather existing engi-
neering studies, corridor studies, traffic studies, and crash
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data summaries that may help to identify potential problems
at the subject intersection. Crash data summarized in acolli-
sion diagram may indicate where problems are occurring at
the intersection. (Details on the construction of a collision
diagram are provided in Appendix C.)

Observational Study. An important component of the
problem-cause identification process is the firsthand obser-
vation of traffic operations. A visit to observe operations
should be scheduled to coincide with the occurrence of the
reported problems (e.g., p.m. peak traffic demand hour). Ini-

tially, the engineer should drive through the subject intersec-
tion and attempt to experience the problem. Then, the engi-
neer should observe intersection operation from a curbside
vantage point. An onsite observation report, such as that
shownin Figure 2-1, should be completed during the site visit.
(Details regarding the completion of this report and a blank
report form are provided in Appendix C.)

Site Survey. The engineer should also have a survey of
site conditions conducted. The survey datashould berecorded
on a condition diagram. The diagram represents a plan-view,

LOCATION: Kelly Drive & Tall Trees Lane

ON SITE OBSERVATION REPORT

DATE: _3/3/00

CONTROL:

Stop control on Tall Trees Lane

TIME: 4:30 P.M.

Isolated and Non-Isolated Intersections
drivers’ views of conflicting vehicles?

conflicting vehicles or complete turns?
. Do vehicle speeds appear too high?

W N s W

through traffic?

curb channelization?
Non-Isolated Intersections

subject intersection?

delay to minor-road drivers?
na = not applicable.

1. Do road curvature, vegetation, buildings, parked cars, etc. block

2. Is the intersection skew angle so sharp that it makes it difficult to view

. Does the delay for the minor-road right-turn appear excessive?
. Does the delay for the minor-road through appear excessive? [

. Does the delay for the minor-road left-turn appear excessive? 4
. Does the delay for the major-road left-turn appear excessive

. Does the queue for the major-road left-turn ever impede major-road

9. As major-road vehicles slow to turn, do they impede other vehicles? v
10. Do parking maneuvers impede other vehicles?
11. Are drivers not complying with the traffic control devices?
12. Is there evidence that one or more curb radii are too small?
13. Do pedestrians appear to cause conflict with vehicular traffic?
14. Are there guidance or control problems that could be mitigated by raised-

A. Do queues from adjacent signalized intersections spillback into the

B. Do vehicles slowing to turn at adjacent intersections or driveways
contribute to the delay to major- or minor-road drivers? na

C. Is it possible that some drivers are diverting to the subject intersection
because of congestion on a nearby arterial street? na

D. Does the arrival pattemn of major-road traffic platoons contribute to the

No Not Yes
Sure

ANIAN

AN

AU AN AN AN AN

na

Comments:

Figure2-1. Sample onsite observation report.



scale drawing of the subject intersection. Conditionsrecorded
may include road width, pavement markings, speed limits,
and traffic control devices. (Details of the site survey and a
blank condition diagram are provided in Appendix C.)

Traffic Projections. Traffic volume projections are im-
portant when anew intersection isbeing proposed. Projected
turning movement counts may provide the best data avail-
ablefor the analyst to determine the most appropriate type of
control for the intersection. The analyst should also deter-
mineif major changesintraffic patternsor land use are antic-
ipated inthevicinity of the subject intersection. Improvement
alternatives should be able to accommodate future traffic
patterns.

1-b. Define Problem and Cause

Overview. During this task, the analyst will define the
problem and identify its cause. The information gathered in
the preceding task is used for this purpose. Initially, the ana-
lyst will review this information and determine if sufficient
evidence of a problem exists. If it is determined that a prob-
lem exists, then the problem isformally defined and its cause
isidentified.

AssessEvidence. After reviewing the available historical
information and information obtained from the site visit, the
engineer should determine if sufficient evidence of a prob-
lem exists to proceed further in the assessment process. If
such evidence exists, then further study may be necessary.

Define Problem and | dentify Cause. Problems can gen-
erally be categorized as operational or safety-related. Opera
tional problems are typically associated with excessive delay
to one or more traffic movements. Safety-related problems
aretypically associated with frequent conflicts, erratic maneu-
vers, non-compliance with control devices, and collisions.
The information obtained during Task 1-a should be used to
determine which (if any) of these two categories of problems
exist for each of the intersection traffic movements.

Once the problem has been defined, the engineer should
identify what is causing the problem. Problems and potential
causes are listed in Table 2-1. The possible causes for each
problem category (i.e., delay or conflict) are identified by
checkmark (). When using Table 2-1, each intersection ap-
proach should be individually evaluated. The movements
experiencing a problem should be identified and compared
with the checked combinations shown. The terms “delay”
and “conflict” refer broadly to operational and safety prob-
lems observed during the site visit (they are not meant to

TABLE 2-1 Common operational problems and possible causes

Approach:

Minor-Road Major-Road

Problem:
Possible Cause roblem

Excessive | Excessive | Excessive | Excessive
Delay Conflict? Delay Conflict®

Movement:

'L T RIL T R|L T R{L T R

Excessive on-street parking activity.

v 4

Excessive pedestrian volume.

4

Inadequate separation of major-road movements.

4
vV v V|V vV V|V V V|V
vV Vv V(v

A AN

v

Inadequate capacity for minor-road movements.

Inadequate separation of minor-road movements.

AN
AN
<

Inadequate capacity for left-turn movements.

Inadequate sight-distance along major road.

Major-road speed too high.

Inadequate sight-distance along minor road.

Inadequate protection for pedestrians.

Lack of awareness of Yield sign (driver error).

Intentional violation of Stop sign.

Lack of awareness of Stop sign (driver error).

A Y N N N N N

Excessive volume due to diversion from adjacent roads.

R SRS <XK<XX
A N U U N N AN

4 4

Arrival of major-road platoons is staggered such that there
are limited opportunities to enter intersection.

vV v v 4

Queue spillback from downstream signal.

vV v vV v v

Queue spillback due to downstream unsignalized left turn.

vV v vV v

Notes:

1 - Movements: L = left-turn, R = right-turn, T = through movement.
2 - Conflicts can include erratic maneuvers, collisions, or non-compliance with control devices.
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imply that adelay or conflict study must be conducted before
Table 2-1 can be consulted).

To illustrate the use of Table 2-1, consider a minor-road
approach at a four-leg intersection. All three movements on
this approach were obhserved to have excessive delay (but no
conflicts). Table 2-1 indicates that three possible causes are
associated with the observed minor-road delays: (1) inade-
quate capacity for minor-road movements, (2) inadequate sep-
aration of minor-road movements, and (3) staggered arrival of
major-road platoons. These possible causes are advanced to
the next step to determine candidate improvement aternatives.

Define Influence Area. Designation of the intersection
“influencearea’ isanimportant part of thistask. Thisareamay
include the subject intersection only or it may include the net-
work of roadsthat surround the subject intersection. Asamin-
imum, the influence area should extend from the subject inter-
section sufficiently far so asto include the queues associated
with the intersection’ s traffic movements.

The extent of the influence ared’s coverage is based pri-
marily on the proximity of the subject intersection to other
intersections. The inclusion of nearby intersections in the
influence areawould be based in part on the answersto Ques-
tions A, B, C, and D on the observation report (Figure 2-1).
If one or more of these questionsare answered “Yes’ or “Not
Sure,” then the subject intersection may beinfluenced by one
or more nearby intersections.

Efforts to improve conditions at the subject intersection
should be sensitive to the operation of all intersectionsin the
influence area. All intersections in the influence area should
be included in the evaluation conducted in the engineering
study stage (see Chapter 3).

Step 2. Select Candidate Alternatives

After the problemisdefined and itslikely causeisidentified,
one or more candidate alternatives should be selected. This
section provides a procedure for selecting candidate improve-
ment alternatives. The procedure consists of the following
two tasks:

a. ldentify potential alternatives and
b. Organize and select aternatives

During thefirst task, alist of alternativesthat could solve the
problemsisidentified. Then, these alternatives are organized
and screened to obtain asubset of candidate alternatives based
on site constraints and institutional preferences.

2-a. ldentify Potential Alternatives

Overview. Tables 2-2 and 2-3 are provided in this sec-
tion to assist in the identification of potential improvement
alternatives. Thefirst table applies to problems that require

intersection-specific solutions and the second table applies
tointersectionsrequiring system-related solutions. The alter-
natives listed in these tables emphasi ze operational improve-
ments; the analyst isreferred to Chapter 11 of the Manual of
Transportation Engineering Sudies (6) for acompletelist of
safety problems, causes, and possible solution alternatives.

I nter section-Specific Alternatives. Table 2-2 identifies
problems commonly encountered at intersections. Thistable
also lists potentia corrective strategies and candidate alter-
natives. Problemsand causes other than those listed may also
be known to exist at a specific intersection. In these situa-
tions, judgment should be used to identify the appropriate
improvement alternatives.

The characteristics of the potential alternatives listed in
Table 2-2 are indicated by underline and italic font. Alter-
natives that affect traffic operations (e.g., motorist delay)
areunderlined. Alternatives showninitalics should be eval-
uated for viability in the next step (i.e., Step 3 - Select
Viable Alternatives).

To illustrate the use of Table 2-2, consider a minor-road
i ntersection approach observed to have excessive delay caused
by inadequate separation of its traffic movements. Table 2-2
indicates that one corrective strategy is to separate the con-
flicting movements by using one of thefollowing alternatives:
(1) add asecond lane on the approach or (2) increaseright-turn
radius. This latter alternative would widen the throat of the
approach and effectively separate right-turning vehicles from
through and left-turning vehicles.

System-Related Alternatives. Table 2-3 lists the prob-
lems that may be found at non-isolated intersections. These
intersections have an influence area that extends beyond the
limits of the subject intersection and includes the adjacent
intersections (either unsignalized or signalized). Theimprove-
ment alternativeslisted in both Table 2-2 and Table 2-3 should
be considered when the intersection is not isolated. The alter-
natives that affect traffic operations are underlined; those
alternatives whose viability can be evaluated in the next step
areitalicized.

2-b. Organize and Select Alternatives

Overview. During thistask, the potential alternatives are
screened to determine if they are suitable candidates for the
subject location and whether their immediate implementa-
tion is more cost-effective than the conduct of aformal engi-
neering study. If no aternatives are selected for immediate
implementation, the alternatives that remain after screening
represent the “ candidate” improvement alternatives. These
alternatives are then advanced to Step 3.

Identify Candidate Alternatives. Initially, the list of
potential improvement alternatives should be screened for



TABLE 2-2 Potential inter section-specific, engineering improvement alter natives

Observed Approach! Observed Corrective
Problem _ _ Cause Strategy Potential Alternatives®
Minor Major
LIT|R|L|T]|R
Delayand | - | vV | -- | - | ¥ | - |Excessive parking Reduce activity. Prohibit on-street parking during peak hours.
Conflict® activity. Prohibit on-street parking permanently.
vV | v |v ]V |V |V |Excessive pedestrian |Separate Deploy crossing guard.
volume. conflicting flows. |Relocate crosswalk.
Convert to traffic signal (with pedestrian actuation).
Provide guidance. |Add warning signs.
-1 -1 -1|v | v | v |Inadequate separation | Separate Add (or lengthen) left-turn or right-turn bays.
of major-road conflicting flows. |Increase right-turn radius.
movements.
Delay viv |V | -] -] - |Inadequate capacity |Increase Convert to roundabout.
for minor-road approach capacity. | Convert to Yield control (if currently stop-controlled).
movements. Convert to traffic signal (with possible flash mode).
Convert to multi-way stop control.
vV |V |v | - | - | - |Inadequate separation | Separate Add a second lane on minor road.
of minor-road conflicting flows. |Increase right-turn radius.
movements.
vV | -1|-1+v ] --| -- |Inadequate capacity |Increase capacity. |Convert to traffic signal (with possible flash mode).
for left-turn Convert to roundabout.
movements.
Reduce demand. | Prohibit left turns during peak hours with signing.
Prohibit left turns permanently with channelization.
Conflict? [ v |V |vV |V | -~ | - |Inadequate sight- Remove view Relocate or remove objects blocking driver view.
distance along major |obstructions. Prohibit on-street parking permanently.
road (possibly due to Offset opposing left-turn movements.
high major-road o e .
spgeed) / Reduce needed Reduce speed limit (if justified).
) sight distance. Convert to multi-way stop control.
Convert to traffic signal (with possible flash mode).
v |V ]v ]|V ]V | v |Inadequate protection | Separate Add island channelization.
for pedestrians. conflicting flows. |Install crosswalks and/or sidewalks.
v |v|v ]| - | - | - |Inadequate sight- Remove view Relocate or remove objects blocking driver view.
distance along minor |obstructions. Prohibit on-street parking permanently.
road.
Change mode. Convert to two-way Stop control.
Convert to roundabout.
v{iv|v | -] - | -~ |Lack of awareness of |Change mode. Convert to two-way Stop control.
Yield sign (driver Convert to roundabout.
error). -
) Provide guidance. | Add rumble strips.
Add warning signs and/or devices.
vV|iv |v | - | - | - |Intentional stop Change mode. Convert to two-way Yield control.
violation. Convert to roundabout.
vV|v |v | - | - | -~ |Lack of awareness of |Change mode. Convert to roundabout.
Stop sign (driver Convert to traffic signal (with possible flash mode).
error). -
) Provide guidance. | Add rumble strips.
Add warning signs and/or devices.
Notes:

1 - Movements: L = left-turn, R = right-turn, T = through movement.
2 - Conflicts can include erratic maneuvers, collisions, or non-compliance with control devices.
3 - Underline = alternative has an effect on traffic operation; Jltalics = alternative can be evaluated for viability in Step 3.
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TABLE 2-3 Potential system-related, engineering improvement alter natives

Observed Approach! Observed Corrective
Potential Alternatives®
Problem Minor Major Cause Strategy otentia ernatives
LI|T|R|L|T]|R
Delayand |V | -- | vV | V| -- | ¥ |Excessive Reduce Add or improve alternative routes.
conflict? volume due to  [diversion Employ calming techniques to discourage diversion.
traffic diversion. | demand. Prohibit left-turns permanently with channelization.
Delay vViv]v |V |- |- |Staggered Modify Adjust signal timing at upstream signals.
platoons restrict |arrival Relocate subject intersection (if possible).
capacity. patterns.
Concentrate | Convert to traffic signal (coordinated system).
and organize
platoons.

vV |v |- | v |V |V |Queuespillback |Increase Adjust signal timing at downstream signal.
from downstream |Modify signal coordination.
downstream capacity. Add traffic lanes at downstream signal.
signal. Separate Relocate subject intersection (if possible).

conflicts.
Provide Add advisory signing (i.e., do not block
guidance. intersection).

v | v |- |v ]|V | - {Queuespillback |Increase Add (or lengthen) bay at downstream intersection.
due to downstream |Convert downstream intersection to traffic signal.
downstream capacity.
unsignalized Reduce Prohibit left-turns at downstream location.
left turn.

demand.
Provide Add advisory signing (i.e., do not block
guidance. intersection).

Notes:

1 - Movements: L = left-turn, R = right-turn, T = through movement.
2 - Conflicts can include erratic maneuvers, collisions, or non-compliance with control devices.
3 - Underline = alternative has an effect on traffic operation; ltalics = alternative can be evaluated for viability in Step 3.

suitability on the basis of firsthand knowledge of site con-
straintsand agency preferences. For example, if the sitebeing
studied isin adowntown areawhere right-of-way islimited,
the analyst may choose to eliminate options that will require
the acquisition of significant amounts of right-of-way. This
screening is performed without the collection of additional
data, so only options that would clearly not be acceptable
should be eliminated.

Identify Alternatives Suitable for Immediate Imple-
mentation. All low-cost alternatives should be considered for
immediate implementation and evaluation. An dternative's
“cost” includesthedirect cost of itsimplementation aswell as
any indirect cost to adjacent land users and the environment.
Low-cogt aternatives are defined as those alternatives that
have a cost that is significantly less than that of the formal
engineering study. Typical low-cost dternatives include ad-
visory signing, revised pavement markings, and vegetation
removal (to improve sight lines).

If any low-cost aternatives have been identified, the engi-
neer can proceed directly to theimplementation stage. Inthis
stage, the low-cost alternative(s) would be programmed for

implementation and monitored for effectiveness. If afollow-
up observational study reveals that the alternatives imple-
mented in this manner have not substantially improved the
reported problems, then a new assessment process should
be initiated.

Step 3. Select Viable Alternatives

Thethird step in the alternative identification and screen-
ing stage is to determine the viability of the candidate
alternatives identified in Step 2. The tasks in making this
determination are to

a. Gather information and
b. Assess and select alternatives

In thefirst task, relevant guidelines are identified, and corre-
sponding data are collected to facilitate the evaluation of the
candidate alternatives identified in Step 2. Then, in the sec-
ond task, the guidelines are used to determine which of the
candidate alternatives are more viable than the others.



The purpose of Step 3 is to screen out those alternatives
that arenot likely to have asignificant positive effect oninter-
section operations. By screening out these alternatives, it is
hoped that the list of aternatives to be evaluated during the
engineering study (described in Chapter 3) will be reduced so
that it includes only the most promising alternatives.

3-a. Gather Information

Overview. The procedurefor selecting viable aternatives
is based on a review of guidelines that indicate when an
improvement alternativeislikely to be effective. These guide-
lines are provided in the Guidelines section of this chapter. If
desired, other guidelines may be added or substituted by the
responsible agency. The Guidelines section addresses the
following alternatives:

+ Add flash mode to signal control,

» Convert to traffic signal contral,

+ Convert to multi-way stop control,

« Convert to two-way stop control,

+ Convert to two-way yield control,

* Prohibit on-street parking,

+ Prohibit left-turn movements,
 Convert to roundabout,

* Add a second lane on the minor road,

+ Add aleft-turn bay on the major road,
» Add aright-turn bay on the major road,
* Increase the length of the turn bay, and
* Increaseright-turn radius.

(The order inwhichthesedternativesarelisted isarbitrary and
isnot intended to convey any sense of priority or importance.)

Alternative Categories. Some aternatives offered in
Tables 2-2 and 2-3 are not included in the list above. These
omissions occurred because (1) there is no formal guidance
availableintheliterature, or (2) the alternative' s effect cannot
be quantified in terms of delay. Therefore, it is possible that
only asubset of the candidate alternatives can be evaluated in
this step.

Table 2-4 indicates the action to be taken based on the
alternative' s effect and guideline availability. At the onset of
this task, Table 2-4 should be consulted for each candidate

TABLE 2-4 Categories of candidate alternatives

11

alternative to determine the appropriate action. Alternatives
in Category | should be assessed using the process described
in this section.

Identify Data. The next activity to be undertaken for this
task isto gather the data needed to apply the guidelines appli-
cableto each Category-| alternative. The specific typesof data
needed to evaluate each guideline arelisted in Table 2-5. The
list is generally complete for al of the guidelines shown;
however, additional data may be needed in specific situa-
tions. In all cases, the analyst should review the guideline, as
described in the Guidelines section, to determineif additional
data are needed. Data needed for one guideline, Prohibit
Left-Turn Movements, are not listed in thetable because they
are unique; however, they are described in the Guidelines
section of this chapter.

Before gathering any data, the analyst should identify the
specific data needed for the collective set of guidelines to
be evaluated. Frequently, data needed for one guideline can
be used for another guideline. The datacollection plan should
take advantage of such overlap to avoid redundancy.

If thetraffic signal or multi-way stop control alternativeis
being considered, the analyst should note that only one com-
ponent of the respective warrants or criterianeed to be satis-
fied to designate the alternative as“viable.” Thus, the analyst
should determine which of the signal warrants and the multi-
way stop control criteria will be evaluated and collect data
only for these selected warrants and criteria. Often, the prob-
lems and causes identified in Step 2 will direct the selection
of the warrants or criteria to be evaluated. When this is not
the case, Hawkins and Carlson (7) recommend eval uation of
MUTCD 2000 Warrants 1, 2, and 3 asafirst step, becausethe
associated data require the least effort to collect.

Collect Data. Theproceduresfor collecting the dataneeded
to evaluate the selected guidelines will vary depending on
whether the subject intersection exists or is proposed for con-
struction. For existing intersections, appropriate data collec-
tion procedures are described in the Manual of Transporta-
tion Engineering Sudies (6). For proposed intersections,
techniques described in Appendix C can be used to estimate
turn movement volumes from forecast average daily traffic
demands. Regardless of the source, the data should represent
traffic conditions occurring on an “average day” (i.e., a day

Alternative Effect' | Guideline Availability? Category
Operational Yes, provided. L. Viability can be assessed in Step 3.
No, not provided. II. Viability cannot be assessed, proceed to engineering study.
Safety No, not provided. III. Alternative assessment is beyond the scope of this guide.
Notes:

1 - Alternatives that have some direct effect on motorist delay are denoted by an underline in Tables 2-2 and 2-3.
2 - Refers to guidelines provided in the Guidelines section of this chapter.
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TABLE 2-5 Dataneeded to evaluate guidelines

Data Guideline*®* (numbers indicate hours of data needed)
Approach | Smallest Signal Warrant FM| MW |TW|Pk|Rb|2L{LB|RB|BL|RR
Category Major |Minor| Interval [ 1 T T3T4TsT6]7]8 B
Approach volume v hour 81411 24 8 1 8 1
v hour 81411 24 8 i 8

v v day v
Turn movement v hour 1 1 1 1
volume v hour 1 1

v v day v
Heavy vehicle v v hour 1
volume v v day v
Pedestrian volume v hour 411 4 8

(4 v day v
Gap frequency (4 hour 411
Speed v day Vi iviv v vi{v VI VIV |v
Progression quality v day v
Delay v hour 1 1
Intersection sight dist.| ¢ v - v
Safe approach speed v -- v
Area population - viviv (4
Number of lanes v v - vViviv viv|v v
Road classification v v - v v
Bay length v v - v
Right-turn radius v v -- v
Crash history by type | ¢/ v 1-year v v v

Notes:
a- Guidelines:

FM - Flash mode signal control;
Pk - On-street parking restriction;
LB - Left-turn bay;

RR - Right-turn radius.

Rb - Roundabout;
RB - Right-turn bay;

MW - Multi-way stop control;

TW - Two-way stop or yield control;
2L - Second lane on minor road;
BL - Bay length;

b - Numbers at the top of the Signal Warrant column and letters at the top of the MW column refer to the warrant or criterion in MUTCD 2000 (1).

c-
hours.

representing traffic volumes normally and repeatedly found at
alocation).

3-b. Assess and Select Alternatives

Overview. Duringthistask, the Category-| alternativesare
evaluated in order to develop a subset list of viable aterna
tives. The information gathered in Task 3-ais used to evalu-
ate each alternative using the appropriate guideline. The steps
involved in the application of each guiddline are listed in the
Guidelines section. Those alternatives that satisfy their corre-
sponding guideline should be considered “viable’ and evalu-
ated moreformally during the engineering study (described in
Chapter 3).

At thispoint, some alternatives may appear |ess promising
than othersdo intermsof their ability to solve aproblem, and
the analyst may be tempted to drop the less promising alter-
natives. However, these aternatives may providethebest bal-

Numbers shown in the table indicate the minimum number of hours for which data are collected. These hours must represent the highest volume

ance between implementation impact and improvement ef-
fectiveness. The most appropriate aternative can only be
accurately identified after the effectiveness of each alterna
tive hasbeen eval uated during the engineering study. In short,
all viable aternatives should be advanced to the engineering

study stage.

Traffic Signal Alternative | ssues. Two issues should be
addressed when the traffic signal aternative is found to be
viable(i.e., one or morewarrants are satisfied). Consideration
of these issues is important because of the potential for the
signal to affect intersection operation or safety negatively.
Thefirst issue relates to the belief of some engineersthat the
traffic signal isthe most direct means of solving all intersec-
tion problems. The second issue relates to the presence of
atypical (or problematic) conditionsthat may reduce the util-
ity of the warrant check.

With regard to thefirst issue, the analyst might beinclined
to drop al other aternatives when traffic signal control is



found to be viable. However, the consegquences of dropping
the other alternatives can be significant. For example, stud-
ies show that when stop control is converted to signal control
and the intersection volume “just” satisfies a warrant, the
resulting overall delay oftenincreases. Specifically, Williams
and Ardekani (8) found that delays increased by as much
as 113 percent; Kay et a. (9) found that delays increased
200 percent; and Bissell and Neudorff (10) found that delays
increased by 10 seconds per vehicle (s/veh) when traffic sig-
nals were used to replace two-way stop control. Therefore,
when the signal control aternative is found to be viable, the
analyst is strongly encouraged to identify and advance other
alternatives to the engineering study stage.

Regarding the second issue, atypical or unusual traffic,
signalization, or geometric conditions may reduce the accu-
racy of the results of the warrant check. Some of the more
frequently encountered problematic conditions include the
following:

+ Right-turn volume on the minor road,

* Heavy vehicles on the minor road,

* Pedestrian volumes,

* Progressive traffic flow on the major road,
* Three-leg intersection,

+ Added through lane on the minor road,

* Left-turn bay,

* Right-turn bay, and

* Wide median on the major road.

(The order in which the conditions are listed is arbitrary and
isnot intended to convey any sense of priority or importance.)

With regard to the second issue, guidance provided in the
Guidelines section can be used to determineif a problematic
conditionislikely to affect the results of thewarrant check. If
aproblematic condition exists, then the effect of the condition
onintersection operations should be carefully evaluated in the
engineering study stage.

GUIDELINES

Thissection provides guidelinesthat can be used during the
alternative identification and screening stage. These guide-
linesare presented in two separate sectionswith thefollowing
titles:

1. Guidelines for Use of Selected Geometric and Traffic
Control Alternatives.

2. Conditions Affecting the Accuracy of Conclusionsfrom
the Signal Warrant Check.

The first section describes guidelines that can be used to
evaluate the viability of 13 alternatives. The second section
describes nine problematic traffic, signalization, or geomet-
ric conditions that reduce the accuracy of the results of the
warrant check.

13

Guidelines for Use of Selected Geometric
and Traffic Control Alternatives

Overview

This section provides guidelines that can be used to deter-
mine when varioustraffic control devices and geometric ele-
ments may be helpful inimproving intersection operations or
safety. These guidelines were obtained primarily from refer-
ence documentsthat are generally recognized as authoritative
guides on engineering practice. Other sources for the guide-
linesinclude reports documenting significant research efforts
whose recommendations are intended for nationwide appli-
cation. The alternatives for which guidelines are provided in
this section include

+ Add flash mode to signal control,

+ Convert to traffic signal control,

+ Convert to multi-way stop control,

+ Convert to two-way stop or yield control,
* Prohibit on-street parking,

* Prohibit left-turn movements,
 Convert to roundabout,

+ Add a second lane on the minor road,

+ Add aleft-turn bay on the major road,
+ Add aright-turn bay on the major road,
* Increase the length of the turn bay, and
* Increase the right-turn radius.

(The order inwhich the alternatives are listed isarbitrary and
isnot intended to convey any sense of priority or importance.)

The guidelines described in this section tend to be conser-
vative such that they indicate only when an alternative may
behelpful (i.e., viable). If an aternativeisfound to satisfy the
guideline threshold conditions, then the effectiveness of the
alternative should be verified through the conduct of an engi-
neering study (as described in Chapter 3). The results of the
engineering study should form the basis for any recommen-
dation to implement an aternative. In contrat, if the guide-
lineis not satisfied, then it should be assumed that the corre-
sponding alternative is not viable and should be dropped
from further consideration.

Finally, the guidelines provided in this section do not in-
clude all possible improvement aternatives. The guidelines
provided are believed to correspond to the more commonly
implemented alternatives. Judgment may be needed to iden-
tify viable alternativesfor intersectionsthat have unique oper-
ating or geometric conditions or when several aternativesare
proposed for use in combination at a specific intersection.

Add Flash Mode to Sgnal Control

Introduction. Intersectionswith light-to-moderatetraffic
demands may benefit from traffic signal control during the
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hours of peak demand but may not derive benefit during off-
peak hours. When this benefit results from a reduction in
motorist delay, it may be useful to operatethesignal inaflash
mode during the off-peak hours. Flash mode may consist of
ayellow/red combination or a red/red combination. For the
yellow/red combination, the major road isflashed yellow and
the minor road is flashed red.

Pusey and Butzer (11) indicate that flash mode operation
has several benefits. These benefits can include

* Reduced stops and delays to major-road traffic,

* Reduced delay to minor-road traffic,

* Reduced electrical consumption, and

* Reduced vehicular fuel consumption and traffic noise.

A review of theliterature by Kacir et al. (12) revealed that
yellow/red flash mode may be associated with higher crash
rates, especially when the ratio of major-road-to-minor-road
volumeislessthan 2.0.

Guidance. Benioff et a. (13) define conditions in which
flash mode is not likely to cause safety problems. Specifi-
cally, they recommend using flashing yellow/red when (1) the
total major-road volume is less than 200 vehicles per hour
(veh/h), or (2) when the ratio of major-road-to-minor-road
volumeisgreater than 3.0. Thisrecommendationisillustrated
in Figure 2-2 as the unshaded area.

Kacir et al. (12) compared the delays produced by flashing
yellow/red with those produced by traffic signal control. They
found that delays were significantly reduced when (1) the
major-road-to-minor-road volume ratio is greater than 3.0,
(2) the major-road volume is less than 250 vehicles per hour
per lane (veh/h/In), and (3) the higher approach minor-road
volume is less than 85 veh/h/In. These recommendations
were incorporated in Figure 2-2 with dashed lines (they are

based on an assumed directional distribution of 55/45 percent
for both roadways).

Application. The guidelines stated in the preceding sec-
tion (and shown in Figure 2-2) are intended to minimize the
operational impact of atraffic signal and maintain a reason-
able degree of safety. This guideline assumes that traffic sig-
nal control isaviable alternative (i.e., that one or more signal
warrants have been satisfied). Flash mode should be consid-
ered during each hour of the average day for which the major
and minor volumesfall in the unshaded region. If flash mode
isused, it should be used during extended periods (i.e., several
hours per period) each day to minimize driver confusion.

Application of this guideline requires two types of data:

1. Magjor-road and minor-road approach volumesfor each
hour of the average day and

2. Major-road and minor-road approach through-lane
count.

These traffic demands can be measured, or they can be esti-
mated as a fraction of the average daily traffic demand.
Kacir et al. (12) suggest the values listed in Table 2-6 can
be used to estimate demands during the late-night hours.
Also, the stopped drivers' unobstructed view of approach-
ing unstopped vehicles should be verified before flash mode
isimplemented.

Convert to Traffic Sgnal Control

Introduction. An intersection with a properly designed
and operated traffic control signal will have one or more of
the following benefits (relative to an intersection without a
traffic signa):
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TABLE 2-6 Hourly volume levels expressed as a per centage of aver age daily traffic demand

Volume Level Hour of the Day
12tolam.| 1to2am. | 2to3am. | 3to4am. | 4toSam. | S5to6am.
Percent of daily demand 0.8 0.5 0.4 0.2 0.2 0.5

» More orderly movement of traffic,

* Increased intersection capacity,

» Reduced frequency of certain types of collisions (e.g.,
right-angle),

» Continuous or nearly continuous movement of traffic
along the through route, and

* Reduced delay to minor vehicular and pedestrian
movements by interrupting heavy traffic at periodic
intervals.

If thetraffic signal is not properly designed or operated, one
or more of the following problems may result:

1. Excessive delay to all traffic movements,

2. Excessive disobedience of the signal indication,

3. Increased frequency of diversion through neighbor-
hoods, and

4. Increased frequency of certain types of collisions (e.g.,
rear-end).

These four problems may also be evident at a signalized
intersection whose traffic signal is no longer needed.

Guidance. The MUTCD 2000 describes eight warrants
that define conditionsin which atraffic control signal islikely
to improve intersection safety, operations, or both. These
warrants are listed in Table 2-7. If awarrant is met, then sig-
nal control may be appropriate. However, the appropriateness
of the signal should be confirmed through the conduct of an
engineering study (as described in Chapter 3).

Application. Collectively, thewarrantslistedin Table 2-7
address awiderange of factorsthat can affect safety and oper-
ations at an intersection. These factors include traffic vol-

umes, volume variations during the day, approach geometry,
major-road speed, crash frequency, motorist delay, and gap
frequency in the major-road traffic stream. Often, only a sub-
set of these warrants are evaluated because only one or
two warrants are likely to be sensitive to the problem being
experienced at the subject intersection.

Once the warrants to be evaluated are identified, the nec-
essary data are collected using appropriate field study tech-
nigues or estimation methods. The data needed to evaluate
each warrant are listed in Table 2-8. Procedures for collect-
ing these data are described in the Manual of Transportation
Engineering Sudies (6). Data collection procedures are also
described in “ Traffic Signal Warrants: Guidelines for Con-
ducting a Traffic Signal Warrant Analysis’ (7). For pro-
posed intersections, techniques described in Appendix C can
be used to estimate turn movement volumes from forecast
traffic demands.

Convert to Multi-Way Stop Control

Introduction. Multi-way stop control ismost useful when
intersection traffic volume is high enough to create frequent
conflicts and the traffic volume is evenly split between the
intersecting roads. Multi-way stop control may reduce the
number of crashes morethan will other, less-restrictiveforms
of control. Multi-way stop control can also resultin lessdelay
than other types of control when approach demandsare nearly
balanced and do not satisfy one or more of the MUTCD 2000
Warrants 1, 2, or 3.

Guidance. TheMUTCD 2000 (1, p. 2B-10) describesfour
criteria that define conditions in which a multi-way stop is
likely to improveintersection safety, operations, or both. If one

TABLE 2-7 Signal warrantsin the MUTCD 2000

No. Title

Basis

I

Eight-Hour Vehicular Volume

Sustained moderate volume overall or heavy volume major

Four-Hour Vehicular Volume

Heavy volume entering intersection during peak periods

Peak Hour

Very large volume or delay during the peak hour

Pedestrian Volume

Excessive delay to pedestrians and a large volume of pedestrians

School Crossing

Excessive delay to school children

Coordinated Signal System

Achieve/maintain progressive movement of traffic

Crash Experience

Frequent crashes and moderate volume

R |IN]|]n]ln]| bW

Roadway Network

Concentrate flow at intersection of two major roads
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TABLE 2-8 Data needed to evaluate the MUTCD 2000 signal war rants

Approach Smallest | Notes© | Study® Signal Warrant*
Category Major | Minor Interval 1123456 (7]8
Approach volume 4 hour i, il 2 8| 4 1 8 {8
v hour i i 8 | 4 1 81 8
Pedestrian volume v hour 13 4 1 4
Gap frequency v hour 1
Speed v day 3 vV | v |vVv 4
Progression quality v day 4 4
Delay v hour 5 1
Area population -- -- vViviv v
Number of lanes v v - -- vViv | v vV |V
Crash history by type v v 1-year 11 v

Notes:

a- Numbers at the top of each column indicate the warrant number. Numbers shown in the table indicate the minimum number of
hours for which data are collected. These hours must represent the highest volume hours.
b - Numbers shown refer to the chapter in the Manual of Transportation Engineering Studies (6) that describes appropriate data

collection procedures.
¢ - Supplemental notes:

i - Tum-movement volumes may be needed to determine the “effective” number of through lanes (see Note v).

ii - Signal Warrant 8 considers both existing and 5-year projected volumes during the average weekday and weekend day.
iii - Speed can be the posted, statutory, or measured 85" percentile speed.

iv - Only needed if the intersection lies in the built-up area of an isolated community.

v - Number of effective through lanes, as determined using guidance in Section 4C.01 of the MUTCD 2000 (1).

criterion is met, multi-way stop control may be appropriate.
However, this finding should be confirmed through the con-
duct of an engineering study (as described in Chapter 3). The
four guidance criteriaare asfollows:

A. Where traffic control signals are justified, the multi-
way stop is an interim measure that can be installed
quickly to control traffic while arrangements are
being made for the installation of the traffic control
signal.

B. A crash problem, asindicated by five or more reported
crashesin a12-month period that are susceptibleto cor-
rection by a multi-way stop installation. Such crashes
include right- and left-turn collisions as well as right-
angle collisions.

C. Minimum volumes:

1. The vehicular volume entering the intersection
from the major-street approaches (total of both ap-
proaches) averages at least 300 vehicles per hour
for any 8 hours of an average day, and

2. The combined vehicular, pedestrian, and bicycle
volume entering the intersection from the minor
street approaches (total of both approaches) aver-
ages at least 200 units per hour for the same 8 hours,
with an average delay to minor-street vehicular traf-
fic of at least 30 seconds per vehicle during the
highest hour, but

3. If the 85" percentile approach speed of the major-
street traffic exceeds 65 km/h (40 mph), the mini-
mum vehicular volume warrants are 70 percent of
the above values.

D. Whereno single criterion is satisfied, but where Crite-
riaB, C.1, and C.2 are all satisfied to 80 percent of the
minimum values. Criterion C.3 is excluded from this
condition.

Option:

Other criteria that may be considered in an engineering

study include:

A. The need to control left-turn conflicts.

B. The need to control vehicle/pedestrian conflicts near
locations that generate high pedestrian volumes.

C. Locations where a road user, after stopping, cannot
see conflicting traffic and is not able to safely nego-
tiate theintersection unless conflicting crosstrafficis
also required to stop.

D. Anintersection of two residential neighborhood col-
lector (through) streets of similar design and oper-
ating characteristics where multi-way stop control
would improve traffic operational characteristics of
the intersection.

Application. Collectively, the criteria listed in the pre-
ceding section address awide range of factorsthat can affect
safety and operations at an intersection. These factors in-
clude traffic volume, volume variations during the day, ap-
proach geometry, major-road speed, crash frequency, and
motorist delay.

Once the criteria to be evaluated are identified, the nec-
essary data are collected using appropriate field study tech-
niques or estimation methods. The data needed for each cri-
terion are listed in Table 2-9. Procedures for collecting
these data are described in the Manual of Transportation
Engineering Sudies (6).

Convert to Two-Way Sop or Yield Control

Introduction. The Stop sign is intended for intersection
approaches on which drivers need to stop before proceeding
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TABLE 2-9 Data needed to evaluate the MUTCD 2000 multi-way stop control criteria

Approach Smallest | Notes® Study® | Guidance Criterion®

Category Major Minor Interval B C

Approach volume v hour -- 2 8

v hour - 8

Pedestrian volume (4 hour - 13 8

Speed v day i 3 v

Delay (4 hour - 5 1
Crash history by type v v 1-year - 11 v

Notes:

a - Numbers shown indicate the minimum number of hours for which data are collected. These hours must represent the highest

volume hours.

b - Numbers shown refer to the chapter in the Manual of Transportation Engineering Studies (6) that describes appropriate data

collection procedures.
¢ - Supplemental Notes:

i- Speed can be the posted, statutory, or measured 85% percentile speed.

into the intersection. A benefit of stop control (over no con-
trol) is that it can improve overall intersection safety by
clearly defining which movements haveto yield the right-of-
way. On the other hand, stop control has some disadvantages
that include the following:

* Increased frequency of some collisions (e.g., rear-end
collision),

* Increased road-user costs through increased fuel con-
sumption and delay, and

* Increased air and noise pollution.

The Yield sign is used to inform drivers approaching an
intersection that they do not have priority at theintersection but
that stopping is not necessary if they can verify that the inter-
section will be clear when they reach it. Yield control is less
restrictive than stop control, but more restrictive than “no con-
trol.” Yield control tendsto be associated with more collisions
than stop control, but has a significantly lower road-user cost.

Guidance. The MUTCD 2000 (1, p. 2B-8) presents four
conditions where stop control may be appropriate:

A. Intersection of aless important road with a main road
whereapplication of thenormal right-of-way rulewould
not be expected to provide reasonably safe operation.

. Street entering athrough highway or street.

. Unsignalized intersection in asignalized area.

. High speeds, restricted view, or crash recordsindicates
aneed for control by the STOP sign.

o0n0w

The MUTCD 2000 (1, 2B-12) aso offers several condi-
tionswhereyield control may be appropriate. The conditions
applicable to intersections are as follows:

A. When the ability to see al potentially conflicting traf-
fic is sufficient to allow a road user traveling at the
posted speed, the 85" percentile speed, or the statutory
speed to pass through the intersection or to stop in a
safe manner.

C. At the second crossroad of a divided highway, where
themedian widthis9 m (30 ft) or greater. A STOPsign
may beinstalled at the entrance to the first roadway of
adivided highway and a YIELD sign may beinstalled
at the entrance to the second roadway .

D. At an intersection where a specia problem exists and
where engineering judgment indicates the problem to
be susceptibleto correction by theuse of the Yield sign.

With regard to the second Condition “A” above (i.e.,
“When the ability. .. ."”), the minor-road driver’s view of
the major road should not be obstructed by curvature,
grade, or abjectsin one or both of the quadrants adjacent to
the minor-road approach. Guidelines for determining the
minor-road driver’s sight distance needs are described in
Chapter 5 of the Manual of Transportation Engineering
Studies (6).

Box (14) developed guidelines for use of traffic control
signs at low-volume urban intersections. He recommended
consideration of roadway classification, crash history, and
the safe approach speed in determining the most appropriate
control mode. The recommendations made by Box have been
incorporated in Table 2-10.

Box (14) indicates that Table 2-10 should only be used for
intersectionswith atotal entering traffic volume of 300 veh/h
or less during the peak hour. He also cautions that the no-
control or yield-control options may not work well when the
total entering volume exceeds 100 veh/h.

Application. The guidance stated in the preceding sec-
tion indicates the conditions suitable to the use of two-way
stop or yield control. Using this guidance requires five types
of data:

1. Magjor- and minor-road approach volumes for the peak
hour of the average day;

2. Major-road 85" percentile speed (posted speed can be
substituted if data are unavailable);

3. Minor-road safe approach speed (based on available
intersection sight distance);
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TABLE 2-10 Candidate control for the minor-road approach?

Roadway Classification Crash Minor Road Control
(II-;i:t/o;-y;r) Safe Approach Speed, km/h (mph)*:

Major Minor <15 15to0 30 31to S0 > 50

(<10) (10 to 20) (21 to 30) (= 30)

Local Local <2/4 Stop Stop Yield none*

2 2/4 Stop Stop Yield or Stop Yield

Collector Local <2/4 Stop Stop Yield Yield

> 2/4 Stop Stop Stop Yield
Collector Collector <2/4 Stop Stop Stop Yield or Stop
> 2/4 Stop Stop Stop Yield or Stop

Notes:

1- Table is only applicable to intersections in urban areas with a total entering volume of 300 veh/h or less during
the peak hour. Two-way stop, multi-way stop, or signal control should be considered for higher volumes.

2 - Collisions susceptible to correction by stop or yield control (e.g., right-turn, left-turn, and right-angle collisions)
on the lower-volume approach. Two collisions in a 12-month period or four in a 3-year period.

3 - Safe approach speed for minor-road drivers; based on an evaluation of their sight distance to major-road vehicles.

4 - *“none”: no control at intersection. May be limited to a total entering volume of 100 vel/h during the peak hour.

4. Major- and minor-road classification; and
5. Crash history for the previous 12-months asaminimum,
but preferably for the previous 3 years.

These data would be used with Table 2-10 to determine the
most appropriate minor-road control mode. The conditions
from the MUTCD 2000 listed (see the preceding Guidance
section) should be assessed in combination with Table 2-10.
If any of these conditions appear satisfied or if the conclusion
reached from the use of Table 2-10 indicatesthat stop or yield
control is appropriate, then stop or yield control may be a
viable aternative for controlling the minor-road intersection
approach.

Prohibit On-Street Parking

Introduction. Parking maneuversinto or out of on-street
parking stalls can affect the operation and safety of the
through traffic lane adversely. The stalls can be either angle
or paralel with the curb. The time required for the parking
maneuver is shorter for the angled stall than for a parallel
parking stall. However, when leaving the stall, it is faster to
leave a parallel parking stall than to leave an angled stall.
M easurements indicate that the total blockage for both man-
euvers is about 36 s. Chapter 16 of the Highway Capacity
Manual (15) indicates that such maneuvers momentarily
block the adjacent through lane and can significantly reduce

intersection capacity if they occur within 76 m (250 ft) of the
stop line.

Parking on the intersection approach can also have safety
conseguences. Cleveland et al. (16) report two studies indi-
cating that theremoval of parking can reduce crash frequency
by 16 to 32 percent. Parked vehicles along one road can also
create saf ety problemsfor drivers on the intersecting road by
blocking the driver’s view of conflicting traffic.

Guidance. Special Report 125: Parking Principles (17)
describes guidelines for determining when to prohibit on-
street parking. These guidelinesindicate maximum flow rates
that can be associated with on-street parking. Table 2-11
summarizes the guidance provided.

Application. The guidance described in the preceding
section describes conditions that may justify the prohibition
of on-street parking. Use of this guidance requires two types
of data:

1. Magjor- and minor-road approach volumesfor 8 or more
hours of the average day.
2. Major- and minor-road approach through-lane count.

Table 2-11 should be consulted once for each hour of inter-
est on a given intersection approach. Each approach is indi-
vidually evaluated. If the combination of volume and lanes

TABLE 2-11 Guidelinesfor determining when to prohibit on-street parking

Type of Prohibition

Maximum Volume (1-direction), veh/h/In

1-Lane Approach 2-or-more-Lane App.

Prohibit parking along entire street.

400 600

Prohibit parking within 46 m (150 ft) of intersection stop line.

300 500




exceeds the maximum value listed in the table, then parking
prohibition should be considered a viable alternative for the
subject approach during the specified hour. If it isdetermined
that parking should be prohibited during any 1 hr, it would
be preferable to prohibit parking during several hours (e.g.,
7:00 am. to 6:00 p.m.) to minimize enforcement problems.
However, parking prohibition during just the peak traffic
demand hours can be considered.

Prohibit Left-Turn Movements

Introduction. Left-turning vehicles at an unsignalized
i ntersection can create numerous operational and safety prob-
lems. Theleft-turn maneuver tendsto require alonger service
time than the through maneuver. In fact, even modest | eft-
turn volumes can cause safety or operational problems, espe-
cialy when there isinadequate storage for left-turn vehicles.
When the right-of-way needed to provide this storage is not
available, left-turn restriction (through regulation or chan-
nelization) is a means of eliminating these problems. How-
ever, the potential benefits of turn restriction should be care-
fully weighed against theincreased travel time and trip length
that islikely to be incurred by redirected motorists.

Guidance. Turn restrictions at an intersection should be
carefully considered because they can cause traffic to divert
to other, local roads. In general, the analyst should ensure
that turn restriction is part of a larger program intended to
identify the ultimate cause of the left-turn problem. Causes
of such problems may include inadequate left-turn capacity
at adjacent signalized intersections, inadequate | eft-turn stor-
age at the subject intersection, and inadequate arterial travel
speed (such that traffic diverts through neighborhoods via a
[eft-turn).

The following guidelines can be used to identify the con-
ditions suitable for left-turn restriction at existing intersec-
tions. These guidelines are based on the criteria offered by
Koepke and Levinson (18).

+ Left-turn-related delay, conflicts, or crash frequency
should be at unacceptable levels.

« An aternative route is available for the redirected |eft-
turn vehicles.

« Thealternative route is not expected to add morethan a
few minutes to the redirected motorist’s travel time.

* Theintersectionisinan urban or suburban area. (Note: in
suburban settings, turn restriction is generally not found
except where such treatments are part of an areawide
circulation plan.)

If operational problems are only experienced during the
peak hours, then left-turn restriction during these hours may
beaviableaternative. If operational problems exist through-
out the day and provision of a left-turn bay (of adequate
length) is not an option, then full-time left-turn restriction
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may be aviable alternative. Regardless of the duration of the
restriction, all four of the above criteria should be satisfied
before turn restriction is given further consideration.

Application. The guidance described in the preceding
section can be used to determineif left-turn restriction might
improve operations or safety at an intersection. Evaluation
of this guidance requires three types of data (as measured
during the morning peak hour, afternoon peak hour, and one
representative off-peak hour of the average day):

1. Delay resulting from left-turn vehicles queued in a
through lane because of nonexistent or inadequate bay
storage;

2. Left-turn-related traffic conflicts (or left-turn-related
crash history for the previous year); and

3. Travel timefor the likely alternative route(s).

The left-turn-related delay, conflict, and crash data should
be used to determine if turn restriction is needed and, if
needed, for what hours of the day. When turn restrictions only
need to be in place during certain times of the day, the turn
restriction should be shown by (1) a variable message sign,
(2) an internally illuminated sign whose legend is visible
only during the hours where the prohibition is applicable, or
(3) permanently mounted signs with a supplementary legend
stating the hours when the prohibition is in effect. If turn
restriction is needed throughout the day, then raised-curb
channelization should be considered to maximize compliance.

Convert to Roundabout

Introduction. The modern roundabout can offer opera-
tional and safety benefits that exceed those offered by other
forms of intersection control for certain conditions. Robin-
son et al. (19) indicate that roundabouts have the following
advantages:

1. They areeffectivetraffic-calming devices becausethey
reduce speeds.

2. They can reduce the frequency and severity of some
crashes (e.g., right-angle, head-on, and turn-rel ated).

3. They result in less delay than multi-way stop control.

4. They resultinlessdelay than two-way stop control when
volumes are sufficient to cause operational problems at
the two-way stop-controlled intersection.

5. They result in lessdelay than signal control when vol-
umes do not exceed the roundabout’ s capacity.

The roundabout also has some characteristics that may pre-
clude its use at some locations. These characteristics are as
follows:

1. Roundabouts may require more right-of-way than a
conventional intersection.
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2. They may not be easily traversed by large or over-sized
trucks.

3. Roundabouts may not yield efficient operation if the
major-road volume greatly exceeds the minor-road
volume.

4. They may not be conducive to through movement pro-
gression in coordinated signal networks.

5. They may not be conducive to serving pedestrian or
bicycle traffic.

Guidance. The report prepared by Robinson et al. (19)
provides some information on the conditions where modern
roundabouts are well suited. These conditions have been re-
stated in Table 2-12 interms of questionsto be answered when
considering aroundabout. The questions have been worded so
that the roundabout becomes a more viable aternative as the
number of questions answered “Yes’ increases.

The maximum daily service volume needed to answer
Question 2 in Table 2-12 can be obtained from Figure 2-3.
This figure was developed by Robinson et al. (19) and as-
sumes that (1) the peak hour has 10 percent of the daily vol-
ume, (2) onedirection of flow on each road has 58 percent of
the total two-way flow, (3) 10 percent of each approach vol-
ume is turning right, and (4) the maximum service volume
equatesto 85 percent of capacity. Figure 2-3 appliesto afour-
leg roundabout; if applied to athree-leg roundabout, the val-
ues obtained from the figure should be multiplied by 0.75. An
equation is offered in the footnote to Table 2-12 to facilitate
the computation of maximum service volume.

Application. The guidance stated in the preceding sec-
tion indicates the conditions in which a roundabout may be
desirable. Application of this guidance requires four types
of data:

1. Mgor- and minor-road approach volumes for the
average day;

2. Mgjor- and minor-road turn movement volumes for
the average day (used to compute average left-turn
percentage);

60,000
2 lanes/approach (50% wolume entering on major approaches)
50000 FF———————rooo -
2 lanes/approach (67% major)
40000 }------ T T

30,000 |-1 lane/approach (50% major) ~----------------------

Maximum Service Volume, veh/d

20,000 | 1 lane/approach (67% major)- -
10,000 |-~ - ol
0
0 10 20 30 40

Average Left Turn Percentage at Roundabout (%)

Figure2-3. Maximum daily service volumes for a four-
leg roundaboult.

3. Major- and minor-road approach sight distance; and
4. Major- and minor-road pedestrian, bicycle, and heavy
vehicle volumes for the average day.

Any evaluation of operational benefits derived as aresult
of the roundabout should consider operations throughout the
day because the roundabout offers significant operational
benefit (over stop or signal control) during off-peak hours.

Add a Second Lane on the Minor Road

Introduction. Thequality of service provided to the minor-
road movements at atwo-way stop-controlled intersectionis
dependent on the number of lanes provided. Typically, one
laneis shared by all movements on the minor-road approach;
however, sometimes a turn bay or second through lane is
added to reduce the delay to selected movements. A second
lane can be added as aright-turn bay, aleft-turn bay, or asec-
ond shared lane (i.e., through plus | eft in the inside lane and
through plus right in the outside lane). Of these options,
adding a right-turn bay is often the most effective as it can
significantly reduce the delay to the right-turn movement; it

TABLE 2-12 Worksheet to determine the suitability of modern roundabout

Question

Y/N

. Will operation as an uncontrolled or a two-way-stop-controlled intersection yield unacceptable delay?

. Is the daily entering volume less than the maximum daily service volume for a roundabout?!

. Is the subject junction located outside of a coordinated signal network?

. Is the entering driver’s view free of sight obstructions (e.g., due to grade, curvature, or vegetation)?

. Will the subject junction be infrequently used by large or over-sized trucks?

1
2
3
4. Is the ratio of major-road-to-minor-road volume less than 5.0?
5
6
7

. Will the subject junction be infrequently used by pedestrians and bicyclists?

Note:

' Maximum service volume (4-legs), veh/d = 3600 + 9000 /anes (1 +

el } - 94 lefts, where /anes = number

of roundabout entry lanes per approach, major = percent of volume enterin"éal(m the major-road approaches, and lefts
= percent of left-turns at junction. Maximum service volume (3-legs) = 0.75 * maximum service volume (4-legs).



can asoindirectly reducethe delay to the left-turn or through
movements by lessening their need to compete for service
with the right-turn movement.

One disadvantage of adding a lane to the minor-road ap-
proach is that it may require reallocating the existing pave-
ment or widening of the approach cross section. Sometimes
the pavement width needed for the additional laneisavailable
within the existing roadway cross section. In thisinstance, the
only impact is a reallocation of the paved surface through
modification of the pavement markings. However, in down-
town settings this reallocation may require the removal of
some curb parking stalls and can affect adjacent business sig-
nificantly. Occasionally, the cross section must be widened to
provide for the additional lane. If the needed lane width can
be provided within the available right-of-way, the cost may
be limited to that of construction. However, if additional
right-of-way is needed, the costs of acquiring thisproperty in
urban settings can be high.

Guidance. Theliterature does not offer guidance regard-
ing conditions where a second approach lane would benefit
from the operation of a minor-road approach. However, the
procedures in Chapter 17 of the Highway Capacity Manual
2000 (15) can be used to identify major- and minor- road vol-
ume combinations that would benefit operationally from the
provision of a second approach lane or bay. Bonneson and
Fontaine (20) developed Figure 2-4 using these procedures
and an assumed upper limit of 0.7 for the shared-lane, minor-
road volume-to-capacity ratio.

Application. Figure 2-4indicatesthe conditionsthat may
justify the use of two approach lanes. Use of the information
in this figure requires two types of data:

1. Mgjor-road approach volume for the peak hour of the
average day and

2. Minor-road turn movement volumefor the peak hour of
the average day (used to computeright-turn percentage).

Minor Road Volume
(one direction), veh/h

One approach lane ok. I

0 . ‘ : ‘ . .
200 400 600 800 1000 1200 1400 1600 1800 2000
Major Road Volume (total of both directions), veh/h

Figure 2-4. Guideline for determining minor-road ap-
proach geometry at two-way stop-controlled intersections.
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Figure 2-4 would be used once for each minor-road ap-
proach to the intersection. The appropriate trend line would
be identified on the basis of the percentage of right-turns on
the subject minor-road approach. If the volume combination
for the major and minor roadsintersects above or to theright
of thistrend line, a second traffic lane should be considered
for the subject minor-road approach. If a bay is selected for
addition to the intersection, it should be long enough to store
vehicles 95 percent of thetime (i.e., the bay should not over-
flow more than 5 percent of the time). Techniques for esti-
mating the 95" percentile storage length are provided in the
section, Increase the Length of the Turn Bay.

Add a Left-Turn Bay on the Major Road

Introduction. Provision of a left-turn bay on the major
road to a two-way stop-controlled intersection can signifi-
cantly improve operations and safety at the intersection. A
left-turn bay effectively separates those vehicles that are
slowing or stopped to turn from those vehicles in through
traffic lanes. This separation minimizes turn-related crashes
and eliminates unnecessary delay to through vehicles. Data
reported by Neuman (21) indicate that the crash rate for
unsignalized intersections can be reduced by 35to 75 percent
through the provision of aleft-turn bay.

One disadvantage of adding a bay to the mgjor-road ap-
proach is that it may require reallocating the existing pave-
ment or widening of the approach cross section. Sometimes
the pavement width needed for the additional laneisavailable
within the existing roadway cross section. However, in down-
town settings this reallocation may require the removal of
some curb parking stalls and can affect adjacent business sig-
nificantly. Occasionally, the cross section must be widened to
provide for the turn bay. If the needed width can be provided
within the available right-of-way, the cost may be limited to
that of construction. However, if additional right-of-way is
needed, the costs of acquiring this property in urban settings
can be high.

Guidance. Neuman (21) suggests that the following
guidelines should be used to determine when to provide a
left-turn bay on the major road of atwo-way stop-controlled
intersection:

1. A left-turn lane should be considered at any median
crossover on adivided, high-speed road.

2. A left-turn lane should be provided on the unstopped
approach of a high-speed rural highway when it inter-
sects with other arterials or collectors.

3. A left-turn lane is recommended on the unstopped
approach of any intersection when the combination of
intersection volumes intersect above or to the right of
the appropriate trend line shown in Figure 2-5.
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Figure2-5. Guideline for determining the need for a major-road left-turn bay at a two-way stop-controlled intersection.

Application. The guidance stated in the preceding sec-
tion defines the conditions that may justify the provision of a
left-turn bay. Application of thisguidance requirestwo types
of data:

1. Mgjor-road turn movement volume for the peak hour
of the average day and

2. Major-road 85" percentile speed (posted speed can be
substituted if data are unavailable).

Use of Figure 2-5 requires determination of the opposing
volume, the advancing volume, and the operating speed. The
opposing volume should include only the right-turn and
through movements on the approach across from (and head-
ing in the opposite direction of) the subject major-road ap-
proach. The advancing volume should include the left-turn,
right-turn, and through movements on the subject approach.
The operating speed can be estimated as the 85" percentile
speed. If the operating speed does not coincide with 60, 80,
or 100 km/h (i.e., 40, 50, or 60 mph), then interpolation can

be used or, as a more conservative approach, the operating
speed can be rounded up to the nearest speed for which a
figureis provided.

In application, Figure 2-5isused once for each major-road
approach to the intersection. The appropriate trend line is
identified on the basis of the percentage of left-turns on the
subject major-road approach. If the advancing and opposing
volume combination intersects above or to the right of this
trend line, aleft-turn bay should be considered for the subject
approach. If abay isincluded at the intersection, it should be
long enough to store left-turn vehicles 99.5 percent of the
time (i.e., the bay should not overflow more than 0.5 percent
of thetime). Techniquesfor estimating this storagelength are
provided in the section, Increase the Length of the Turn Bay.

Add a Right-Turn Bay on the Major Road

Introduction. Provision of aright-turn bay on the major
road to a two-way stop-controlled intersection can signifi-



cantly improve operations and safety at the intersection. A
right-turn bay effectively separates those vehicles that are
slowing or stopped to turn from those vehiclesin the through
traffic lanes. This separation minimizes turn-related colli-
sions (e.g., angle, rear-end, and same-direction-sideswipe)
and eliminates unnecessary delay to through vehicles.

One disadvantage of adding a bay to the major-road ap-
proach is that it may require reallocating the existing pave-
ment or widening of the approach cross section. Sometimes
the pavement width needed for the additional laneisavailable
within the existing roadway cross section. However, in down-
town settings this reallocation may require the removal of
some curb parking stalls and can affect adjacent business sig-
nificantly. Occasionally, the cross section must be widened to
provide for the turn bay. If the needed width can be provided
within the available right-of-way, the cost may be limited to
that of construction. However, if additional right-of-way is
needed, the costs of acquiring this property in urban settings
can be high.

Guidance. Hasan and Stokes (22) developed guidelines
for determining when to provide aright-turn bay on the major
road of atwo-way stop-controlled intersection. These guide-
lines were based on an evaluation of the operating and colli-
sion costs associated with the right-turn maneuver relative to
the cost of constructing a right-turn bay. The operating costs
included those of road-user fuel and delay. Separate guide-
lines were developed for two-lane and four-lane roadways.
These guidelines are shown in Figure 2-6.

Application. Theguidance describedinthe preceding sec-
tion defines conditions that may justify the provision of a
right-turn bay. Application of thisguidance requirestwo types
of data

1. Magjor-road turn movement volume for the peak hour
of the average day and

2. Major-road 85" percentile speed (posted speed can be
substituted if data are unavailable).

Figure 2-6 should be consulted once for each major-road
approach. If the combination of major-road approach volume
and right-turn volume intersects above or to the right of the
trend line corresponding to the major-road operating speed,
then aright-turn bay isaviable aternative.
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Figure2-6. Guideline for determining the need for a
major-road right-turn bay at a two-way stop-controlled
inter section.

Increase Length of Turn Bay

Introduction. Turn bay length can affect the safety and
operation of the intersection approach significantly. This
effect becomes more negative as the frequency with which
vehicles exceed the available storage increases. Also, for
unstopped approaches, this effect becomes more negative as
more of the turning vehicle's deceleration occurs in the
through lane, prior to the bay. The need to provide adequate
storage length, deceleration length, or both is dependent on
the type of approach control used and whether the vehicleis
turning left or right. Table 2-13 identifiesthe appropriate bay

TABLE 2-13 Turn-bay length components at unsignalized inter sections

Approach Control

Length Components

Left-Turn Bay

Right-Turn Bay

Unstopped

Storage Length + Deceleration Length

Deceleration Length

Stopped

Storage Length

Storage Length
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Figure2-7. Guideline for determining if the bay storage
length for an unstopped approach is adequate.

length components for typical combinations of approach
control and turn movement.

Guidance. A turn bay should be long enough to store
waiting vehicles amost al of the time and, in doing so, pre-
vent conflict between the through and turning movements. A
bay equal inlength to the 95" percentile queue (which allows
for a 5-percent probability of overflow) istypically used for
most stop- or signal-controlled approaches. A bay length cor-
responding to a 0.5-percent probability of overflow is rec-
ommended by Harmelink (23) for unstopped approaches in
recognition of the greater speed differential between through
and turning movements.

Figures 2-7 and 2-8 illustrate the combination of volume
and storage length that limit overflowsto 0.5 and 5 percent,
respectively. The trends in these figures are based on the
gueue length equation reported by Harmelink (23). The ca-
pacity needed for this equation was estimated using the pro-
cedures in Chapter 17 of the Highway Capacity Manual
2000 (15). The development of Figures 2-7 and 2-8 is de-
scribed elsewhere by Bonneson and Fontaine (20). A prac-
tical minimum storage length of 8 m (25 ft) is reflected in
both figures.

As indicated in Table 2-13, a bay on the unstopped ap-
proach to anintersection should al so provide sufficient length
for the turning vehicle to decelerate once it is clear of the
adjacent through traffic lane. A report by Koepke (24) pro-
vides an indication of the bay length needed for turn vehicle
deceleration. However, the lengths cited by Koepke include
both deceleration length and bay taper length. Subtraction of
thetaper length [estimated at 35 m (120 ft)] from the reported
lengths leaves a conservative estimate of the length of full-
width turn bay needed to facilitate the deceleration process.
Thislength is shown in Figure 2-9.

Application. The guidelines described in the preceding
section can be used to determine when turn-bay length may
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Figure2-8. Guideline for determining if the bay storage
length for a stopped approach is adequate.

need to be increased to minimize operational or safety prob-
lems associated with short turn bays. Application of this
guideline requires three types of data:

1. Mgjor- and minor-road turn movement volumesfor the
peak hour of the average day;

2. Major-road 85" percentile speed (posted speed can be
substituted if data are unavailable); and

3. Major- and minor-road bay lengths (taper length should
be excluded).

In application, each turn movement is considered sepa-
rately. Table 2-13 is consulted first to determine if storage
length, decel eration length, or both should be provided within
the bay for the subject approach. Next, Figures 2-7, 2-8, and
2-9 are consulted. The subject movement volume and con-
flicting volumes should be used to determine the minimum
length(s) needed from the appropriate figure(s). The operat-
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Figure2-9. Guideline for determining if the deceleration
length component of a bay is adequate.



ing speed can be estimated as the 85" percentile speed. The
conflicting volume should reflect those traffic streams that
have priority over the subject movement and that cross its
travel path within the intersection [see Chapter 17 of the
Highway Capacity Manual 2000 (15) for amore detailed def-
inition of conflicting volume]. If the available bay length is
less than the computed minimum length, then an increase in
bay length is aviable aternative.

Increase the Right-Turn Radius

Introduction. Theradius of theright-turn path can affect
the operation and safety of an intersection. Larger radii have
the following advantages:

» Onthemajor-road approach, they allow for higher speed
turns and by that, reduce delay to following through
vehicles.

» On the minor-road approach, they widen the throat of
the approach and effectively act asashort right-turn bay.

* They alow large trucks and buses to turn without
encroachment into adjacent lanes or onto adjacent

property.

Larger radii also have disadvantages. These disadvantages
include the following:

» They require more right-of-way.
» They may reduce pedestrian safety through increased
crossing distance and higher turn speeds.

The second disadvantage noted for large radii can be min-
imized through the inclusion of island channelization on
the outside of the right-turn path. Thisisland would have a
triangular shape and serve as a pedestrian refuge.

Guidance. The AASHTO document, A Policy on Geo-
metric Design of Highways and Streets (Green Book) (5) pro-
vides general guidance onthe minimum radii needed at inter-
sections in suburban or urban areas. These guidelines are
reproduced in Table 2-14.

Larger radii should be used when right-of-way isavailable
and pedestrian volumesare minimal. If larger radii aredesired
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and right-of-way is restricted, then a simple-curve-radius-
with-taper or a 3-centered curve may be used to increase the
“effective” radius without using as much right-of-way as a
simple radius. Desirable geometrics for these curves are de-
scribed in Tables 1X-1 and IX-2 of the Green Book (5). If
larger radii are desired and pedestrian volumes are sig-
nificant, then island channelization should be provided. The
Green Book lists several 3-centered curve designsin Table
I X-4 that produce islands meeting the minimum island size
requirements.

Hasan and Stokes (22) developed guidelines for deter-
mining when to provide a simple-curve-radius-with-taper
design onthe major road of atwo-way stop-controlled inter-
section. These guidelineswere based on an evaluation of the
operating and collision costs associated with the right-turn
maneuver relative to the cost of constructing a right-turn
bay. The operating costs included those of road-user fuel
and delay. Separate guidelines were devel oped for two-lane
and four-lane roadways. These guidelines are shown in
Figure 2-10.

Application. Theguidance provided inthe preceding sec-
tion can be used to determine if an intersection has adequate
right-turn radius design. Application of the Green Book (5)
guidance requires three types of data:

1. Heavy vehicle volume during the peak hour of the

average day;

Major- and minor-road classification; and

3. Major- and minor-road right-turn radius, measured to
the edge of the traveled way.

N

Asalfirst step, the engineer should decide whether asim-
ple curve radius or a more complicated curve design is ap-
propriatefor the subject intersection. In general, asimplecurve
radiusisappropriate for |ow-speed approachesto urban inter-
sections; otherwise, a simple-curve-radius-with-taper or a
3-centered curve design should be considered.

If asimple curveradiusis deemed appropriate, Table 2-14
is consulted once for each intersection approach. If the exist-
ing right-turn radius on a given approach does not equal or
exceed the value listed, then increasing the right-turn radius
should be considered a viable alternative.

TABLE 2-14 Guidelinefor determining the need for alarger smpleradius

Local or Collector Street!

Arterial Street

Few Trucks?

Many Trucks Few Trucks? Many Trucks

Minimum Simple Radius®, m (ft) 4.5 (15)

7.5 (25) 9 (30) 15 (50)

Note:

1 - If the local or collector street cross-section width is less than 11 m (36 ft), then use the “arterial street” criteria.
2 - “Few Trucks” is defined herein as being less than 10 trucks per hour.
3 - Radius is measured to the inside edge of the traveled way.
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Figure2-10. Guideline for determining the need for a
simple-curve-radius-with-taper.

If a smple-curve-radius-with-taper or 3-centered curve is
appropriate, the guidance devel oped by Hasan and Stokes (22)
should be consulted. Use of this guidance requires two types
of data

» Major-road turn movement volume for the peak hour of
the average day.

» Major-road 85" percentile speed (posted speed can be
substituted if data are unavailable).

In application, Figure 2-10 is consulted once for each
major-road approach. If the combination of major-road
approach volume and right-turn volume intersects above or to
the right of the trend line corresponding to the major-road
operating speed (estimated as the 85" percentile speed), then
asimple-curve-radius-with-taper or a 3-centered curve should
be considered aviable alternative.

Conditions Affecting the Accuracy of
Conclusions from the Signal Warrant Check

Overview

The MUTCD 2000 (1) signa warrants identify threshold
traffic volumes below which an intersection is not likely to
be amenable to traffic signal control. When a check of the
warrants reveals that volumes exceed these thresholds, then
an engineering study should be conducted to verify whether
the signal will improveintersection safety or operations. The
study is needed because the traffic or geometric conditions at
the subject intersection may differ enough from those as-
sumed in the warrants that the results of the warrant check
would be inaccurate.

Table 2-15 lists common problematic conditions. These
conditions are described in this section. Included in this
description isinformation that can be used to determineif the
condition is likely to exist at the subject intersection. If it is
determined that a problematic condition exists, then the effect
of the condition on intersection operations should be fully
evaluated during the engineering study stage.

Right-Turn Volume on the Minor Road

Minor-road right-turn vehicles at an unsignalized inter-
section incur less delay than the left-turn or through vehi-

TABLE 2-15 Problematic traffic, signalization, and geometric conditions

Applicable Intersection Approach
Category Problematic Condition Major Road Minor Road
Traffic 1. Right-turn volume - v
2. Heavy vehicles - v
3. Pedestrian volumes (4 v
Signalization 4. Progressive traffic flow v -
Geometry 5. Three-leg intersection -- v
6. Added through lane (4 -
7. Left-turn bay v (4
8. Right-turn bay - v
9. Wide median v -
Notes:

“..”. condition does not apply to the corresponding intersection approach.



cles. Thus, an intersection where minor-road drivers are pri-
marily turning right is less likely to derive benefit from sig-
nalization than one where most drivers are crossing through
or turning left.

The effect of minor-road right-turns is also recognized in
Section 4C.01 of the MUTCD 2000 (1). For shared-lane ap-
proaches, the MUTCD 2000 indicates that a portion of the
right-turning volume should be subtracted from the minor-
road volume when evaluating the volume-based signal war-
rants. For minor-road approacheswith an exclusiveright-turn
bay and adequate right-turn capacity, the MUTCD 2000 indi-
catesthat all of the right-turn volume can be subtracted from
the minor-road volume and that the right-turn bay should not
be included in the count of approach lanes. Without these
adjustments, it is likely that an intersection with moderate-
to-high right-turn volume will yield inaccurate conclusions
from the warrant check.

Thefollowing method can be used to determineif right-turn
volume on the minor road could influence the warrant check.
The method is based on signa warrant anadysis guidelines
developed by the Utah Department of Transportation (25).
Using this method, the actua right-turn volume is reduced on
the basis of consideration of the major-road volume that con-
flicts with the right-turn movement, the number of traffic lanes
serving the conflicting volume, and the geometry of the subject
minor-road approach. The rel ationship between thesefactorsis
illustrated in Figure 2-11.

To determine if a heavy right-turn volume might mislead
the warrant check, a second warrant check can be performed
using an adjusted minor-road volume. This adjusted volume
is computed as follows:

Adjusted Minor _ L - V, + Vg +Vy — Vg
Road Volume = SA9&OL 1y, v vy, -V,
with,
\/(:9 = 05V3 + ﬁ
2
Vs

Ve = 0.5V + W

5
where

V; = volume for movement i (movement numbers are
shown in Figure 2-12), veh/h;
V,¢ = right-turn volume reduction for movement 9 (obtained
from Figure 2-11 using conflicting major-road volume
V), veh/h;

V.1, = right-turn  volume reduction for movement 12
(obtained from Figure 2-11 using conflicting major-
read volume V.,,), veh/h;

Vo = conflicting major-road volume for movement 9;
veh/h;

V.1, = conflicting major-road volume for movement 12,
veh/h; and

N; = number of approach lanes serving through move-
ment i.
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Figure2-11. Minor-road right-turn volume reduction
for warrant check.

Thevolume reduction cannot exceed the corresponding right-
turn volume (i.e., Vo—V,9 = 0 and Vy,—V,3, = 0). Also, the
“Right-turn bay provided” casein Figure 2-11 can be used for
shared-lane approaches when the shared lane functions as a
de facto right-turn lane.

If the second warrant check yields different conclusions
than the first warrant check (i.e., the check based on un-
adjusted volumes), then right-turn volumes may be enough to
affect the accuracy of the warrant check. Inthissituation, itis
recommended that the effect of right-turns be fully examined
during the engineering study.

Heavy Vehicles on the Minor Road

Heavy vehicles on the minor-road approach to an un-
signaized intersection should logically increase overall delay.
This effect would result from the relatively large gaps that the
drivers of such vehicles need to cross or enter the major-road
traffic stream safely. Thus, an intersection with a significant
number of heavy vehiclesislikely to derive more benefit from
signalization than one where there are fewer heavy vehicles.

A study conducted by Henry and Calhoun (26, p. 31) re-
vealed that the volume of heavy vehicles must be “unusually
high” to have a significant impact on the warrant evaluation
process. Their report indicates that the heavy-vehicle per-
centage would have to exceed 5 percent during the peak traf-
fic hour to constitute “unusua” conditions. Therefore, if the
percentage of heavy vehicles exceeds 5 percent or if the ana
lystisuncertain of the effect of heavy vehicles (perhapswhen
combined with other factors such as grade) on intersection
operations, then the effect of heavy vehicles should be fully
evaluated during the engineering study.

Pedestrian Volume

Heavy pedestrian volume, as may be found in downtown
aress, may significantly increase vehicular delays at unsignal-
ized intersections. Thisincrease stemsfrom the additional con-
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Figure2-12. Movement numbers for right-turn volume adjustment.

flict between vehicular and pedestrian flows at theintersection.
Because of thisinteraction, an intersection with heavy pedes-
trian volumeislikely to derive more benefit from signalization
than one where there are fewer pedestrians.

The Highway Capacity Manual 2000 (15) procedure for
two-way stop-controlled intersection analysisaccountsfor pe-
destrians by including them in the number of events (vehicle
or pedestrian) that conflict with the non-priority movements.
This approach can also be used to determine if pedestrian
volume might mislead the warrant check. Specifically, it is
suggested that a second warrant check be performed with the
following adjusted volumes:

Adjusted Major _ V; +V, +V5 +V, +V5 +V5 +Vis +Vjg
Road Volume ~

Adjusted Minor _ Larger of: (V; + V5 +Vg, Vig +Vi; +Vpp,
Road Volume ~ Vis, Vha)

where
V; = movement volume shown in Figure 2-12.

Also, if the adjusted minor-road volume is based on a pedes-
trian volume, then the approach should be considered to have
one approach lane.

If the second warrant check yields different conclusions
than the first warrant check (i.e., the check based on unad-
justed volumes), then pedestrian volumes may be enough to
affect the accuracy of the warrant check. In thissituation, itis
recommended that the effect of pedestriansbefully examined
during the engineering study.

Progressive Traffic Flow on the Major Road

Signal coordination promotes efficient traffic movement
along the roadway by providing for the uninterrupted progres-
sion of through vehicle platoons. These platoons affect the
operation of an unsignalized intersection. If platoons arrive
simultaneoudly, there is a positive effect. Conversdly, if pla
toonsarrivein an alternating pattern, the effect isnegative. The
extent of the effect typically increases as the distance between
intersections decreases.

Chapter 17 of the Highway Capacity Manual 2000 (15) in-
dicates that the effect of an upstream signal decreases as the
distance between it and the subject intersection increases; the
effectisnegligiblefor distancesin excess of 400 m (1,300 ft).
Based on this guidance, platoon progression may affect the
accuracy of the conclusionsfrom the warrant check when the
subject intersection iswithin 400 m (1,300 ft) of an upstream
signalized intersection. If theanalyst isuncertain of the effect
of progression on the existing unsignalized intersection, then
the effect of platoon progression should be fully evaluated
during the engineering study.

Three-Leg Intersection

The performance of atwo-way stop-controlled intersection
can be greatly affected by the number of minor-road approach
legs. A four-leg intersection has higher delay per vehiclethan
one with three legs because of the increased number of con-
flicting movements. Therefore, the benefit derived by signal-



izing a three-leg intersection may be substantially less than
that derived by signalizing a four-leg intersection.

A simulation study conducted by Saka (27) indicated that
MUTCD 2000 Signal Warrant 1 (Condition A) has threshold
volumesthat arerelatively low when applied to three-leginter-
sections. Sakarecommended that a minimum major-road vol-
ume of 1,000 veh/h (total of both directions) and a minimum
minor-road volume of 200 veh/h should be sustained for the 8
highest hours of the average day beforethe traffic signal alter-
nativeis considered for athree-leg intersection. If thisvolume
level isnot sustained, but Signal Warrant 1 is satisfied, then it
is possible that the conclusion from the warrant check isin-
accurate. In this situation, the operation of the three-leg inter-
section should befully eval uated during the engineering study.

Added Through Lane on the Major Road

The outside through lane should be sufficiently long in
advance of and beyond the intersection that it is attractive to
through drivers. A through lane will not be fully used when
it extendsonly ashort distance before or after an intersection.
Instead, only turning drivers may use it. The consequences
of this problem are significant if the analyst misjudges the
utilization of the second lane of atwo-lane approach.

Guidelines provided in Chapter 10 of the Highway Capac-
ity Manual 2000 (15) can be used to determine how alane may
function at agiven intersection. These guidelinesare based on
the length of the lane, as measured along the intersection’s
approach and departure legs. The guidance is illustrated in
Figure 2-13.

Threeregionsare shownin Figure2-13. Theregion labeled
“Full lane” indicates combinations of approach and departure
lanelength that should allow the traffic lane to operate effec-
tively asathrough lanein the vicinity of theintersection. The
remaining two regions indicate lane lengths that would yield
partial or no use of the lane by through drivers.
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Figure 2-13. Effect of alane’'slength on its utilization by
through drivers.

29

The number of through lanes used in the warrant check
should reflect fully utilized lanes to avoid inaccurate conclu-
sions. If the number of lanes used in the warrant check does
not reflect “fully used” lanes (as suggested by Figure 2-13),
then it is possible that the conclusions reached from the
warrant check will be inaccurate. Regardless, if the analyst
is uncertain as to the effective number of through lanes at
an intersection, then the effect of lane use should be fully
evaluated during the engineering study.

Left-Turn Bay

The operation of the major- and minor-road traffic move-
mentsisaffected by the approach lane assignments. Provision
of an exclusiveleft-turn bay (of adequate length) separatesthe
[eft-turn movement from the through movement and generally
improvesthe operation of all movements, relative to ashared-
lane arrangement. Therefore, an intersection that has shared
lanesis likely to derive more benefit from signalization than
an intersection that has one or more left-turn bays.

Guidance is provided in Section 4C.01 of the MUTCD
2000 (1) as to how the effect of a left-turn bay can be
addressed in the warrant check. For left-turn bays that serve
about 50 percent of the approach traffic, it is suggested that
the left-turn bay be included in the count of major-road (or
minor-road) lanes. In contrast, for |eft-turn bays that serve a
minor percentage of approach traffic, the MUTCD 2000 (1)
suggests that the left-turn bay should not be included in the
lane count. In either case, the left-turn volumeisincluded in
the approach volume estimate.

Application of this guidance should improve the likeli-
hood of accurate conclusions from the warrant check. How-
ever, if the analyst is uncertain whether to include the left-
turn bay in the lane count, then the effect of the left-turn bay
should be fully evaluated in an engineering study. Similarly,
if an existing left-turn bay is believed to be too short, then it
is possible that the conclusions reached from the warrant
check will be inaccurate. In this situation, the benefit of the
bay should be fully evaluated during an engineering study.

Right-Turn Bay on the Minor Road

The provision of an exclusive right-turn bay (or the avail-
ability of sufficient approach width to facilitate operation
of a de facto exclusive right-turn bay) can significantly
improve the operation of the minor-road right-turn move-
ment, relative to a shared-lane arrangement. Therefore, an
intersection that has shared lanes is likely to derive more
benefit from signalization than an intersection with an
exclusive right-turn bay on the minor-road approach. A
method for determining whether the provision of a right-
turn bay will affect the accuracy of the warrant check was
described earlier in this chapter in the subsection, Right-
Turn Volume on the Minor Road.
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Wide Median on the Major Road

An unsignalized intersection with a major-road median
of sufficient width to accommodate (or store) one or more
crossing vehicles may operate astwo separate intersections,
each with a one-way major road. The frequency of such
“two-stage” crossing maneuvers increases with increasing
median width and with the willingness of driversto crossin
two stages.

The procedures in Chapter 17 of the Highway Capacity
Manual 2000 (15) indicate that two-stage operation can dou-
ble the capacity of the minor-road traffic movements (even
when the median is only 5 m in width). Therefore, in areas
where drivers frequently crossin stages, an intersection with
awidemedianislesslikely to benefit from signalization than
one where there is no median.

Intersections with median widths of 5 m (16 ft) or more
may be associated with inaccurate warrant check conclusions
if two-stage crossing behavior occurs with any frequency.

Therefore, when such conditions are believed to exist, the
potential for and the effect of two-stage crossings should be
fully evaluated during the engineering study.

Combination of Factors

The preceding discussion of problematic conditions is
focused on describing individual factors that may influ-
ence the accuracy of the warrant check conclusions. The
discussion associated with each condition was primarily
based on the assumption that only that condition would be
present at the subject intersection. Additional care should
be taken when two or more problematic conditions are
present at an intersection because i nteractions among these
conditions could amplify their effect on traffic operations.
More important, the existence of two or more problematic
conditions heightens the need for a thorough evaluation
during the engineering study.




CHAPTER 3
ENGINEERING STUDY

This chapter describes the engineering study stage of the
engineering assessment process. During this stage, the vari-
ousdternativesidentified in the aternativeidentification and
screening stage are evaluated in terms of their performance.
Those alternativesthat offer somelevel of improvement, rel-
ative to the existing intersection, are then advanced to the
alternative selection stage. The aternative selection stage is
the subject of the next chapter.

A procedure for evaluating the operational efficiency of
intersectionimprovement alternativesis presentedin thischap-
ter. The presentation is divided into two sections. In the first
section, the procedural stepsinvolvedintheoperationa assess-
ment process are defined. The second section provides guide-
lines for designing the signalized intersection aternative and
for using stochastic simulation models. The assessment of an
alternative sother impacts(e.g., safety) isanimportant element
of acomprehensive engineering study; however, proceduresto
guide these assessments are outside the scope of this guide.

PROCESS
Overview

The procedure for conducting an operational evaluation of
an intersection (and its potential improvement aternatives)
consists of three steps. These steps, described in this chapter;
are asfollows:

1. Determine study type,
2. Select analysistool, and
3. Conduct evaluation.

In thefirst step, issues are addressed that define the nature
of the study to be conducted. In the second step, the analyst
identifiesan analysistool on the basisof consideration of traf-
fic, geometry, and control conditions at the subject intersec-
tion and its alternatives. Finally, in the third step, the analyst
develops the alternatives to a preliminary design level and
then usesthe selected analysistool to quantify the operational
performance of the subject intersection and each aternative.

The objective of the engineering study stageisto determine
if a proposed improvement aternative is justified. An ater-
native isjustified if an analysisindicates that (1) it provides
a solution to the problem that precipitated the need for the
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study and (2) al traffic movements will operate safely and
efficiently. The objective of determining if a proposed im-
provement alternativeisjustified or not isachieved through
a process of designing and evaluating the viable alterna-
tivesidentified in the alternative identification and screen-
ing stage. The steps involved in this process are described
in the remainder of this section.

Step 1. Determine Study Type

The first step in the engineering study stage requires the
consideration of two issuesthat characterize the type of study
needed for the subject intersection. A procedure for resolv-
ing each issueis described in a separate task within this step.
The two tasks are

a. Determine type of operation and
b. Determine type of evaluation.

In the first task, the relationship between the subject inter-
section and any upstream or downstream signalized intersec-
tion is evaluated. Then, in the second task, the complexity of
each alternative is assessed, as is the corresponding level of
analytical detail needed for its evaluation. Together, these
determinations are used by the analyst to determine the best
balance between the thoroughness of the study and the degree
of certainty needed in itsfindings.

1-a. Determine Type of Operation

Overview. The first step in the engineering study is to
characterize the effect of an upstream signalized intersection
on the operation of the subject intersection. The existence of
nearby signalized intersections adds alevel of complexity to
the analysis process because the platoons from these inter-
sections can affect the operation of the subject intersection.
Moreover, if asignal aternative is proposed for the subject
intersection, then signal timing strategies that promote pro-
gression must also be included in the development of this
alternative.

Isolated or Non-Isolated. The nature of the evaluation to
be conducted is dependent on whether the subject intersection
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operatesin isolation or within asignal system. The evaluation
of an intersection that lies within a signal system (i.e., anon-
isolated intersection) requires consideration of the effectsof the
upstream signalized intersections. In contrast, the evaluation
of an isolated intersection does not have this requirement.

Figure 3-1 can be used to characterize the type of opera-
tion at the subject intersection. This figure was devel oped by
Bonneson and Fontaine (20) and is based on the “coupling
index” concept described by Orcutt (28) and by Hook and
Albers (29). They used this concept to define road segment
volumes and lengths that are likely to benefit from signal
coordination. It is used in this document to define the degree
of isolation at the subject intersection.

Useof Figure 3-1 requiresidentification of theroad segment
length and volume. The road segment length is the distance
between the subject intersection and the upstream signaized
intersection. The road segment volume is the peak-hour two-
way volume flowing between these two intersections. All al-
ternatives can be considered as “isolated” if the road segment
length exceeds 1600 m (5,200 ft).

Threeregionsareidentified in Figure 3-1. Each region char-
acterizes traffic platoons in terms of their size and concentra-
tion. The region labeled as “Sizeable platoons’ reflects very
concentrated and lengthy platoons on relatively short road
segments. If the subject intersection is associated with volume
and length valuesthat fall in thisregion, then it should be con-
sidered anon-isolated intersection. All aternatives associated
with this intersection should reflect consideration of platoon
effects. If the traffic signal alternative is being considered, it
should be coordinated with the upstream signal.

The region labeled as “Moderate platoons’ in Figure 3-1
reflects the likelihood of sizeable platoons over awide range
of segment lengths. If the subject intersection is associated
with volume and length values that fall in this region, then it
should be considered a non-isolated intersection. The effect
of traffic platoons on unsignalized intersection operation is
more subtle in this region than that associated with the Size-
able platoon” region. Hence, alternatives associated with un-
signalized control should not require consideration of platoon
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Figure3-1. Volume and segment length combinations that
define isolated and non-isolated operation.

effects. However, if thetraffic signal alternativeisbeing con-
sidered, it should be coordinated with the upstream signal.

Finally, theregion labeled as* Small platoons’ in Figure 3-1
reflects the likelihood of short and dispersed platoons on
low-volume roads. If the subject intersection is associated
with volume and length values that fall in this region, then
it should be considered anisolated intersection. Alternatives
associated with the subject intersection do not need to reflect
consideration of platoon effects. If thetraffic signal alternative
isbeing considered, it does not need to be coordinated with the
upstream signal for the purpose of the engineering study.

In application, all approachesto the subject intersection that
have upstream signals would be checked using Figure 3-1. If
any one approach isfound to be* non-isolated,” then theinter-
section should be evaluated as non-isolated. In addition, if the
agency wants to include coordination with the signal alterna-
tive (independent of the guidance from Figure 3-1), then the
subject intersection should be evaluated as non-isolated.

1-b. Determine Type of Evaluation

Overview. During this task, the engineer determines the
type of evaluation needed for the engineering study. Two
types of evaluation are possible: (1) the formal engineering
study process as described in the remainder of this chapter
and (2) the deployment and field evaluation of a proposed
alternative. This latter type of evaluation is referred to as
“informal” becauseit does not follow the formal engineering
study process. The conditions where an informal evaluation
is appropriate are described in the next section.

Formal Versus Informal Evaluation. The informal (or
field) evaluation of an alternative representsapractical method
of assessing an aternative's performance. Thistype of eval-
uation is most appropriate for intersections that are effec-
tively isolated from the effects of upstream signals and that
havetypical traffic and geometric features. Several conditions
should be met before an informal evaluation is considered.
These conditions are

1. Theintersection isisolated,

2. Only one dternativeisviable,

3. Geometric and traffic conditions are typical and con-
sistent with the assumptions underlying the warrant
or guideline used to verify the alternative’ s viability
('see discussion of problematic conditions in Chap-
ter 2 if signal control is the one alternative), and

4. The engineer’s experience and judgment indicate that
the alternative would resolve the operational problem
that precipitated the study without creating additional
problems.

If the aforementioned conditions are satisfied, then the
engineer may choose to forego the remaining stepsin thefor-



mal engineering study process. In this case, the engineering
study would consist of afield evaluation of theinstalled alter-
native. The field evaluation would verify that the alternative
solved the operational problem that precipitated the study and
did not degrade the overall operation of the intersection. If
one or more of the four conditions for an informal evaluation
are not satisfied, then the formal engineering study should be
conducted.

Step 2. Select Analysis Tool

During this step, the analyst will identify the capacity
analysis procedure or simulation model (hereafter referred to
as “analysistool”) that is most appropriate for the engineer-
ing study. A procedure for making this identification is de-
scribed in this section. The procedure consists of thefollowing
two tasks:

a. ldentify desired capabilities and
b. Evaluate and select analysis tool

During thefirst task, the desired functions and output capa-
bilities of the analysistool areidentified. Then, thesefunctions
and capabilities are compared with those of available analysis
tools to determine which tool will be the most effective.

2-a. ldentify Desired Capabilities

Overview. The analysis tool used for the engineering
study must be ableto model the traffic control modes and the
traffic flow interactions found at the subject intersection and
its aternatives. The tool must also be able to model asystem
of signalized and unsignalized intersections when the subject
intersection is non-isolated. Finally, the analysis tool should
also be able to predict the desired measures of effectiveness.
At the conclusion of thistask, the analyst will have devel oped
alist of desired capahilities that can be used in Task 2-b to
select the most appropriate analysistool.

Any andysistool used by the agency should be calibrated
to replicate existing conditions and be verified for accuracy.
However, formal calibration of an analysis tool for any one
engineering study may not be cost-effective. Instead, calibra-
tion should be an annua (or bi-annual) undertaking based on
dataobtained from acomprehensive study of traffic conditions
inthe agency’ sjurisdiction.

TrafficControl Modes. Thetraffic control modesthat are
considered by an analysistool should includethat of the exist-
ing intersection and any proposed alternatives. Table 3-1 lists
the control modes that are often required in engineering stud-
ies. The analyst should review thislist and indicate by check-
mark (O) those modes that will be needed for the study of
interest.
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AnalysisFactors. Theanalysistool selected for the engi-
neering study should be able to model the various analysis
factors relevant to the subject intersection. These factors
include (1) the ability to accept important traffic characteris-
tics asinputs and reflect their influence on traffic operations,
(2) the ability to model key traffic interactions, and (3) the
ability to accept important descriptors of intersection geom-
etry and reflect their influence on traffic operations. The need
to have any one of these factors in a particular model is de-
pendent on conditions present at the subject intersection as
well asthose conditions present in the alternatives under con-
sideration. Table 3-1 lists analysis factors that are often re-
quired for engineering studies. The analyst should review
thislist and indicate by checkmark (0J) those analysis factors
needed for the study of interest.

M easur es of Effectivenessand Performance | ndicators.
Theanalysistool selected for the engineering study should be
able to predict the various measures of effectiveness and per-
formance indicators relevant to the subject intersection. The
need to have any one of these attributes in a particular model
isdependent on the types of operational problemsbeing expe-
rienced and the performance assessment procedures of the
agency conducting the study. Table 3-1 liststhe measures and
indicators that are often required for engineering studies. The
analyst should review thislist and indicate by checkmark (1)
those measures and indicators needed for the study of interest.

An important output measure of effectiveness is average-
delay-per-vehicle. This measure is widely recognized by en-
gineers and the motoring public as reflective of intersection
performance. It isimportant that the analysistool providethis
statistic. For intersections with heavy transit or pedestrian
flow, average-del ay-per-person is another important statistic.

2-b. Evaluate and Select Analysis Tool

Overview. This section describes aframework for analy-
sistool selection. Initialy, acaseismadethat only one analy-
sis tool should be used for the evaluation. Following this
discussion, a step-by-step tool selection process is outlined.
It is recognized that some agencies may have guidelines re-
garding the analysistool to be used in the engineering study.
However, the analyst should still complete this step and con-
firm that the tool used in the study is appropriate for the
analysis of the subject intersection and its alternatives.

One Analysis Tool. This section describes two require-
ments that the analysis tool should satisfy to be used in the
engineering study. First, the analysis tool should be able to
explicitly model the operational features of the intersection
and, if needed, the associated street system. Thisrequirement
recognizes the need for accuracy in the evaluation. It isin-
tended to discourage the creative extension of tools to situa-
tionsthat they are not specifically developed to model. Thus,



TABLE 3-1 Analysistool capabilities

Feature

Category

Capability

Need?

Traffic Control Mode

Unsignalized

Two-way stop control

Two-way yield control

Multi-way stop control

Roundabout

Signalized

Pretimed signal control

Actuated signal control

Signal coordination

Analysis Factors

Traffic
Characteristics

Vehicle occupancy

Pedestrian volume

Percentage of heavy vehicles

Parking maneuvers

Bus stop frequency

Approach speed

Duration of study period / oversaturated conditions

Traffic
Modeling

Platoon progression modeling

Two-stage crossing at two-way stop-controlled intersection

Right-turn-on-red at signalized intersection

Left-turn bay overflow

Delay to unstopped through vehicles due to turning maneuvers

Spillback from a downstream signal

Geometry

Grade

Exclusive left-turn lane

Exclusive right-turn lane

Shared lanes

Right-turn radius

Downstream through lane length (i.e., lane drop)

Multi-leg intersections (i.e., five or more approaches)

Output Measures and
Indicators

Measure of
Effectiveness

Average delay per person

V/C ratio (degree of saturation)

Total delay

Average delay per vehicle

Fuel consumption/emissions

Average queue length

Max. backward extent of queue

Travel speed (or travel time)

Stop rate

Performance
Indicator

Graphical animation of system

Level of service

Time space diagram

Total operating cost

if a coordinated semi-actuated control alternative is being
considered, the analysistool should explicitly model platoon
progression, coordination, and actuated control.

Second, the delay statistics used to compare various alter-
natives should be consistently defined and computed. This
requirement promotes the accurate evaluation of the relative
impact of each alternative on intersection operations. Thus, if

traffic signal control isbeing considered as an alternative, the
delay computed for both the existing intersection and the sig-
nalized intersection should be based on a common definition
(e.g., control delay) and similarly derived equations.

Based on this discussion, it follows that one analysis tool
that can model dl of the alternatives should be used for the
engineering study. Thisapproach would ensure equitable com-



parisons among alternatives by avoiding biases that might
be present when two or moretools are used. Such bias could
result from differences in modeling approach or delay def-
inition. The use of one tool may also offer some analysis
efficiency due to common input and output data formats.

Selection Process. The analysis tool selection processis
based on the principle that the analysis tool selected should
provide an equitable balance between analysis complexity,
accuracy, and cost. It isalso based on the assumption that one
analysis tool will be used for all evaluations. The process
consists of the following four activities:

1. Identify applicable traffic control modes,

2. ldentify applicable traffic and geometric factors,

3. Identify applicable output measures and performance
indicators, and

4. Select analysistool.

These activities are described in the following paragraphs.

Tables3-2, 3-3, and 3-4 are consulted during thistask. Col-
lectively, these tables identify the capabilities of the various
analysis tools used in the engineering study. One table col-
umn should be allocated for each candidate analysistool. The
tool-specific information entered into these columnswill need
to be provided by the analyst. The first column in each of the
three tables has been completed (for a hypothetical analysis
tool) to illustrate the manner in which relevant information
can be recorded.

Some effort will be required initially to complete these
tables. However, once they are completed, the development
effort will be offset by a significant time savings during sub-
sequent engineering studies. One benefit of this formal tabu-
lation of tool capabilities is that it ensures that all relevant
modes, factors, and outputs have been considered (and accom-
modated to the extent possible) before any effort is expended

TABLE 3-2 Traffic control mode check sheet
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in the evaluation process. These tables should be periodically
updated to maintain their effectiveness.

Activity 1: Identify Applicable Traffic Control Modes. The
control modes identified in Task 2-a are cross-checked with
the tool capabilities identified in Table 3-2. Those analysis
tools that provide the desired capability should be identified
and advanced to Activity 2.

To illustrate the use of Table 3-2, consider a situation
where the existing, isolated intersection has two-way stop-
control and where actuated signal control isconsidered to be
aviable alternative. Based on the example information pro-
vided in this table, it appears that ABC software is able to
model both control conditions and can be advanced to Activ-
ity 2. In contragt, if the intersection were non-isolated or if
two-way yield control were an alternative, then this software
would not be appropriate because it cannot model either of
these control modes.

Activity 2: Identify Applicable Traffic and Geometric Fac-
tors. The second activity in the selection processisto cross-
check the analysisfactorsidentified in Task 2-awith the tool
capabilitiesidentified in Table 3-3. Those analysistools that
provide the desired capability should be identified and ad-
vanced to Activity 3. (Only those tools that have the desired
control mode and analysisfactor capabilities are advanced to
the next activity.)

To illustrate the use of Table 3-3, consider a situation
where the existing, isolated intersection has two-way stop-
control and where the addition of an exclusive |eft-turn lane
on the minor road isaviable alternative. Based on the exam-
ple information provided in this table, it appears that ABC
software can model the effect of adding a left-turn lane and
may be appropriate for the analysis and should be advanced
to Activity 3. However, this software is not sensitive to the
operational problems that would result from a left-turn bay

Analysis Tool

Isolated Only

Non-Isolated

Traffic Control Mode ABC

software

Unsignalized | Two-way stop control

Two-way yield control

Multi-way stop control

Roundabout

Signalized Pretimed signal control

Actuated signal control

HAVAYAVANERAY

Signal coordination

Notes:

# - Tool explicitly models this control mode and its effect.

—- Tool does not explicitly model this control mode or its effect.
D - Tool can determine the optimal signal phase duration thereby eliminating the need for signal timing plan input.
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TABLE 3-3 Analysisfactor check sheet

Analysis Tool
Category Factor Isolated Only Non-Isolated
ABC
Traffic Vehicle occupancy ST M
Characteristics Pedestrian volume ST
Percentage of heavy vehicles SSTM
Parking maneuvers S
Bus stop frequency S
Approach speed --
Duration of study period / oversaturation ST
Traffic Platoon progression modeling ST
Modeling Two-stage crossing at 2-way stop-control int. T
Right-turn-on-red at signalized intersection --
Left-turn bay overflow -
Delay to unstopped throughs due to turning T
Spillback from a downstream signal --
Geometry Grade ST
Exclusive left-turn lane ST
Exclusive right-turn lane ST
Shared lanes ST M
Right-turn radius -
Downstream through lane length (lane drop) -
Multi-leg intersections (i.., S ormore app.) | S, T M
Notes:

T- Tool considers this factor and its effect for two-way stop control.
M - Tool considers this factor and its effect for multi-way stop control.
S - Tool considers this factor and its effect for signal control.

—- Tool does not explicitly consider this factor or its effect.

overflow. Thus, if the left-turn bay were restricted to arela-
tively short length, this software would not be appropriate
because it cannot model turn bay overflow.

Activity 3: Identify Applicable Output Measures and Per-
formance Indicators. The third activity in the selection pro-
cess is to cross-check the output measures and indicators
identified in Task 2-a with the tool capabilities identified in
Table 3-4. Those analysistool sthat provide the desired capa-
bility should be identified and advanced to Activity 4. (Only
those tools that have the desired control mode, analysis fac-
tor, and output capabilities are advanced to the next activity.)

Activity 4: Select AnalysisTool. Thefourth activity inthe
selection process is to review the list of candidate analysis
tools and select the one tool that has the lowest resource
costs. These costs include data entry, software maintenance,
training, and model calibration. A high degree of precisionin
this estimate is not essential. To aid in this assessment, the
analyst may wish to seek the opinion of other engineerswho
have experience using one or more of the analysis toals.

Step 3. Conduct Evaluation

The third step in the engineering study stage focuses on
guantifying the operational performance of the existing inter-
section and any proposed improvement alternatives. Thetasks
involved in this evaluation process are discussed in this sec-
tion; they are

a. Gather information,
b. Evaluate operational performance, and
c. Determine alternative effectiveness.

Inthefirst task, relevant traffic, signalization, and geometric
data are identified and collected. Then, these data are used
with the analysistool identified in Step 2 to evaluate the sub-
ject intersection and any proposed alternatives.

3-a. Gather Information

Overview. Therearetwo objectives of thistask. Thefirst
objectiveisto define the eval uation time periods. The second
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TABLE 3-4 Measures of effectiveness and performance indicators check sheet

Category Output Information

Analysis Tool

Isolated Only Non-Isolated

Measure of Average delay per person

Effectiveness V/C ratio (degree of saturation)

Total delay

Average delay per vehicle

Fuel consumption/emissions

Average queue length

Max. backward extent of queue

Travel speed

Travel time

Stop rate

Performance Graphical animation of system

Indica -
cator Level of service

Time space diagram

Total operating cost

Notes:

T- Tool explicitly computes and reports this measure for two-way stop control.
M - Tool explicitly computes and reports this measure for multi-way stop control.
§ - Tool explicitly computes and reports this measure for signal control.

—- Tool does not explicitly compute and report this output measure.

objective isto identify the data needed for Task 3-b, Evalu-
ate Operational Performance. At the conclusion of thistask,
all of the data needed for the evaluation should be identified
and collected.

Define Evaluation Periods. At the start of this task, the
periods for which traffic operations will be evaluated should
be defined. It isgenerally sufficient to evaluate operations for
three representative 1-hr periods. These hours should include
the morning and afternoon peak traffic demand hours as well
as one representative off-peak demand hour. The off-peak
hour should represent an average of traffic conditions during
the hours from 6:00 am. to 10:00 p.m., excluding the two
peak hours. Additional hours can be evaluated if traffic pat-
ternsarehighly varied or if amore comprehensive assessment
of operationsis reguired.

Identify Data. Much of the data needed for Task 3-b will
have been collected or derived during the alternative identi-
fication and screening stage (see Chapter 2). However, ad-
ditional data may be needed to calibrate the analysis tool
selected in Task 2-b. Also, the data previously collected may
beincompletein terms of the evaluation periodsjust defined.
Data that may need to be collected include

+ Turning movement counts,
* Pedestrian and heavy vehicle counts,

» Approach grade,
» Approach speed, and
» Vehicle occupancy.

If the subject intersection is non-isolated, then additional
datawill be needed to characterize the operation of the signal
system. Such data may include

» Turning movement counts at adjacent signalized inter-
sections,

+ Phase sequence and duration at adjacent signalized
intersections,

« Signal offset relationship between signalized inter-
sections, and

+ Geometry of adjacent signalized intersections.

Collect Data. The proceduresfor collecting the necessary
datawill vary depending on whether the subject intersection
exists or is proposed for construction. For existing intersec-
tions, appropriate data collection procedures are described in
the Manual of Transportation Engineering Studies (6). For
proposed intersections, techniques described in Appendix C
can be used to estimate turn movement volumesfrom forecast
average daily traffic demands. Regardless of the source, the
datashould represent traffic conditions occurring on an “ aver-
age day” (i.e., a day representing traffic volumes normally
and repeatedly found at alocation).
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3-b. Evaluate Operational Performance

Overview. The subject intersection and all viable alter-
natives should be formally evaluated during this task. This
eval uation should determine the average delay to each inter-
section traffic movement, as well as the overall average
intersection delay. These delay measures will be used in
Task 3-c to determine whether an aternative can effectively
improve the operation of the subject intersection.

Design Alternatives. Before the evaluation, the physical
elements of each alternative should be sized and the functional
elementsidentified (at a preliminary design level of detail) to
facilitate an accurate eval uation of the alternative’ soperational
effectiveness. The time expended in this design effort will
increase with the aternative's complexity; however, the con-
sequences of not devoting the time needed for this design can
be far more costly. For example, an overly simplified signal-
ized intersection design may yield inaccurate performance
estimates and could result in the analyst recommending what
will ultimately turn out to be an “ unnecessary” signal.

With one exception, preliminary design guidelinesfor inter-
section improvement alternatives are not provided in this
document. The analyst is directed to other documents, such as
AASHTO's A Policy on Geometric Design of Highways and
Sreets (Green Book) (5) or the agency’ sroadway design man-
ual, for this guidance. The one exception is the traffic signal
alternative. Guidelines for the design of this alternative are
provided in the Guidelines section of this chapter.

Conduct Evaluation. At this point, the analyst should
usetheanalysistool identified in Step 2 to evaluate the oper-
ation of the subject intersection and the various alternatives
identified in the alternative identification and screening stage.

Analysistools that are characterized as “ stochastic” will
require additional effort on the part of the analyst to ensure
that the output delay statistics are accurately interpreted. This
requirement resultsfrom the stochastic analysistool’ sexplicit
modeling of traffic events and driver decisions as random
processes. This modeling approach has the advantage of pro-
ducing a great deal of realism in the simulation of the traffic
system; however, it has the disadvantage of requiring extra
effort in setting up and running the simulation model. Guide-
lines for using stochastic analysis tools in the engineering
study are provided in the Guidelines section of this chapter.

3-c. Determine Alternative Effectiveness

Overview. Theobjective of thistask isto determineif any
of the aternatives (including the “do nothing” alternative)
evauated in Task 3-b can servetraffic effectively. Criteriaare
described in thistask for making this determination. Initialy,
two descriptors of traffic service quality are defined. Then,
these descriptors are used to describe the conditions that an

alternative must satisfy to be termed “effective.” At the con-
clusion of thistask, all effective alternativesareidentified and
advanced to the alternative selection stage (see Chapter 4).

Definitions. Two descriptors are used to define threshold
conditionsthat, if exceeded, are associated with unacceptable
operations. These two descriptors are “acceptable level of
service” and “acceptable operation.” Their definitions are

+ Acceptable level of service—an overall intersection
operation that can be described as level-of-service
(LOS) D or better [as defined in the Highway Capacity
Manual 2000 (15)].

+ Acceptable operation—an intersection traffic move-
ment that can be described as operating at (1) LOSD or
better or (2) a total delay less than 4.0 vehicle-hours
(5.0 vehicle-hours for a multilane movement).

The*“total delay” threshold (i.e., 4.0 or 5.0 vehicle-hours)
is based on recommendations made by Henry and Calhoun
(26) and by Sampson (30) as aresult of their signal-warrant-
related research. The “level-of-service” threshold (i.e., “D")
is based on the recommendation made in Table 11-6 of the
Green Book (5). The analyst may substitute agency-preferred
thresholds.

The effect of considering both total delay and level-of-
service (defined in terms of average control delay) isillus-
trated in Figure 3-2. The convex trend line shown in thisfig-
ure represents volume and delay combinationsthat equal 4.0
(or 5.0) vehicle-hours of total delay. The horizontal trend
line represents 35 seconds per vehicle (s/veh) of average
delay. Thislevel of delay represents an upper limit for LOS
D at unsignalized intersections [based on definitions in the
HCM 2000 (15)]. The thick line represents the combination
of total delay and average control delay that form an upper
limit on “acceptable operation.” Because the curved trend
line is above that associated with LOS D for volumes less

200

150 Total control delay > 5 vehicle-hours
Total control delay > 4 vehicle-hours

100 |-

50 | Acceptable Operation LOSEorF

(below or left of thick line)

Average Control Delay, s/veh

0 L L
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Minor Movement Volume, veh/h

Figure 3-2. Acceptable operating conditions at
unsignalized intersections.



than about 420 vehicle-hours, alow-volume movement may
have delays that yield LOS E or F but may still be consid-
ered as having “acceptable operation” by this approach.

Conditionsfor Identifying Effective Alternatives. Con-
ditions are described in this section that can be used to identify
alternatives that are operationally effective and, therefore,
suitable for consideration in the alternative selection stage.
A separate seriesis provided for theisolated and non-isolated
intersection types. Each condition must be satisfied before
an alternative can be considered effective. The conditionsfor
each intersection type follow.

For Isolated Intersections. An effective dternative should

1. Improve overall intersection operations by reducing
average intersection delay (based on an assessment of
conditions existing throughout the typical day); and

2. Resultinan“acceptablelevel of service” for theinter-
section (based on an assessment of the peak traffic
demand hour); and

3. Resultinthe*acceptable operation” of al minor move-
ments (based on an assessment of the peak traffic
demand hour).

For Non-Isolated Intersections. An effective alternative
should

A. Improveoverall system operationsby reducing the aver-
age system delay (based on an assessment of conditions
existing throughout the typical day); and

B. Result in an “acceptable level of service” for each
signalized intersection in the system (based on an
assessment of the peak traffic demand hour); and

C. Result in the “acceptable operation” of al minor
movements at each signalized intersection (based on
an assessment of the peak traffic demand hour); and

D. Satisfy Conditions 1, 2, and 3 (as described immedi-
ately above) for the subject intersection.

Four terms or phrases used in the preceding conditions are
defined as follows:

* The “average intersection delay” identified in Condi-
tion 1 should be computed as avolume-weighted aver-
age that reflects all approach traffic movements at the
intersection.

* The “average system delay” identified in Condition A
should be computed as a volume-weighted average that
reflects all approach movements at each intersection in
the system.

» The phrase “conditions existing throughout the day”
used in Conditions 1 and A means conditions occurring
during the morning and afternoon peak hours as well as
one off-peak hour; additional hours can be included in
the assessment to provide better representation.
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« Asaminimum, the “system” identified in Conditions
A and B should include the nearest upstream and down-
stream signalized intersections. Additional signalized
intersectionsaong the arterial street may also beincluded,
if the analyst determines that they would be affected by
improvements to the subject intersection.

In application, these conditions would be assessed for each
alternative. If al conditionsare satisfied for agiven alternative,
then the alternative is " effective” in terms of being able to
improve operations at the subject intersection. All “ effective’
alternatives should be advanced to the alternative selection
stage, as described in Chapter 4.

GUIDELINES

This section provides guidancerelated to sel ect components
of the engineering study stage. The guidance is presented in
the following two sections:

1. Guidelines for Designing the Signalized Intersection
Alternative and
2. Guidelinesfor Use of Stochastic Simulation Models.

The first section describes guidelines that can be used to
make preliminary design decisions for the traffic signal alter-
native. The second section describes guidelines that can be
used when the analysistool simulatestraffic flow asarandom
process such that the predicted performance measures (e.g.,
delay) vary with each simulation run.

Guidelines for Designing the Signalized
Intersection Alternative

Overview

Thissection describesguidelinesfor the preliminary design
of a signalized intersection. The guidelines were obtained
primarily from reference documents that are generally rec-
ognized as authoritative guides on engineering design. Other
sources for the guidelines include reports documenting signif-
icant research efforts whose recommendations are intended
for nationwide application. Where guidelines are not avail-
able, they have been derived using traditional engineering
analysis techniques. The guidelines address the following
design topics:

* Intersection geometry,

+ Controller operation,

+ Controller phase sequence,

+ Basic controller settings,

+ Controller settings for isolated operation, and
+ Controller settings for coordinated operation.
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These guidelines should be used to design the signalized
intersection alternative if, during the alternative identifica-
tion and screening stage, it is determined that the traffic
signal alternativeisviable. These guidelinesare intended to
assist the engineer to devel op areasonabl e representation of
the traffic signal alternative. In this regard, the traffic sig-
nal alternative should be properly designed before being
evaluated because the level of service it provides is often
very sensitiveto the selected phase sequence, signal timing,
and geometry. If not properly designed, the traffic signal
alternative’ s performance could be grossly overestimated
or underestimated.

The guidelines provided in this section do not address all
aspects of the preliminary design of a signalized intersec-
tion. Although they are believed to be appropriate for the
more typical signalized intersections, some judgment may
be needed in the design of intersections that have unique
operating or geometric conditions. These guidelines are
intended to describereasonabledesign choices solely for
the purpose of fairly evaluating the traffic signal alter-
native; they are not intended to be used as a substitute
for applicable state or local design standards.

Several software products are available to automate ele-
ments of the signal timing design process. Some products can
also be used to make geometric design decisions in afairly
efficient manner. Theanalyst may substitute these productsfor
the guidelines offered in this section. The only stipulation is
that each of the* bulleted” elementsin the preceding list should
be designed using sound, defensible engineering practices.

I ntersection Geometry

This section describes guidelinesfor estimating the number
of lanes needed for each intersection traffic movement. These
guidelines were derived from the information provided in
Appendix A of Chapter 16 in the Highway Capacity Manual
2000 (15). These guidelines represent agood starting point for
theintersection design. Once established, thisidealized geom-
etry can be modified to accommodate thelane configuration of
the existing road system and the availability of right-of-way.

Theguiddlinesareintended for separate application to each
intersection approach and movement and should be used to
estimate the number of lanes needed during both the morning
and afternoon peak demand hours. Of these two estimates, the
larger should be used to design the approach. If only one peak
hour isevaluated, then the number of lanes determined for the
through movement in the peak demand direction should also
be used for the opposing through direction to ensure adequate
service during both peak hours.

A minimum of two lanes should be considered for the
minor-road approachesto an arterial street or highway. These
two lanes may serve any combination of through or turn
movements. This practice will minimize the effect of a new
signal on the major-road operation (except when pedestrian
crossing times dictate alengthy minor-road phase duration).

Provision of only one minor-road lane tends to result in an
inequitable distribution of cycle time between major and
minor movements. Suchinequity isespecially disruptivewhen
the major road is coordinated.

Exclusive Left-Turn Lanes. The Highway Capacity
Manual 2000 (15) suggeststhat the following criteriacan be
used to estimate the number of lanes needed for the left-turn
movement:

* Provide one or more exclusive lanes, if aleft-turn phase
is provided;

* Provideoneexclusivelane, if 100 veh/h <V, <300 veh/h;
and

* Provide two exclusive lanes, if V> 300 veh/h.

Wherethe variable V,, representsthe | eft-turn movement vol-
ume (in veh/h).

These volume thresholds are approximate because of the
complex nature of shared-lane operations and are most ap-
propriate when the opposing and adjacent through move-
ments have flow rates of 450 veh/h or more. Exclusive turn
lanes may not be needed for lower flow rates. The need for
an exclusive left-turn phase can be determined using the
guidance provided in the section, Left-Turn Phasing.

Through Lanes (or Shared Lanes). Highway Capacity
Manual 2000 (15) suggeststhat enough through lanes should
be provided on an approach to ensure that the through volume
(aswell asany right- or left-turn volume sharing the through
lanes) does not exceed 450 veh/h/In.

Exclusive Right-Turn Lanes. Finaly, the Highway Ca-
pacity Manual 2000 (15) suggests that an exclusive right-
turn lane should be considered when the right-turn volume
exceeds 300 veh/h and the adjacent through lane volume
exceeds 300 veh/h/In.

The guidance provided in the previous two paragraphs is
generalized in Figure 3-3. Thisfigureindicates the number of
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Figure 3-3. Relationship between approach volume and
approach lane assignments.



through and right-turn lanes needed for various volume com-
binations. The Highway Capacity Manual 2000 guidance has
been extended for the development of this figure (e.g., it is
assumed that right-turn volumes in excess of 600 veh/h may
require two exclusive turn lanes).

The x-axis of Figure 3-3 represents the through volume
on the subject approach aswell as any left-turn volume that
shares the through lanes (i.e., when no left-turn laneis pro-
vided). When consulting thisfigure, the analyst should find
the point where the right-turn and the through (plus shared
left-turn) volumes intersect. The location of this point deter-
mines the number of through lanes needed and, if appropriate,
the number of exclusive right-turn lanes.

Example. Toillustrate the use of Figure 3-3, consider an
approach with the following flow rates during the peak
demand hour:

* Left-turn volume - 50 veh/h,
+ Right-turn volume - 350 veh/h, and
* Through volume - 800 veh/h.

The Highway Capacity Manual 2000 (15) guidelines noted
previoudly indicate that a left-turn volume of 50 veh/hisin-
sufficient to justify aleft-turn lane. Figure 3-3 isthen checked
using a “through + shared left-turn volume” of 850 veh/h
(=800 + 50) and aright-turn volume of 350 veh/h (see dashed
lines). The figure indicates that two through lanes are needed
along with one exclusive right-turn lane.

Reconciliation with Existing Roadways. After the inter-
section geometry is defined, it must be reconciled with that
of the existing intersecting roadways. In general, the number
of through lanes at an intersection should be consistent with
the number of continuous through lanes on the roadway. An
additional through lane at an intersection is generally not effi-
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ciently used unless it extends 900 m (3,000 ft) or more down-
stream; provision of such alength is often not practical. Simi-
larly, it may not be practical to provide a dual |eft-turn lane
when the receiving roadway has only one through lane.

Tradeoffs may be possible asthe guidelinesin this section
are conservative. When the guidelinesindicate that the inter-
section needs 10 to 20 lanes in total, one or two lanes can
probably be excluded (if taken from a multilane movement)
without causing major operational problems. Also, subtrac-
tion of one lane from a given traffic movement may be off-
set by adding a lane to a conflicting movement. However,
significant changes in lane assignment or reductions in the
total number of lanes may not be possible without causing a
significant increasein delay. Ultimately, it isthe responsibil-
ity of the engineer to define an intersection geometry that
provides a reasonable balance between intersection opera-
tionsand the geometry that can reasonably be accommodated
by the existing roadways.

Controller Operation

This section provides guidelines for selecting the most
appropriate control mode. These modes include pretimed,
full-actuated, and semi-actuated control. The most appropri-
ate choice of control mode for agiven intersection is primar-
ily based on the location of the subject intersection relative
to nearby intersections and the type of signal operation used
as aresult of thislocation.

Determining the type of control that is best suited to a par-
ticular intersection is afundamental and critically important
design decision. Table 3-5 describes the range of application
of the principal types of control. The guidance provided in
this table was adapted from Gordon et al. (31, p. 7-9). The
guidance regarding “ consistent” versus “fluctuating” traffic
demandsthat is provided in the table footnotes was obtained
from Kell and Fullerton (32, p. 31).

TABLE 3-5 Relationship between inter section operation and control mode

Intersection Operation’

Control Mode Isolated Intersection Coordinated within Coordinated within
Arterial Street System?? Network (or Grid) System
Pretimed Usually not appropriate. Applicable if crossroad Prevalent type used.

carries heavy and consistent
traffic demands.

Semi-actuated

Usually not appropriate.

Applicable if crossroad

carries light or fluctuating
traffic demands.

Only applicable for isolated
operation during light traffic
periods.

Full-actuated

Prevalent type used.

Only applicable for isolated
operation during light traffic
periods.

Only applicable for isolated
operation during light traffic
periods.

Notes:

1 - Underlined text indicates combinations of control mode and intersection operation that are typically used.
2- “Heavy” is defined as a crossroad demand that exceeds 20 percent of the arterial street demand. “Light” is defined

as a crossroad demand that is less than 20 percent of the arterial street demand.

3 - “Consistent” demands can be assumed when only Warrant 1, Condition A is satisfied. “Fluctuating” demands can
be assumed when only Warrant 1, Condition B is satisfied.
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When local practice does not indicate the preferred control
mode, the information in Table 3-5 can be used to identify a
suitable mode. Application of this table requires that the
identification of “intersection operation” and, in the case of
arterial street systems, the character of the crossroad traffic
demand. For example, the table indicates that an isolated
intersection probably should have full-actuated control. On
the other hand, an intersection that islocated along an arteria
street and that has“light” crossroad traffic demands probably
should have semi-actuated control. Finally, an intersection
located in adowntown street grid system probably should have
pretimed control.

Controller Phase Sequence

This section describes several phase sequences often used
at signalized intersections. By definition, a minimum of two
phases is needed at an intersection of two roads. The provi-
sion of athird or afourth phase sequence typically depends
on whether the left-turn and opposing through movements
need to be separated in time. If this separation is needed, it is
typically accomplished by providing aleft-turn phase. Guide-
lines are provided in this section that describe conditions
where a left-turn phase may be needed.

Phase Sequence Variations. At a preliminary design
level, the analyst should determine the manner in which the
through and theleft-turn movementswill be served by the con-
troller phase sequence. At the simplest level, two phases can
be used to control the intersection. This two-phase sequence,
shown as Sequence A in Figure 3-4, alternates the right-of-
way between the two intersecting roads—one phase serving
each road. If aroad has two-way traffic, then its phase serves
opposing through movements in an exclusive or “protected”
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Figure3-4. Selected signal phase sequences.

manner. In contrast, the left-turning drivers are not protected
and must yield to the oncoming through vehicles. Thistype of
yielding left-turn service isreferred to as* permitted” |eft-turn
operation.

If gaps in the oncoming stream are inadequate to serve
the left-turn demand or if left-turn-related accidents are
unusually frequent, then a protected left-turn phase is often
added to the phase sequence. Thisleft-turn phase can occur
before (i.e., lead), after (i.e, 1ag), or at the sametime asthe
adjacent through-movement phase. Figure 3-4 illustrates
several three- and four-phase sequences that include both
through and left-turn phases.

Left-Turn Phasing. As a genera rule, the number of
phases should be kept to a minimum because each additional
phase in the signal cycle reduces the time available to the
other phases. Thus, two-phase operation with permitted | eft-
turn movements should be considered as a “ starting-point.”
L eft-turn phasing should only be provided if it will improve
operations or safety. The guidelines shown in Figure 3-5 can
be used to make this determination. They can aso be used
to determine whether the left-turn phase should operate as
protected-plus-permitted or protected-only. These guidelines
were derived from guidance provided by Kell and Fullerton
(32) and by Orcutt (28).

Full application of Figure 3-5 requires knowledge of the
crash history, intersection geometry, sight-distance, |eft-turn
delay, and volume conditions. The following assumptions
can be made if such information is unavailable:

1. If collisonfrequency isunavailable, it should be assumed
to be less than the critical number.

2. If the road is built to satisfy AASHTO criteria, as
described in the Green Book (5), then it should be
assumed that sight distance is available.

3. If the cycle length is unknown, it should be assumed
to be 60 sin duration (this assumption can be checked
using guidance provided in a subsequent section).

The flowchart in Figure 3-5 has two alternative paths fol-
lowing the check of left-turn volume. One path requires
knowledge of left-turn delay; the other requires knowledge
of the left-turn and opposing through volumes. The left-turn
delay referred to is that delay incurred when no left-turn
phase is provided. If no information is available on the left-
turn delay, the alternative path based on volume should be
evaluated.

The application of Figure 3-5 requires the separate eval-
uation of each left-turn movement. This evaluation should
consider both the morning and afternoon peak demand hours
of the average day. Left-turn phasing should only be pro-
vided for the left-turn movement that satisfiesthe guidelines
in Figure 3-5. For the purposes of the engineering study, if
left-turn phasing is needed for one peak hour, then it should
be provided for the entire day.
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il

20r31

Is left-turn delay...

..22.0veh-hrs,and |No
Is Vi x V, > 50,000 Is Vy x V, > 100,000 ...> 35 s/veh —>
during peak hour? during peak hour? during the peak hour?
Yes Yes

No | :\lj Yes

‘ﬁ@rm. (desirable) or Prot. only > «—

ritical Number of Collision

On one approach, C. = 4 left-turn collisions per 1 year or 6 left-turn collisions per 2 years.
On both approaches, C, = 6 left-turn collisions per 1 year or 10 left-turn collisions per 2 years.

Variables
V, = left-turn volume on the subject approach, veh/h

V, = through plus right-turn volume opposing the subject left-turn movement, veh/h

Figure 3-5. Guidelines for determining the potential need for a separate left-turn phase.

Common Sequences. This section describes common
phase sequences used when some type of left-turn phase
protection is provided. One of the more commonly used
sequences serves both left-turn movements during the first
phase (i.e., a “leading” left-turn phase) and both through
movements during the second phase. This sequence tends
to pair movements having similar volumetogether. The advan-
tage of such apairing isthat it provides some efficiency by con-
currently serving movements that have similar volumes and
service time needs. Phase Sequence B in Figure 3-4 illustrates
this approach for the north-south road.

Modern, dual-ring controllersimprove on the af oremen-
tioned practice by allowing for the concurrent service of
several movements, including the adjacent left-turn and
through movements. This type of service allows the left-
turn and the through movement to be served in an overlap-
ping manner. This capability improves intersection effi-
ciency when opposing left-turn pairs or opposing through
movement pairs have dissimilar volumesand is particularly
effective when implemented with actuated control. Phase

Sequences C and D in Figure 3-4illustrate this approach for
the north-south road.

Both leading and lagging | eft-turn phases have advantages
and disadvantages. Kell and Fullerton (32) list these advan-
tages and disadvantages, many of which relate to driver
expectancy and behavior during the transition between the
left and through phases. Local practice will often dictate the
consistent use of aleading or lagging left-turn phase sequence
throughout the jurisdiction.

There is one noteworthy disadvantage associated with a
lagging, protected-plus-permitted left-turn phase. This dis-
advantage relates to the potential conflict between left-turn
vehicles clearing the intersection at the end of the through
phase and the opposing through vehicles. This problem is
sometimes referred to asthe “left-turn trap” and is described
more fully by Orcutt (28, p. 27). The trap can be avoided
by forcing the simultaneous termination of the leading
through phases or by diminating the permitted portion of the
protected-plus-permitted left-turn operation. The problem
can aso be avoided by using leading left-turn phasing.



44

If local practice does not dictate the order of presentation
of the left-turn phases, it should be assumed that the | eft-turn
phase (if needed) leads the adjacent through phase. The ade-
guacy of this assumption can be checked during Step 3 of the
engineering study and alagging left-turn phase can be used
if itisfound to yield better operation.

Special Sequences. As noted in the preceding section,
typical practice is to serve opposing left-turns during one
phase and opposing through movements during a different
phase. However, there is occasionally the need to provide a
separate phase for each approach. Thisneed generally occurs
whenthetravel paths of opposing traffic movementsphysically
overlap within the conflict area. When a separate phaseiis pro-
vided for each approach, the phase sequence is often referred
to as" direction separation,” “split phasing,” or “sequentially
phased roads.”

Direction separation phasing is less efficient than other
phase sequences when the left-turn and adjacent through vol-
umes are not equal. As these volumes arerarely equal, direc-
tion separation phasing is rarely efficient and should be
avoided. When possible, intersection geometry should bemod-
ified so that left-turn movements can be served simultaneously
during a common phase.

Basic Controller Settings

The development of an efficient timing plan for the sig-
nal phase sequence is an essential task when designing
the traffic signal alternative for the engineering study. The
components of this plan vary depending on (1) whether a
pretimed, semi-actuated, or full-actuated control mode is
used and (2) whether an isolated or coordinated operation is
used. A pretimed timing plan includes specification of cycle
length and a green interval duration for each phase. A full-
actuated timing plan includes specification of a minimum
green, a maximum green, and a unit-extension setting for
each phase. A semi-actuated plan for a coordinated system
includes a system cycle length, force-off and yield points,
and areference point offset. It also includes minimum green,
maximum green, and unit-extension settings for the actuated
(non-coordinated) phases.

Despite the aforementioned differences among control
modes, there are some basic settings that all modes have in
common. Specifically, they all require yellow and all-red
interval durations for each phase. They also require some
type of minimum green interval. A procedureisdescribedin
this section for determining these interval settings, as they
apply to both the pretimed, semi-actuated, and full-actuated
control modes.

Two sections follow this section (i.e., Controller Settings
for Isolated Operation and Controller Settings for Coordi-
nated Operation). These sections describe procedures for
determining controller settings specific to the method of sig-

nal operation. Within each of these sections, separate sub-
sections describe procedures for determining settings for the
pretimed and actuated control modes.

The procedures described in this section and the two that
follow are intended to provide a balance between the effort
needed to devel op areasonable timing plan and the accuracy
needed for the engineering study. Other timing plans are pos-
sible and can often be defined using other procedures or soft-
ware analysistools. Regardless of method used, the analyst’s
goa hereisto develop areasonably efficient timing plan that
fairly representsthetraffic signal alternative in the engineer-
ing study. This procedure is not intended for use in the final
design of atiming plan.

Number of Timing Plans. An efficient timing plan should
be one that resultsin minimal delay to al vehicles entering the
intersection throughout theday. To achievethisresult, theana
lyst needs to establish atiming plan that accommodates vari-
ability in traffic demandsthroughout the day. The nature of this
accommodation will vary depending on whether the control
modeis pretimed or actuated.

For pretimed control, the analyst should develop no more
timing plans than would typically beimplemented on atime-
of-day basisin his(or her) jurisdiction. Typically, thiswould
mean determining the green interval durations for one to
three timing plans, using either software-automated or man-
ual techniques. Each plan would be based on volumes repre-
sentative of the applicable period. For example, Plan 1 could
be based on the peak hour of flow during the morning and
would be used for the 2-hr period from 7:00 to 9:00 am. Plan
2 could be based on the afternoon peak and apply to the 2-hr
period from 4:00 to 6:00 p.m. Finally, Plan 3 could be based
on a representative off-peak period (or weekend day) and
apply to al non-peak hours.

Actuated control is better able to adapt to demand vari-
ability than is pretimed control. For isolated operation, one
well-constructed timing plan should be able to serve traffic
demandsfor theentireday. Typically, thiswould mean deter-
mining the maximum green settings suitable for both the
morning and afternoon peak demand hours. For agiven phase,
the larger of the two maximum green settings determined in
this manner would be set in the controller and used for the
entire day. For non-isolated operation, the cycle length,
force-off, yield-point, and offset settings would need to be
determined for both peak hours and for a representative off-
peak period.

Change Interval Duration. Fundamental components of
the timing plan are the yellow warning and all-red clearance
intervals. Together, these two intervals represent the change
interval. Kell and Fullerton (32) indicate that there is con-
siderable diversity in practice regarding the duration of the
change interval. Although they discuss several commonly
used strategies, they do not explicitly recommend any one
strategy. They do offer a table of change interval durations



that are based on theoretic relationships of driver response and
deceleration. Thetable offered by Kell and Fullertonisrepro-
duced as Table 3-6. Unless local practice dictates otherwise,
it is recommended that the analyst use the change interval
durations listed in this table for the engineering study.

Table 3-6 also provides minimum phase durations based
on pedestrian crossing times. Guidance for using this portion
of the tableis provided in the next section.

Minimum Green Time. The minimum green duration
of a phase is dependent on driver expectancy and, in some
situations, pedestrian crossing time. Driver expectancy should
be accommodated in the minimum green for all phases (left-
turn and through). In contrast, pedestrian crossing needs
should only be accommodated in through movement phases
that have some pedestrian demand but no pedestrian call but-
ton. In general, all phases should have a minimum duration of
7.0to 10.0 sto satisfy the expectancy of waiting drivers. Min-
imum green durations based on pedestrian crossing times gen-
erally exceed this amount and vary widely, depending on the
width of the road being crossed.
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For the purpose of the engineering study, it is recom-
mended that a minimum green duration of 8.0 s be used for
all phases, unlesslocal practicedictates other values. Theone
exception to this rule applies to through phases that cannot
be activated by a pedestrian call button. These phases should
be long enough for pedestrians (traveling in the same direc-
tion asthe vehicles served) to crosstheintersecting road. The
minimum pedestrian phase duration P, would equal the com-
bined pedestrian reaction time and crossing time. The mini-
mum green duration G,, would then equal the larger of 8.0 s
or the minimum phase duration less the change interval Y
(i.e., Gy =larger of: 8.0 or P, —Y). Typical minimum pedes-
trian phase durations are listed in the last row of Table 3-6.
These durations are based on reaction times and walking
speeds reported by Kell and Fullerton (32).

Controller Settings for Isolated Operation

This section describes a procedure for determining the
controller settings for isolated intersections. The procedure

TABLE 3-6 Changeinterval duration and pedestrian-based phase duration

Approach Yellow Warning Width of Intersection, m
Slf:;:, Interval, s 10 l 15 I 20 25 I 30
Change Interval® (yellow warning plus all-red clearance intervals) (¥), s
30 3.0 43 49 5.5 6.1 6.7
40 3.0 43 4.8 5.2 5.7 6.1
50 33 4.5 4.8 52 5.6 5.9
60 3.8 4.7 5.0 53 5.6 59
70 42 5.1 5.3 5.6 5.8 6.1
80 4.7 5.4 5.7 59 6.1 6.3
90 5.2 5.8 6.0 6.2 6.4 6.6
Min. Ped. Phase Duration ? (P,), s 14 18 22 27 31
Approach Yellow Warning Width of Intersection, feet
SIFI’I‘::’ Interval, s 30 [ so [ 70 90 [ 110
Change Interval® (yellow warning plus all-red clearance intervals) (¥), s
20 3.0 4.2 4.9 5.5 6.2 6.9
25 3.0 4.2 4.7 5.3 5.8 6.4
30 3.2 43 4.8 5.2 57 6.2
35 3.6 4.5 4.9 5.3 57 6.1
40 39 4.8 5.1 5.5 5.8 6.1
45 43 5.1 5.4 57 6.0 6.3
50 4.7 5.3 5.6 59 6.2 6.4
55 5.0 57 59 6.1 6.4 6.6
Min, Ped. Phase Duration ? (P,), s 13 18 23 28 33

Notes:

1- Based on the following equation: Y=¢+ V/(2a)+ (W + L)/V where, Y= change interval, ¢ = driver perception-
reaction time (= 1.0 s), a = deceleration rate (= 3.0 m/s?, 10 ft/s?), W = width of intersection, ¥ = approach speed,
and L = length of vehicle (= 6.1 m, 20 ft).

2 - Based on the following equation: P,=f,+ (W -w,)/ ¥, where, P, = minimum phase duration for pedestrians,
t, = pedestrian reaction time (= 7.0 s), W = width of intersection, w, = one-half the width of the last traffic lane
crossed (= 1.5 m, 5 ft), and ¥, = 15® percentile walking speed of pedestrians (= 1.2 m/s, 4 fus).
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has been devel oped for application to intersections with both
pretimed and actuated control modes. Prior to discussing the
procedure, there is a brief discussion of cycle length, as it
relatesto pretimed and actuated intersection operation. Then,
a seven-step procedure is described for determining the set-
tings for pretimed control. Finally, a procedure is described
for determining the settings for actuated control. This latter
procedure is developed as a three-step extension of the pre-
timed procedure. As such, it requires completion of the first
six steps of the pretimed procedure.

CycleLength. Theefficient operation of apretimed, sig-
nalized intersection is highly dependent on cycle length.
Webster (33) demonstrated that overly long and short cycle
lengthsincrease delay. He derived arelationship between the
minimum delay cycle length and critical lane volume. This
relationship is shown in Figure 3-6. Thetrendsin thisfigure
are based on an effective saturation flow rate of 1,500 veh/
h/In and 4.0 s lost time per phase. This saturation flow rate
reflects the demand peaks, lane use, and traffic mix found at
atypical intersection.

Asthetrendsin Figure 3-6 indicate, low to moderate vol-
umes can yield minimum-delay cycle lengths lessthan 40 s.
In contrast, high volumes can yield cyclelengthsin excess of
180 s. When the cycle length is exceptionally short or long,
the analyst may wish to consider modifying the number of
lanes on one or more approaches (i.e., reducing the number
of lanesif the cycle length is below 40 s and increasing their
number if the cycle length exceeds 180 ).

For actuated operation, a well-designed detection/control
system will yield minimal delay operation by ensuring opti-
mally utilized phase durations and cycle lengths. Therefore,
for the engineering study of an actuated traffic signal alter-
native, it can be assumed that the cycle length obtained from
Figure 3-6 is reasonably close to the average cycle length
achieved by actuated operation for the analysis period. As
described in a subsequent section, Actuated Phase Settings
and Detection Design, this average cycle length can be used
to determine reasonable maximum green settings when the
proposed intersection has actuated control.

175 [T TTTT oI Lt T
C, =(15L +5)(1-S/1500)
150 F 'W%el"e:

S =sumof critical volumes,
125 - L =lsttime (=4 n ),
100 L-. "= number of phases
75 b T
50 |-

A R R

0 . L L . s :
400 500 600 700 800 900 1000 1100 1200 1300
Sum of Critical Volumes, veh/h/In

4 phases

Min. Delay Cycle Length, s

Figure 3-6. Minimum delay cycle length.

Pretimed Phase Interval Durations. Appendix B of
Chapter 16 in the Highway Capacity Manual 2000 (15)
describes a procedure for determining the green interval dura-
tion of a pretimed phase. A simplified version of this proce-
dure is described in Tables 3-7 and 3-8. These tables can be
used to determine reasonably efficient greeninterval durations
that should be adequate for the engineering study process.
Many software analysis tools are also available that can auto-
mate the process of determining pretimed phase duration.
Suchtoolscan be used instead of the manual process described
in this section.

The procedure described in this section is based on the fol-
lowing assumptions: (1) the left-turn phases |ead the through
phases, (2) one or more left-turn lanes are provided when a
left-turn phase is used, and (3) both left-turn movementson a
given road are protected when aleft-turn phaseis used. Other
procedures should be considered when these assumptions are
not appropriate.

The procedure for determining the green interval duration
is described in terms of an example application. Blank ver-
sions of the worksheets are provided in Appendix C. The ex-
ample intersection geometry and demand volumes (in veh/h)
areillustrated in Figure 3-7. The east-west road is proposed
to have a protected-plus-permitted | eft-turn phase. The north-
south road will not have protected left-turn phasing. The
through phases will need to be long enough to serve pedes-
trians. The speed on the north-south road approaches is
40 km/h (25 mph); that on the east-west road approachesis
60 km/h (40 mph).

Sep 1. Input Volume and Lane Geometry. The procedure
for defining a pretimed timing plan startswith Table 3-7. This
worksheet is used to determine the total critica lane volume.
Thisvolumeisthen used in Table 3-8 to determine an appro-
priate cyclelength and phase durations. Theworksheet iscom-
pleted from top to bottom. Initially, the movement volumes
and lane counts are entered in the Volume and L ane Geometry
Input section of the workshest. For thisanalysis, theright-turn
volumeis combined with the through movement volume. Sim-
ilarly, any exclusive right-turn lanes would be included in the
count of through lanes for a given approach.

Sep 2. Compute Adjusted Movement Volumes. The Phase
Sequence Section of the table is completed next. This sec-
tion is divided into three parts, depending on the type of
left-turn phasing provided. Each road is considered sepa-
rately. The first part of this section is completed when a
road does not have a protected left-turn phase. The second
part is completed when aroad has a protected-plus-permitted
left-turn phase. Thethird part iscompleted if protected-only
left-turn phasing is used. The first and second parts require
the computation of adjusted volumes to account for the
effect of permitted left-turn activity. This computation is
omitted in the third part, because protected-only left-turn
phasing is used.
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General Information

Location: _ Pretimed Intersection

CRITICAL VOLUME WORKSHEET

Volume and Lane Geometry Input

Analysis Period: to

Phase Sequence

Approach: Eastbound Westbound Northbound Southbound
Movement, No.: ' LT,5 | TH+RT,2 LT, 1 TH+RT, 6 LT,3 | TH+RT,8 LT,7 | TH+RT, 4
Volume (v;), veh/h
i=1,2,3,..8 105 502 201 806 93 408 57 104
Lanes (n;)

1 2 1 2 0 2 0 1

|1 Phase (protected through & permitted left)

1 Phase (protected through & permitted left)

veh/h/In

Permitted capacity
(c,,i), veh/h

Opposing Volume V= Jv,= ]ves fve=
(vo,), veh/h . o 104 408
LT equivalence (E, ;) 1.0 1.0 1.0 1.0
(Fig. 3-8) 1.5 2.1
Sneakers (S;), veh/h 90 0.0 90 0.0 90 0.0 90 0.0
Adjusted volume (v*)
[=E (v,-S) = 0.0] 5 408 0 104
Lane volume (v, ;)
[= v%/ n; ){see note 2} 0 206 0 104
Critical volumes (v ), | Largerof: (v,, s, Vo 2, Vi 5, Vo 6) = Larger of: (v, 3, Vo 4, Va7, Vas) =

206

cled-plus-permitted left)
60 0.0

Adjusted volume (v*)

Lane volume (v, ;)
[= v/ n;], veh/hiin

[=(vi-¢,) 20.0] 45 502 141 806

Lane volume (v, ;)

[= v¥%/ n;], veh/h/In 45 251 141 403

Critical volumes (v, ) |Larger of: (v, ,, v, 5)= | Larger of: (v, ,, v, ¢)= | Larger of. (v, 3, V,, 7)= | Larger of: (v, 4 V&)=
{see note 3}, veh/h/In 141 403

Critical volumes (v, )
{see note 3}, veh/h/In

Larger of: (v, 4, Vs, )=

Larger of: (v, 5 V,, 6)=

Larger of: (v, 3, v, 7)= | Larger of: (v, 4 V,, s)=

Notes:

1 - Numbers follow NEMA movement-based phase numbering system (LT = left-turn, TH = through, RT = right-turn).

2 - If there is no left-turn lane for a given approach, then the lane volume for the left-turn movement equals 0.0 and the
lane volume for the through movement is based on the total, adjusted approach volume. For example, if the
eastbound approach has no left-turn lane (i.e., n; = 0), then v, ;= 0.0 and v, , = (v*s + v*,)/ n,.

3- Critical volume for protected left-turn phases is based on the following assumptions: (1) left-turn phases lead adjacent
through phases, (2) one or more exclusive left-turn lanes exist, and (3) both left-turn movements are protected.

For this example, thefirst part of the Phase Sequence Sec-
tioniscompleted for the north-south road because it does not
have left-turn phasing. The opposing volumes for both the
north and southbound left-turn movements are entered in the
first row in the Phase Sequence Section. Thisinformation is
combined with that in the next three rows to convert the left-
turn volumeinto an equivalent through volume. Theleft-turn
equivalencefactor E, isobtained from Figure 3-8. Valuesfor

thisfactor are based on information provided in Appendix C
of Chapter 16 in the Highway Capacity Manual 2000 (15).
The northbound | eft-turn movement shares alane with the
northbound through movement and is opposed by 104 south-
bound vehicles per hour. Figure 3-8 indicates that these con-
ditions result in a left-turn equivalency factor of 1.5. This
factor isused, along with the number of vehiclesthat clear at
the end of the through phase (i.e., sneakers), to determine the
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TABLE 3-8 Controller setting worksheet with calculationsfor pretimed control

GeneralInformation = .

CONTROLLER SETTING WORKSHEET

Location: __ Pretimed Intersection

Change Interval and Minimum Green. =

Analysis Period:

(= v,), veh/h/ln
Pretimed Phases

Critical volumes by phase

Approach: Eastbound Westbound Northbound Southbound
Movement, No.: ' LT,5 |[TH+RT,2| LT,1 |TH+RT,6] LT,3 |TH+RT,8| LT,7 |TH+RT4
Yellow + all-red (Y)), s Y, = Y = Ye = Ys=

(Table 3-6) {see note 2} 5 5 5 - 5 - 5
Ped. phase time (P, ), s 0.0 0.0 0.0 0.0

(Table 3-6) {see note 3} 15 15 21 21
Minimum green (G, ), s

[= larger of: (P, ;-Y;, 8.0) ] 8 10 8 10 - 16 - 16
Critical Volume Summary (seenoted) -
1phase EW  (n,=2) Larger of: (v, 4, V2. Va5, Vo 6) = Larger of: (V,, 3, Vi ¢ Vo, 7, Vng) =

1 phase N-S

1 phase E-W  (n,=3) Larger of: (v, 4, Vi, 2, Vo 5, Va6) = Larger of: (v, 3,V,, 7)= | Larger of: (v, 4V, 6)=
2 phases N-S

2 phases E-W  (n, = 3) Larger of: (v, 1.V, 5)= | Larger of: (v, 5V, ¢)= |Larger of: (v, 3, Vi, 4, Va7, Vag) =

1 phase N-S 141 403 206

2 phases E-W  (n, = 4) Larger of: (v, ,v, s)= | Larger of: (v, ,,v, ¢)= | Larger of: (v, 3,v, ;)= | Larger of: (v, ,,v, )=
2 phases N-S

Sum of critical volumes Sv,=__750 No.phases(n)=__3 Min Delay Cycle (C;)=_46 _(Fig. 3-6)

Cycle Length (C)= __75
Pretimed (or

Lane volume (v, ;), veh/h/In
(from Critical Vol. Wksht.)

(v ), veh/h/In {see note 5} 141 403 141 403 - 206 - 206
Green duration (G), s
[= Vc.l/zvc(c '4np)+4'YI] 11 33 11 -

| Actuated phase maximum green setting -

Actuated phase maximum green setting

Min.-delay green (G, ) s
[= vo i/ Zv: (Cp- 4np) + 4 -Y)]

Maximum green setting, s
[= larger of:(G,,+12,1.3G, )]

Unit extension, s
(Table 3-10)

Notes:

1 - Numbers follow NEMA movement-based phase numbering system (LT = left-turn, TH = through, RT = right-turn).

Complete the columns for the left-turn movements (i = 1,

3, 5, 7) only if a corresponding left-turn phase exists.

2 - Compute the change interval (Y + AR) for the through phases only. If a left-turn phase exists then set its change
interval equal to that associated with the adjacent through movement.

3 - If pedestrians are served on a through phase that does not have pedestrian detection (i.e., no ped. button or ped.
signal) then use Table 3-6 to determine the minimum pedestrian phase time; otherwise, use P, = 0.0 s.

4 - Obtain from the Critical Volume Worksheet the critical volume that is associated with each movement. Only one

phase combination (or row) should be used.

5 - Record the critical phase volume in all cells that correspond to the movements served.

“adjusted” left-turn volume. It is suggested that 90 sneakers
per hour be used for this analysis. For the northbound left-
turn movement, the adjusted volumeis computed as 5 veh/h
(= 1.5[93 - 90]). For through movements, the adjusted vol-
ume is equal to the actual through movement volume (no
adjustment is needed).

The adjusted volume for the east-west road is based on
the calculations described in the second part of the Phase
Sequence Section. The adjusted left-turn volume is based
on aconservative estimate of the permitted left-turn capacity.
It is suggested that 60 veh/h be used for this analysis. For
the eastbound left-turn movement, the adjusted volume is
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Figure3-7. Exampleintersection used to illustrate timing
plan development.

computed as 45 veh/h (= 105 - 60). For through move-
ments, the adjusted volume is equal to the actual through
movement volume.

Sep 3. Compute Lane Volumes. For this step, the ad-
justed volume is used to compute the lane volume for each
movement. For movements with exclusive lanes, the lane
volume is computed as the adjusted volume divided by the
number of lanes. However, as indicated in Footnote 2 to
Table 3-7, the lane volume for a shared-lane approach is
computed as thetotal, adjusted approach volume divided by
the number of through lanes.

The north and southbound approaches both have shared
lanes; therefore, the provision in Footnote 2 appliesto each
approach. The lane volume for the northbound approach is
computed as 206 veh/h/In (=[5 + 408]/2).

The east and westbound approaches both have exclusive
lanes; therefore, thelane volumes are computed asthe adjusted

6.0
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Figure 3-8. Through-vehicle equivalents for permitted
[eft-turn vehicles.
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volume divided by the number of lanes. The lane volume for
the eastbound through movement is 251 veh/h/In (= 502/2).

Sep 4. Compute Critical Volumes. Asafinal step onthe
Critical Volume Worksheet, the critical lane volumes are
identified. A critical volume representsthelargest lane vol-
ume served by a given phase. The rules for making this
identification arelisted in the rows|abeled Critical Volumes.

Based on theruleslisted in the worksheet, the critical vol-
umefor the north-south road representsthe largest of thelane
volumes on the north and southbound approaches. Thus, the
critical lane volumeis 206 veh/h/In for the north-south road.

Two volumes are required for the east-west road because
there are two phases being used to serve east-west traffic. One
volume represents the larger lane volume of the two left-turn
movements; the second volume represents the larger volume
of the two through movements. Thus, the critical volume pair
for the east-west road is 141 and 403 veh/h/In.

Sep 5. Identify Change Interval and Minimum Green
Duration. To complete the development of the timing plan,
the Controller Setting Worksheet (i.e., Table 3-8) must be
completed. The columns that correspond to through traffic
movements should always be completed. Those columnsthat
correspond to | eft-turn movements should only be completed
when the movement is served by aleft-turn phase.

As a first step, Table 3-6 is consulted to determine the
change interval duration and the pedestrian phase time for the
through movements. The left-turn phase change interval can
be assumed to equal that associated with the adjacent through
movement. It can also be assumed that there is no pedestrian
serviceduring aleft-turn phase (i.e., P,=0.0). Finally, themin-
imum green duration is computed as the larger of the time
needed to satisfy driver expectancy (i.e., 8.0 s) and the time
needed to serve pedestrians (if appropriate).

For the north-south through movement, Table 3-6 indicates
that a change interval of 5 s is appropriate for an approach
speed of 40 km/h (25 mph) and a crossing distance of 18 m
(60 ft) [based on five lanes at 3.6 m (12 ft) each]. Table 3-6
also indicatesthat a pedestrian phasetime of 21 sisneeded for
the 18-m (59-ft) crossing distance. This phase time trandates
into aminimum greentime of 16 s.

Sep 6. Compute Critical Volume Sum and Cycle Length.
The critical volume sum and cycle length are determined
by completing the Critical Volume Summary Section of
Table 3-8. This section is completed by transferring the criti-
cal volumes from the Critical Volume Worksheet, computing
their sum, and then using this sum to determine the minimum-
delay cycle length C,. The minimum-delay cycle length is
obtained from Figure 3-6 for agiven critical volume sum and
number of phases.

For the example intersection, the particular cells com-
pleted in the Critical Volume Worksheet are a reminder that
two phases are used to serve east-west traffic and one phase
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to serve north-south traffic. This phase combination isrepre-
sented by the row labeled “ 2 phases E-W, 1 phase N-S.” The
corresponding critical volumes are transferred to this row
from the Critical Volume Worksheet. The sum of these three
critical volumesisfound to be 750 veh/h/In. Consultation of
Figure 3-6 indicates that the minimum-delay cyclelength for
this volume (and three-phase operation) is46 s.

Sep 7. Compute Green Interval Duration. Thegreen inter-
val duration for each phase is determined by completing the
Pretimed Phases Section of the worksheet. In the first row of
this section, the critical phase volume from the preceding sec-
tionistranscribed to all cells corresponding to the movements
served by the phase. Finally, these volumes are used to com-
pute the green interval duration for each phase. The equation
used for this purposeis:

Vc,i

S

G = (C-4n)+4-Y @)

where

G; = green interval duration for movement i (i =1, 2, 3,
..., 8),s
V,; = critical volume for movement i, veh/h/In;
>V, = sum of critical volumes, veh/h/In;
C =cyclelength, s
N, = number of phases, and
Y; = change interval for movement i, s.

Equation 1 distributesthe available green timeto the var-
ious movements in proportion to the critical volume of the
corresponding phase. It assumes a phase lost time of 4.0 s.
The green intervals are based on a cycle length that is ini-
tially set to equal the minimum-delay cycle length C,. If
one or more of the resulting green intervals do not satisfy
the corresponding minimum green duration, then the cycle
length should be increased and Equation 1 reapplied. This
process is repeated until all green intervals exceed the re-
quired minimums.

For the north-south road, the critical volume of 206 veh/
h/In is recorded in both the northbound and southbound col-
umns. Then, the north-south green interval duration is com-
puted as 8 s (= 206/750 * [46 — 12] + 4 — 5). Unfortunately,
this duration is less than the minimum green duration of
16 s. To resolve this deficiency, the cyclelength isincreased
and all green intervals are recalculated (using Equation 1).
This process is repeated until the green interval durations
for each movement just satisfy the minimum time needed.
For this example, a cycle length of 75 s is found to yield
green intervals that satisfy the corresponding minimums. It
should be noted that a cycle length that is different from the
minimum-delay cycle length will likely produce longer
delays; however, thisis an unavoidable consequence of satis-
fying the minimum green requirement.

Actuated Phase Settings and Detection Design. Chap-
ter 11 of the Manual of Traffic Sgnal Design (MTSD) (32)
describes procedures for determining the minimum green,
maximum green, and unit extension settings for an actuated
movement. The guidance provided in the MTSD for the min-
imum green setting is consistent with that provided in apre-
vious section, Minimum Green Time. The guidance provided
for the maximum green setting is based on the use of the
minimum-delay pretimed greeninterval duration. Specifically,
the MTSD suggests that the maximum green setting for a
movement can be estimated by computing the minimum-delay
greeninterval and then multiplying it by afactor ranging from
1.25t0 1.50.

Table 3-9 illustrates the recommended procedure for using
the Controller Setting Worksheet to determine reasonable ac-
tuated controller settings for the engineering study. This pro-
cedure requires that Steps 1 through 6 from the previous sec-
tion are completed first. Then, Steps 7 though 9 from in this
section would be completed. As noted previoudy in the sec-
tion, Cycle Length, the cyclelength obtained from Figure 3-6
is assumed to equal the average cycle length achieved by
actuated operation.

The exampleintersection used in the preceding sectionis
also used in this section to demonstrate the procedure steps.
The pedestrian provisions noted previously for the “pre-
timed” example intersection are modified for this demon-
stration. Specifically, pedestrian buttons are provided for
all approaches; therefore, pedestrian considerationswill not
affect the through phase duration.

Sep 7. Compute Minimum-Delay Green Intervals. As a
first step in determining the maximum green setting, the lane
volumes are transferred from the Critical V olume Worksheet
to the first row in the Actuated Phases Section of the Con-
troller Setting Worksheet. These volumes are then used to
compute the minimum-delay green interval for each actuated
movement. This green interval is computed from Equation 1
with the cycle length equal to the value obtained from Fig-
ure3-6 (i.e.,, C=C,).

For the example intersection, the lane volume of 403 veh/
h/Infor the westbound through movement yieldsaminimum-
delay greeninterval of 17 s(=403/750 [46 — 12] + 4 - 5).

Sep 8. Determine Maximum Green Setting. The maxi-
mum green setting for each movement is based on consider-
ation of the minimum-delay green interval and the minimum
green setting. Two values are computed. One value is equal
to the minimum-delay green interval multiplied by a factor
of 1.3. The second valueis equal to the minimum green set-
ting plus 12 s. The maximum green setting is set to equal the
larger of these two values.

For the westbound through movement, the maximum green
setting isfound to be 22 swhichisthelarger of 22 (= 1.3 * 17)
and 20 (=8 + 12). Following thisapproach, the maximum green
setting for each of the other movementsisfound to equal 20 s.
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TABLE 3-9 Controller setting worksheet with calculationsfor actuated control

General Information

CONTROLLER SETTING WORKSHEET

Location: __Actuated Intersection

Change Interval and Minimum Green

Analysis Period:

(= v,), veh/h/in

Pretimed Phases

Pretimed

Approach: Eastbound Westbound Northbound Southbound
Movement, No.: * LT,5 |[TH+RT,2| LT,1 |TH+RT,6} LT,3 |TH+RT,8{ LT,7 |TH+RT4
Yellow + all-red (Y)), s Y, = Ys= Y= Y=

(Table 3-6) {see note 2} 5 5 5 - 5 - 5
Ped. phase time (P, )), s 0.0 0.0 0.0 0.0

(Table 3-6) {see note 3} 0 0 0 0
Minimum green (G, ), s

[= larger of: (P, ;-Y;, 8.0) ] 8 8 8 8 - 8 - 8
Critical Volume Summary {see note 4} ' . - =
1phase E-W  (n,=2) Larger of: (v, 1, Vo 2, Vo5, Vas) = Largerof: (v, 3, Vo 4, Vo7, Vo g) =

1 phase N-S

1 phase E-W  (n,=3) Larger of: (V, 1, V4, 2, Vo 5, Vo 6) = Larger of: (v, 3, v, 7)= | Larger of: (v, ,V,6)=
2 phases N-S

2 phases E-W  (n, = 3) Larger of: (v, ,V, s)= | Larger of: (v, v, ¢)= |Larger of: (v, 3, Vi 4, Vs, 7, Vi g) =

1 phase N-S 141 403 206

2 phases E-W (n,=4) Larger of: (v, ,,v,5)= | Larger of: (v, ,V,s)= | Larger of: (v, ,,v, ;)= | Larger of: (v, ,,v, s)=
2 phases N-S

Sum of critical volumes Zv,=__750 No.phases(n)=_3 Min.Delay Cycle (C,)=_46 _ (Fig. 3-6)

(or non-actuated) phase time

Cycle Length (C)=__ 46
Pretimed (or non-actuated) phase time.

Critical volumes by phase
(v, ), veh/h/In {see note 5}

Green duration {(G), s
[= Vc,I/ZVc (C - 4np) +4 'YI]

Actuated Phases =

Lane volume (v, ;), veh/h/In

(from Critical Vol. Wksht.) 45 251 141 403 - 206 - 104
Min.-delay green (G, ) s

[= Vo il Zv (Cp-4ny) + 4 -Y] 1 10 5 17 - 8 - 4
Maximum green setting, s

[= farger of:(G,+12,1.3G, )] 20 20 20 22 - 20 - 20
Unit extension, s

(Table 3-10) 1.8 1.8 1.8 1.8 -- 1.2 - 1.2
Notes:

1 - Numbers follow NEMA movement-based phase numbering system (LT = left-turn, TH = through, RT = right-turn).
Complete the columns for the left-turn movements (i = 1, 3, 5, 7) only if a corresponding left-turn phase exists.

2 - Compute the change interval (Y + AR) for the through phases only. If a left-turn phase exists then set its change
interval equal to that associated with the adjacent through movement.

3 - If pedestrians are served on a through phase that does not have pedestrian detection (i.e., no ped. button or ped.
signal) then use Table 3-6 to determine the minimum pedestrian phase time; otherwise, use P,= 0.0 s.

4 - Obtain from the Critical Volume Worksheet the critical volume that is associated with each movement. Only one

phase combination (or row) should be used.

5 - Record the critical phase volume in all cells that correspond to the movements served.

Sep 9. Define the Detector Design and Unit Extension.
The unit extension setting is based on the detector location
and operation. It is desirable that local practice regarding
detector location and operation be consulted at this point
because of the numerous combinations possible. If informa:
tion on local practice is not available, the following guide-

lines can be used to define detector locations, operation, and
unit extension settings that are consistent with the level of
detail needed for the engineering study.

Two detector design options are described in the remainder
of this section for the purpose of determining a reasonable
detector location, operation, and unit extension setting. One
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design option appliesto (1) low-speed[i.e., 70 km/h (45 mph)
or less] through movements and (2) protected left-turn move-
ments. The other option applies to high-speed through move-
ments. Both options assume presence-mode detector opera
tion. 1t should a so be noted that both options have amaximum
allowable headway of 3.0to 3.5 s. Headwaysin excess of this
maximum would need to occur before a phase could gap-out.
This maximum headway is consistent with that of the “typi-
ca” detection designs described in the MTSD (32).

For low-speed through movements and protected |eft-turn
movements, it is suggested that a continuous stop line detec-
tion area(comprising onelong loop or severa 2-m (6-ft) loop
detectors) be used. This detection areawould be 15 m (50 ft)
in length. The unit extension would range in value from 0.5
to 1.9 s, depending on approach speed. Unit extension values
for typical approach speeds are listed in Table 3-10. For the
exampleintersection, the north-south road’ s40 km/h (25 mph)
approach speed would require a 1.2-s unit extension. Simi-
larly, the east-west road’s 60 km/h (40 mph) approach speed
would require a 1.8-s unit extension.

For high-speed through phases, it is suggested that two
advance loop detectors and a stop line detection area be used
for the engineering study evaluation. Both advance detections
are 2 m (6 ft) in length. One advance detector is located at a
point 4.5 s travel time from the stop line. A second advance
loopislocated 3.0-stravel timefrom the stop line. The equiv-
alent travel distances are listed in Table 3-10 for a range of
approach speeds. The stop line detection areais 15 m (50 ft)
inlength and uses the call-delay feature to effectively disable
the detector’ s operation during green, after the initial queue
clears. Thecall delay setting for the stop line detection areais
listed in Table 3-10. The unit extension for all high-speed
designsis15s.

Controller Settings for Coordinated Operation

When atraffic signal is proposed to be added to an arte-
rial or network street system, it should be coordinated with
the upstream and downstream signals. When possible, coor-
dination should be provided for both travel directions; how-
ever, it may not be possible to achieve two-way coordination
for some combinations of signal spacing, cycle length, and
traffic speed.

The components of the coordinated timing plan vary de-
pending on whether a pretimed or semi-actuated control mode
is used; however, all modes include the yellow and all-red
intervals for each phase. A pretimed timing plan includes
defining the cycle length, reference phase offset, and green
interval duration for each phase. A semi-actuated plan in-
cludes defining the system cycle length, force-off, and yield
points. It aso includes minimum green, maximum green, and
unit extension settings for the actuated (non-coordinated)
phases.

This section describes a reasonable procedure for estab-
lishing a coordinated timing plan at a level of detail suitable
for the engineering study. This procedure can be used if infor-
mation on local practice regarding signal coordination is not
available. Although this procedure represents a “manually
applied” process, it is anticipated that the analyst will prefer
to automate the coordinated timing plan devel opment process
to the extent possible by selecting asoftware analysistool (in
Step 2, Select Analysis Tool) that has this capability.

The procedure described in this section extends the ma-
terial described in the previous two sections (Basic Controller
Settings and Controller Settings for 1solated Operation). As
such, the worksheets completed in the previous section will
need to be completed for the subject intersection when it

TABLE 3-10 Unit extension settings for suggested detector designs'

Design Approach Unit Extension, Call-Delay Distance Between Detector and Stop Line, m (ft)
Speed, s Setting, s
km/h (mph) 1% Upstream Detector 2™ Upstream Detector
Low- 30 (20) 0.5
speed 40 (25) 1.2
50 (30) 1.5
60 (40) 1.8
70 (45) 1.9 .
High- 70° (45) 1.5 1.7 88 (297) 58 (198)
speed 80 (50) 1.5 1.6 100 (330) 67 (220)
90 (55) 1.5 1.5 113 (363) 75 (242)
100 (60) 1.5 14 125 (396) 83 (264)
Notes:

n.a. - not applicable.

1 - Based on (1) presence mode detection, (2) two 2-m (6-ft) advance loops at 4.5 and 3.0 s travel time, (3) 15-m (50-ft) stop line
detection area, (4) for speeds in excess of 70 km/h (45 mph) and above, call-delay is invoked for stop line detection during
green, and (5) non-locking memory. Designs yield a maximum allowable headway in the range of 3.0 to 3.5 s.

a- High-speed design applies to approach speeds in excess of 70 km/h (45 mph). Values for 70 knvh (45 mph) are shown to

facilitate interpolation.



is part of a coordinated system. This section describes only
coordination-related extensions to the material described in
the previous sections.

Cycle Length and Offset. The cycle length used for the
subject intersection C should be set equal to the existing sig-
nal system cycle length C,. This cycle length should be com-
pared with the minimum delay cycle length C, (identified in
Step 6). If Csislessthan 0.75 C,, thenthe subject intersection’s
geometry may need modification (e.g., lanes added) to lower
C.- The godl isto reduce the subject intersection’s minimum-
delay cycle length until the existing system cycle length
exceeds 75 percent of C..

The term “relative” offset is used in this section. It rep-
resents the time between the start of through green at two
adjacent intersections (one of which would be the subject
intersection). The relative offset needed to provide two-
way progression through the proposed signal can be esti-
mated as one of two values. Either it will be about 0.5 C or
it will be about 0.0 s. Both of these offsets should be eval-
uated in terms of the platoon arrival times from the two
upstream intersections. The preferred offset will be the one
that has vehicles arriving on green in both directions. Asan
alternative, one-way progression can be provided in the
peak travel direction by using arelative offset equal to the
travel time.

The remainder of this section describes a technique for
selecting a system cycle length and a relative offset. This
technique can be used when there is some flexibility in set-
ting the system cycle length. It is applicable to the following
two cases:

1. Themajor road currently has only one signalized inter-
section in the vicinity of the proposed signal, or

2. Theexisting system cyclelength can be changed to pro-
mote good two-way progression through the proposed
signalized intersection.

Each of these cases is discussed separately in the paragraphs
that follow.

The cycle-selection technique is based on the use of either
a“singlealternate” or “doublealternate’ progression scheme.
Each scheme has a unique type of offset relationship be-
tween adjacent intersections. The single alternate scheme
uses a relative offset that equals the travel time between
intersections. The double alternate scheme uses a relative
offset equal to 0.0 s between one pair of intersections and a
relative offset equal to the travel time between the next pair
of intersections.

Both schemes are based on the assumption that the through
green interval and the cycle length are the same at each inter-
section. However, small differencesin greeninterval duration
do not preclude the use of these techniques. Another assump-
tion inherent to these schemesisthat the distance (or spacing)
is constant between intersection pairs. Both schemes are
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Figure 3-9. Two offset relationships that provide good
two-way progression.

shown in Figure 3-9 in terms of a series of intersections
spaced L unitsapart with each intersection operating at acycle
length of Cs.

As the trends in Figure 3-9 indicate, the single aternate
scheme is more efficient than the double aternate scheme
because the single alternate scheme has a progression band
that is equal to the full width of the green interval. The band
for the double alternate scheme is less than the width of the
green interval; the amount of reduction depends on the travel
time between the intersections. In general, the double alter-
nate scheme provides reasonably good progression when the
green-to-cycle-length ratio G/C for the major-road through
phaseis 0.5 or more.

Case 1. Only One Signalized Intersection in the Vicinity
of the Proposed Signal. Asalfirst step, the distance between
the existing and proposed intersections must be identified.
Then, this distance is converted into a spacing coefficient
SC using the “single aternate” trend line in Figure 3-10a.
Finally, this coefficient is used with Figure 3-10b to deter-
mine the cycle length for a given average running speed on
the major road. The relative offset between the through
movement phases at the two intersections would be equal to
thetravel time.
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Figure 3-10. Relationship between spacing, progression
scheme, speed, and cycle length.

If the cyclelength obtained by the af orementioned technique
is unacceptably short, the process should be repeated using the
double alternate trend line. In this situation, the relative offset
between the through phases at the two intersections would be
equal to 0.0 s.

To illustrate the Case 1 technique, consider that a new
signalized intersection is proposed to be located 400 m
(1,300 ft) from a nearby signalized intersection. No other
signals exist within 1.5 km (4,900 ft). The major-road run-
ning speed is 70 km/h (45 mph). Figure 3-10aindicates that
the spacing coefficient is 400 for the single alternate pro-
gression scheme. Figure 3-10b indicates that a spacing co-
efficient of 400 and a speed of 70 km/h (45 mph) require a
cycle length of 40 s. The offset would equal the travel time
of 20 s. For this example, 40 sis determined to be too short
for asystem cycle length. Thus, Figure 3-10ais revisited to
find that the doubl e alternate scheme will yield a coefficient
of 800. A check of Figure 3-10b indicates that this coeffi-
cient, when combined with the 70 km/h speed, yields a

more reasonable cycle length of 80 s. The offset would
equal 0.0 s. Asnoted previously, the double aternate scheme
is most effective when the G/C ratio is 0.5 or more for all
through phases.

Case 2. Existing System Cycle Length Can Be Changed to
Promote Progression. The first step is to identify the dis-
tance between the existing signalized intersections. If this
distance is not constant among intersection pairs, then the
distance between the two signalized intersections that bound
the proposed signal should be used. This distance is then
converted into a “spacing coefficient” using the “single
aternate” trend line in Figure 3-10a. Next, this coefficient
isused with Figure 3-10b to determinetheideal cyclelength
for agiven average running speed on the major road. Asfor
Case 1, if the cyclelength is unacceptably short, then the dou-
ble alternate scheme should be used to determine the cycle
length. Regardless of the scheme selected, the cycle length
obtained from Figure 3-10b should be used when the pro-
posed signal is installed, the relative offset to the proposed
signal would equal 0.0 s, and the G/C ratio for the through
phases should be 0.5 or more.

One exception to the technique described in the previous
paragraphs exists when the distance between existing inter-
sectionsis 800 m (2,600 ft) or more and the proposed signal is
to belocated at apoint midway between existing intersections.
In this special case, a single aternate scheme will generally
provide very good two-way progression. To determine the
proper cyclelength, the spacing coefficient is defined to equal
the distance between the proposed signal and an existing sig-
nal. This coefficient would then be used with Figure 3-10b to
determine the ideal cycle length for a given average running
speed on the major road. The relative offset would equal the
travel time.

Toillustrate the Case 2 technique, consider that anew sig-
nalized intersection is proposed to be located midway be-
tween two existing signalized intersections that are spaced
800 m apart (2,600 ft). The major-road running speed is
70 km/h (45 mph). Figure 3-10a indicates that the spacing
coefficient is800 for the single alternate progression scheme.
Figure 3-10b indicates that a spacing coefficient of 800 and
a speed of 70 km/h (45 mph) require a cycle length of 80 s
This cycle length is acceptable, so the proposed intersection
should be designed to operate with acycle length of 80 s. In
addition, all through movement phases should have a G/C
ratio of 0.5 or more to ensure reasonable progression band-
width. Finally, therelative offset to the proposed intersection
should be 0.0 s.

The example intersection in the preceding paragraph is
also a candidate for consideration of the aforementioned
exception to Case 2. The distance between the proposed
and existing signalswould equal 400 m (1,300 ft). Thisdis-
tance equates to a spacing coefficient of 400. Figure 3-10b
indicates that this coefficient corresponds to a 40-s cycle



length for a speed of 70 km/h (45 mph). The offset would
equal the travel time of 20 s. The use of a single alternate
scheme is attractive because it provides very good pro-
gression; however, it can only be used for this example if
the intersections can operate effectively at arelatively short,
40-s cycle length.

Pretimed Phase Interval Durations. If the intersections
in the signal system are pretimed, the procedure described in
the section, Controller Settings for | solated Operation, can be
used to develop the timing plan. Specifically, the procedure
described for pretimed intersections can be used to determine
the appropriate phase interval durations. One exception to this
procedurerelatesto the cyclelength used in the Controller Set-
ting Worksheet (i.e., Table 3-8). The cycle length used for all
calculations should equal either (1) the existing system cycle
length or (2) the cycle length obtained from the procedure
described in aprevious section, Cycle Length and Offset. The
cycle length selected by either means would then be used to
compute the pretimed phase durations in the worksheet.

Actuated Phase Settings and Detection Design. If the
proposed intersection will use semi-actuated control in acoor-
dinated arterial system, the procedure described in a previous
section (Controller Settings for Isolated Operation) should be
used to determine the appropriate phase settings and minor
movement detection design. Specifically, the analyst should
complete the Controller Setting Worksheet (i.e., Table 3-9)
using the Actuated Phases section to compute the maximum
green settings for the non-coordinated phases. The cycle
length used for all calculations should equal either (1) the
existing system cycle length or (2) the cycle length obtained
from the procedure described in a previous section, Cycle
Length and Offset.

Detectors should be used for all non-coordinated phases
(i.e., al left-turn and minor-road through phases). If local
practice on detection design is not known, the “low-speed”
design described previously should be used. Specificaly, this
design would consist of a continuous stop line detection area
(comprising onelong loop or several 2-mloop detectors). The
detection areawould be 15 m (50 ft) in length. The unit exten-

Start of major-street green at
master intersection.
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sion would range in value from 0.5 to 1.9 s, depending on
approach speed. Unit extension values for typical approach
speeds are listed in Table 3-10.

For ce-Off and Yield-Point Settings. Semi-actuated coor-
dinated systems require specification of force-off and yield
point settings to ensure smooth traffic progression. These set-
tingsrepresent fixed points during the cycle and arereferenced
to the start of the major-road through phase at the * master”
intersection (assumed to be the existing upstream intersection
for the purpose of the engineering study). To determine these
settings, the analyst should complete the Controller Setting
Workshest (i.e., Table 3-8) using the Pretimed Phases section
to compute equivalent pretimed durationsfor all signal phases.

The yield-point YP setting defines when the major-road
through phase can be terminated (so as to serve waiting
minor-movement vehicles) without disrupting progression.
The yield-point value can be set to equal the relative offset
plus the equivalent pretimed green duration of the major-
road through movement phase (i.e., YP,¢ = Offset + G ,).
This relationship is shown in Figure 3-11 for three-phase
operation with the major-road through phase denoted by
movement numbers 2 and 6.

The force-off settings FO, define when each minor-
movement phase should be terminated so that all phases can
be served and green can be returned to the major-road through
phase in time to serve an arriving platoon. One force-off set-
ting is computed for each minor-movement phase. Theforce-
off setting for the minor phase that follows the major-road
through phase is computed as the sum of the yield-point,
major-road change interval, and minor-phase equivalent pre-
timed green duration (i.e.,, FO, = YP,5 + Y6 + Gy ). If asec-
ond minor phase exists, then itsforce-off would be computed
asthe sum of the previous phase’ sforce-off setting, itschange
interval, and the second minor-phase equivalent pretimed
green duration (i.e., FO, = FO, + Y45 + Gy 5). This process
would repeat for al additional minor-movement phases.

Example. For example, consider the example intersection
previously considered in the development of Tables 3-7 and
3-8. Thisintersection has aleading, protected | eft-turn phase

l YP FO, FO,

Offset ; { | |
. i ! |
1 T

Gzs  iYze| Gag |Yas| Gis Yy

. . . Time
0 . |
Cycle length

Figure3-11. Relationship between offset, cycle length, yield-point,

force-off settings.
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on the east-west road. Assume that a 75-s cycle length with
a 32-s relative offset was determined to provide good two-
way progression. Based on this assumption, the equivalent
green durations shown in Table 3-8 can be used to determine
the yield-point and force-off settings. The yield point for the
east-west through phase can be computed as 65 s (= 32 + 33).
The next phase to occur in the phase sequence is the north-
south phase. The force-off for this phaseis computed as86 s
(=65 + 5 + 16). Asthis value exceeds the cycle length, one
increment of the 75-s cycle length is subtracted to obtain a
“relative” force-off setting of 11 s. Thelast phaseto occur is
the east-west |eft-turn phase. The force-off setting for this
phaseis computed as 27 s (= 11 + 5 + 11).

Guidelines for Use of Stochastic
Simulation Models

Overview

This section describes guidelines for the use of stochastic
simulation models. These model s recreate the random events
that define an individual vehicle’ sjourney through the simu-
lated street network. Although the simulation of random
eventsisvery redlistic, it resultsin an element of uncertainty
in the output measures of effectiveness (MOES). This uncer-
tainty stemsfrom the fact that the sequence of random events
changes from one simulation run to the next (assuming a
different random number seed is used each run) and pro-
duces slightly different MOE values at the end of each run.
This section provides guidance as to how the variability in
MOESs can be minimized to the extent that reasonable con-
fidence can be obtained in the conclusions reached from the
engineering study.

Random Arrivals

By definition, the headway between arriving vehiclesat an
isolated intersection is a random variable that is exponen-
tially distributed. An accurate assessment of isolated inter-
section delay requiresthat the simulation model replicatethis
behavior. The analyst should verify that arrival headwayson
the isolated intersection approach vary with some degree of
randomness. Some clue asto the variability of arrivalscan be
found by observing the vehicle headways in the graphic ani-
mation package that accompani esthe simulation model. How-
ever, amodel’ sability to generate random headways should be
verified by consultation of its user’s manual.

Concerns about random arrival headways are al so relevant
to the evaluation of systems of signals. Specifically, arrival
headways to the external approaches of intersections located
along the arterial street (or around the network) should follow
the Negative Exponentia distribution. External approaches
are those approaches that do not have an upstream signalized
intersection.

Random Number Seed

Most simulation models use one user-specified, random
number seed to determine the sequence of simulated ran-
dom events. The analyst must change this seed with each
new simulation run to ensure that the random processes in
the system are fully reflected in the output MOEs. If the
simulation model uses different seed numbers to control
different aspects of the simulated events, then all seeds should
be changed with each new simulation run.

Several techniques can be used with simulation models
to minimize or isolate the variahility due to some random
events. For example, one simulation model allows the ana-
lyst to specify that the samedrivers, vehicles, and routesare
used for each simulation run while still allowing driver
decisions to be randomly selected. This approach helps to
reduce the simulation time needed to identify whether sig-
nificant differencesin delay exist among alternative control
strategies. However, it may also bias the estimate of amove-
ment’ strue delay when several runs are made and the results
averaged because only a subset of the driver population will
be represented in the averaged values. In short, variance-
reduction techniques can be useful if they are properly
applied. Their proper application requires an understanding
of the underlying statistical issues and the questions for
which variance-reduction can be helpful in answering. If
thereisany uncertainty about the use of variance-reduction,
it is recommended that the guidance offered in the previous
paragraph be followed.

Minimum Smulation Initialization Time

Theinitialization time used for the simulation relatesto the
period of time that elapses (relative to the start of the smu-
lation run) before the model starts to collect MOE statistics.
In general, the first few vehicles to enter the simulated net-
work do not experiencethelevel of delay and interaction that
is experienced by subsequent vehicles. Thus, these initial
vehicles may bias the MOE statistics if they are included in
the MOE calculations.

To minimize the potential bias resulting from “ start-up”
effects, it is suggested that the analyst set the initialization
time to avalue that exceeds the travel time between the two
most-distant pointsin the simulated network. This approach
is intended to alow the simulated street network time to
“fill” with vehicles before statistics are collected. Some sto-
chastic simulation models automatically define (and apply)
an initialization period based on the aforementioned rule.

Smulation Period and Run Duration

As mentioned previously, the variability in the predicted
MOEsisaresult of randomnessin the simulated system. This



variability effectively reduces the precision of the predicted
values. However, a desired precision can be achieved by
increasing the number of observations included in the aver-
age MOEs reported by the simulation model. Several tech-
nigques are available for this purpose; however, the simplest
and most direct techniqueisto increase the simul ation period
until the desired precision is achieved.

Inthisguide, the*simulation period” isdefined asthetotal
time a given evaluation period is simulated, as measured by
the*“clock” inthe simulation software. The simulation period
may exceed the period represented by the evaluation period
(e.g., morning peak hour). The next three sections describe a
procedure for determining the simulation period. This proce-
dureisbased on three assumptions: (1) that delay isthe basis
for evaluating the acceptability of an aternative; (2) that the
delays to individual traffic movements will be compared
with athreshold value[e.g., aspecified delay level-of-service
value obtained from the Highway Capacity Manual 2000
(15)]; and (3) that the overall intersection delayswill be com-
pared among alternatives with the lower delay alternative
being given preference.

Run Duration. The simulation period should consist of
one or more “runs,” with each run having a 1-hr duration.
Thus, if the evaluation period is the morning peak hour and
it is determined that a 2-hr ssimulation period is needed to
achieve the desired precision, then the simulation period
should consist of two runs of 1-hr duration each. The desired
MOEs would be computed as the average of the individual
MOEs from each run.

The benefits of using a 1-hr run duration are that (1) it is
consistent with the evaluation period used in the engineering
study and (2) it provides a common time basis for comparison
when one or more movements are oversaturated. With regard
to this second point, a fixed run duration facilitates the com-
parison of delay among alternatives becauseit accountsfor the
time dependency associated with oversaturated movement
gueues (when they exist).

Other approachesto defining run duration are possible. For
example, ssimulating volume patterns that occur during sev-
eral, consecutive 1-hr periodswould provide a better estimate
of delay when an intermediate hour has one or more oversat-
urated movements. However, this approach would require
considerably more analysis effort than needed for the engi-
neering study. It is believed that the use of a common, 1-hr
duration for each simulation run provides the best balance
between the effort required for the engineering study and the
precision needed in the analysis results.

Minimum Simulation Period Based on Individual
Movement Delay. One condition used to determine if a
proposed alternativeis* effective” isthat each traffic move-
ment has an acceptable level of service. This verification
requires the comparison of the predicted movement delay
with a specified threshold delay value. In thissituation, itis
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important to know if the predicted delay istruly larger than
the threshold value and that any difference is not due only
to random variation. The ability to make this determination
can be enhanced by providing a sample size that is large
enough to minimize random influences.

Figure 3-12 can be used to determine the simulation period
needed to limit the uncertainty in the delay estimateto 10 per-
cent or less. The 10-percent trend line reflects a 90-percent
confidencelevel that thetrue delay isno morethan 10 percent
larger than the model-predicted delay. The predicted delay
can beinflated by 10 percent and the result compared with the
specified threshold delay value. Statements can then be made
about whether the threshold value has likely been exceeded.
The development of Figure 3-12 is described elsawhere by
Bonneson and Fontaine (20).

A 10-percent error limit is recommended for the engi-
neering study. Error limits other than 10 percent can be
obtained by multiplying the time obtained from Figure 3-12
by the factor: f = (10 / new error percentage)?. For example,
a 20-percent error limit would require a simulation period
that is one-fourth the duration of that needed for a 10-percent
error limit.

Minimum Simulation Period Based on Average Inter-
section Delay. The comparison of delays between one or
more alternative intersection improvementsis also an impor-
tant consideration in the engineering study. Specificaly, itis
important to know that the predicted average intersection
delay for one alternativeistruly less (or more) than that pre-
dicted for another aternative and that the difference is not
due to random variation. The ability to make this determina-
tion can be enhanced by providing asample sizethat islarge
enough to minimize random influences. For this discussion,
an existing intersection is also considered as an alternative
(i.e., the “do-nothing” alternative).

Figure 3-13 can be used to define the minimum simulation
period needed to determine when one alternative is truly
operating with less overall delay than another alternative.
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Figure3-12.  Minimum simulation period when
comparing delay to a threshold value.
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Figure3-13. Minimum simulation period when
comparing delays between two alternatives.

The difference in average intersection delay among the two
alternatives is reflected in the “delay ratio” term, which is
the ratio of the smaller delay to the larger delay. The trend
line indicates the simulation run time needed to have 90 per-
cent confidence that the difference between a pair of pre-
dicted delays is significant. The development of Figure 3-13
is described el sewhere by Bonneson and Fontaine (20).

Procedure. The procedure for determining the time ele-
ments of the simulation process includes consideration of the
minimum simulation period needed for each traffic movement
andfor theoveral intersection. Thelargest of these minimums
would then be used to define the total simulation time period.
The minimum simulation period is then divided into a series
of individual ssimulation runs of 1-hr duration.

As afirst step, Figure 3-12 is consulted for each traffic
movement of interest for a given aternative. Only traffic
movements that have exclusive lanes can be examined inde-
pendently. Movements that share alane should be combined
and examined as asingle movement. Thisprocessisrepeated
for each aternative.

As a second step, Figure 3-13 is consulted once for each
aternative using aflow ratethat correspondsto thetotal enter-
ing volume for the respective alternative. One simulation
period is obtained from the figure for each alternative.

Asathird step, thelargest singletime period obtained from
thefirst and second steps is used to define the minimum sim-
ulation period used. This period is then rounded to the near-
est number of whole hours (e.g., 1.6 hisrounded to 2.0 h). A
series of 1-hr simulation runs are then completed so that the
total simulation time equals the simulation period. Each run
should be based on a different random number seed. The
movement and intersection delays obtained from each run are
then averaged to produce the desired MOEs.

Example. To illustrate the procedure, consider the inter-
section shown in Figure 3-14 (volumesin veh/h). The inter-
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Figure 3-14. Example intersection used to illustrate
simulation run control procedure.

section is currently unsignalized; however, a traffic signal
alternativeisbeing considered. A simulation analysisisto be
conducted to determine the delay associated with each alter-
native. The analyst wantsto know if movement delaysexceed
a threshold delay level of 55 s/veh and if overall delay dif-
ferences of 10 percent or more (i.e., adelay ratio of 0.9) are
likely to be significant from a statistical standpoint.

The first step is to determine the minimum simulation
period required for threshold assessment. This time period
is dictated by the lowest movement volume because it will
require the longest simulation time. The 50-veh/h left-turn
movements on the north and south approaches share alane
with the through movements and thus should be combined
with the through movements. Thiscombination yields shared-
lane volumes of 100 and 150 veh/h for the north and south
legs, respectively. After reviewing al volumes, the 75-veh/h
left-turn volumes on the east and west approaches are the
lowest volume movement at the intersection and dictate the
minimum simulation period based on movement consider-
ations. Figure 3-12 indicates that a minimum simulation
period of 2.2 hr would be needed based on individual move-
ments.

The second step is to determine the minimum simulation
period required for the comparison of aternatives. This pe-
riod is dictated by the total entering volume at the inter-
section. This volume is 1,000 veh/h for the example inter-
section. Figure 3-13 indicates that a minimum simulation
period of 0.5 hr will be necessary for both alternatives (as
they both have an entering volume of 1,000 veh/h).

The third step is to determine the minimum simulation
period for the engineering study. For this example, theindi-



vidual movement delay evaluations require a simulation
duration of 2.2 hr and the overall intersection delay com-
parisons require a simulation duration of 0.5 hr. The larger
duration of these two values, 2.2 hr, dictates the simulation
duration. Asafinal step, thisduration can beroundedto 2.0 hr.
In summary, the simulation period should consist of two, 1-hr
simulation runs.

At the conclusion of thetwo, 1-hr runsfor one alternative,
predicted delays of 51 and 45 s/veh are obtained for the east-
bound left-turn movement. These two delays are averaged to
obtain an average delay of 48 s/veh. This delay, combined
with a 10-percent error limit, would indicate that the true
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mean delay is less than 53 s/veh. Because 53 s/veh is less
than the threshold of 55 s/veh, the analyst can report (with
90-percent confidence) that the movement delay does not
exceed thethreshold level. Similar statements could be made
about the delays for the other traffic movements.

Average overall intersection delays for the unsignalized
and signalized alternatives are computed as 50 s/veh and
40 slveh, respectively. The corresponding delay ratio is
0.8 (= 40/50). As 0.8 is less than 0.9, the analyst can con-
clude (with 90-percent confidence) that the average 10-s/veh
delay difference is statistically significant and that the two
alternatives are associated with different delays.
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CHAPTER 4
ALTERNATIVE SELECTION

This chapter describes the alternative selection stage of the
engineering assessment process. This processis used to eval-
uate problemintersections and identify effectiveimprovement
alternatives. During the aternative selection stage, the dter-
natives identified at the end of the engineering study stage
are evaluated to determine their effect on traffic operations,
safety, and other factors. The aternative determined to be
the “best overall aternative” based on this evaluation is then
recommended for implementation at the subject intersection.

PROCESS
Overview

The alternative sel ection stage consists of three steps. These
steps, described in this chapter, are

1. Identify impacts,
2. Select the best alternative, and
3. Document the study

In the first step, each aternative that was deemed to be
“effective” at the conclusion of the engineering study stage
is evaluated to determine its effect on traffic operations and
other factors. In the second step, these effects are aggregated
and compared in order to determine the best overall aterna
tive. Finally, inthethird step, the analyst documentsthe study
process, the relevant findings, and the recommended course
of action in a study report.

The objectives of the alternative selection stage are (1) to
define arational processfor selecting the best overall alterna-
tive and (2) to document the results of the assessment process
in a study report. These objectives are achieved through the
devel opment and application of auniform procedurefor alter-
native selection and through the agency’ sformal documenta:
tion of the study process. The stepsinvolved in this stage are
described in the remainder of this chapter.

Step 1. Identify Impacts

This step isintended to assist the analyst in making a com-
prehensive assessment of all effectsthat would result fromthe
implementation of each alternative. This assessment consists
of the following two tasks:

a. ldentify Decision Factors
b. Assess Degree of Impact

In the first task, alist is developed that includes the deci-
sion factors that will be considered in the selection process.
Then, in the second task, the engineer systematically evalu-
ates the effect of the alternative on each factor. This evalua
tion is based on a quantitative assessment of the degree of
effect each alternative would have on a given factor.

1-a. Identify Decision Factors

The factors considered in the aternative selection process
may include traffic operations, traffic safety, construction
cost, aesthetics, environment, and right-of-way requirements.
The specific factorsconsidered for agiven project will depend
on the conditions present at the problem location, public
awareness of the problem, and size (or extent) of the proposed
improvements. For small projects with little visibility, the
engineer may choose to focus on the traffic operations and
safety impacts. Cost factors may also be considered for mod-
erately sized projects. For large projects or those with con-
siderable visibility, all of the factors should be considered. In
thislatter situation, the analyst may need to enlist the support
of other professionals to evaluate impacts to the environment
or adjacent property.

Agency preferences may al so dictate which factorsare con-
sidered. These preferences may reflect the philosophy of the
agency administrators, theamount of quantitativeinformation
needed to assess a given factor, the degree of reliance placed
on engineering judgment, and the desired precision of the
engineering study. Table 4-1 liststhe factorsthat may be con-
sidered in the selection of alternative improvements at prob-
lem intersections (the arrangement shown is arbitrary and
implies no order of importance).

Thefactorslistedin Table4-1 are consulted during thistask.
Those factors that have particular relevance to one or more
alternatives (including the existing intersection, if applicable)
areidentified. Traffic operations (including capacity and level
of service) should always be one of the factors considered.
Engineering judgment should be used to determine if impacts
to the other, non-operations-rel ated factors are enough to war-
rant their consideration. The factors selected should reflect
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TABLE 4-1 Factorsthat may be considered in the alter native selection stage

Factor Description
Traffic Operations Quality of service provided to motorists, pedestrians, and bicyclists.
Traffic Safety Crash risk to motorists, pedestrians, and bicyclists; separation of modes.
Public health and safety; timely service to emergency vehicles.
Direct Cost Design, right-of-way, and construction (initial costs).
Maintenance and operating (ongoing costs).
Other Aesthetics, environment, property access, property values, economic activity in area.

conditions at the subject intersection, adjacent properties, and
the surrounding street network (if applicable).

1-b. Assess Degree of Impact

During this task, the factors identified in Task 1-a are re-
viewed and evaluated for each aternative. The evaluation
should include some assessment of the effect of an alternative
on the associated factor.

The effect of each factor should be quantified in terms of a
representative performance measure. For example, the oper-
ational effect of each alternative could reflect the total delay
experienced during the average day. If safety isevaluated, the
safety impact of each alternative could reflect the annual num-
ber of crashes expected at the site. If direct-cost is evaluated,
the cost impact of each alternative could reflect itsinitial and
annual costs. If the other factors are being considered, their
effects could al so refl ect aquantitative performance or impact
measure that has some economic basis.

The precision of theimpact estimate should reflect abalance
between the importance of the study and the implications of
not identifying the best overall aternative. The operational
effects should be estimated during the engineering study stage.
If other factors are being included, their effects can be esti-
mated using a combination of experience and engineering
analysis. In this regard, an engineer who has experience esti-
mating the effects of similar projects may be able to provide
reasonable impact estimates for the alternatives of interest.
Agency reports may also be a source of information about the

effectsof similar projects. Theanalyst may also consult thelit-
erature to determine the effects of some factors (e.g., safety).

An example application of the impact assessment process
is provided in Table 4-2. Two alternatives are being com-
pared. Alternative 1 is estimated to have 7 vehicle-hours of
delay during the average day, 6 crashesper year, aninitial cost
of $400,000, and a $2,000 annual maintenance cost. The
impacts of Alternative 2 are also listed. The crash frequency
and direct-cost estimates are approximate and based on typi-
cal values from similar projects.

For the example illustrated in Table 4-2, the agency deter-
mined that it was appropriate to consider only traffic opera
tions, crash frequency, andinitial costsfor thisproject. Thedata
in thistable indicate that Alternative 1 haslower delay, higher
crash frequency, and higher direct cost than Alternative 2.

Step 2. Select Best Alternative

During this step, the analyst will select the best alternative
based on consideration of the assessed impacts of the various
aternatives. Initialy, weights are selected for the individual
factor impacts. Then, the best alternative is selected as the
one having the lowest weighted total impact.

Theweights used for each factor are estimated with the same
level of precision used to estimate the factor impacts. To pro-
vide equity among the various factors considered, the weights
can be based on the annualized worth of each factor; however,
thisisnot arequirement. For example, if total motorist delay [in
vehicle-hours per day (veh-h/day)] is used to quantify the

TABLE 4-2 Example procedurefor assessing the degree of impact

Factor Description Units Impact
Alt. 1| Alt. 2

Traffic Operations | Motorist delay veh-h/day 7 29
Traffic Safety Crash frequency crashes/year 6 4
Direct Cost Design, right-of-way, and construction (initial costs). $/1000 400 60

Maintenance and operating (ongoing costs). $/1000 2 2
Other Aesthetics, environment, property access, etc. - nc. | nc.

Notes:

n.c. = not considered for this project.
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TABLE 4-3 Example procedurefor alternative selection

Factor Description Units Weight Impact
Alt. 1| Alt. 2

Traffic Operations | Motorist delay veh-h/day 4.5 7 29
Traffic Safety Crash frequency crashes/year 40 6 4
Direct Cost Design, right-of-way, and construction (initial costs). $ /1000 0.1 400 60
Maintenance and operating (ongoing costs). $/1000 1.0 2 2

Other Aesthetics, environment, property access, etc. -- -- nc. | nec.
Total:| 314 | 299

Notes:

n.c. = not considered for this project.

impact on traffic operations, its weight would reflect the
annual cost of time per vehicle. These weights should be esti-
mated by an engineer experienced in estimating the impact
of similar projects.

The annualized-worth basisfor determining theweightsis
asuggestion; it is not arequirement of this procedure. Other
weighting schemes can be rationalized and should reflect
the policies of the responsible agency, the time available for

TABLE 4-4 Typical study report outline

alternative selection, and the experience of the analyst. How-
ever, once the weights are estimated, they should be used for
subsequent projectsto provide some degree of consistency in
the recommendations.

An example application of this procedure is provided in
Table4-3. Theimpactsidentifiedin Table 4-2 are used for this
example. Theweight used for the delay impact isbased on an
estimate of the annual cost of time per vehicle (in thousands

No. Section Heading

Description

1 Introduction

« Identify the location of the study.
« Indicate why the study was requested and by whom.
» Indicate if the location was the subject of a previous study.

2 | Existing Conditions

+ Identify roadway conditions and influence of upstream signalized intersections.

« Include: street classification, street orientation (e.g., north-south), speed limit,
cross-section components, pavement markings, and traffic control.

« Discuss site characteristics that could adversely affect operations or safety.

3 Traffic Conditions

* Summarize the vehicular, pedestrian, and bicycle traffic volumes.
» Describe the data collection procedures and the date the data were collected.

Crash History

* Summarize the analysis of at least three years*6f crash data. Specify the
frequency of injury-related crashes.
+ Describe the procedures used to reduce the data.

Alt. Identification

» Identify the improvement alternatives considered. Justify inclusion if necessary.
» If the signal alternative is considered, describe the warrant evaluation results and
indicate which warrants were satisfied.

Alt. Evaluation

« Summarize the results of the alternative evaluation.
» Identify the analysis tool used.
« Indicate the level of service provided by each alternative.

Recommendations

+ State recommended plan of action and justification based on findings.

« Indicate if inter-agency agreements or exceptions to design standards are needed.

* Provide an estimate of the cost of the recommended plan of action.

« If the signal alternative is recommended, describe the proposed signal timing
plan and the quality of traffic progression provided.

Attachments

* Area map

* Condition diagram

* Photo log (optional)

* On-site observation report

« Traffic count summary sheets (optional)

* Collision diagram

* Warrant worksheets (optional)

¢ Output from analysis software or completed analysis worksheets (optional)




of dollars). It assumes that there are 300 equivalent average
days per year and that the cost of timeis $15 per vehicle-hour
(i.e., 4.5=300 * 15/ 1000). Thus, the product of this weight
and the total delay yields an estimate of the annual cost of
delay per year for agiven alternative. Again, theseweightsare
illustrative; the analyst should establish appropriate weights
for his (or her) agency following these principles.

The weight used for crash frequency reflects an equivalent
cost for the average crash (inthousands of dollars) and reflects
the distribution of fatal, injury, and property damage crashes
at intersections. The initial costs (in thousands of dollars)
were given aweight of only 0.1 to reflect their annualization
over a 15-year period. These weights were used to compute
theweighted total showninthelast row of thetable. Thistotal
representsthe annual cost of each alternative (in thousands of
dollars). The lower total for Alternative 2 indicates that it
should be selected (over Alternative 1).

A formal economic analysismay also be used to determine
the best alternative. Thisanalysis has the advantage of being
a defensible, quantitative means of assessing the relative
worth of variousaternatives by using financial return (in dol-
lars) as a common basis of comparison. Its disadvantage is
that it requires some effort to quantify the economic worth of
each factor considered. A procedure for conducting an eco-
nomic analysis of transportation projects is described in A
Manual on User Benefit Analysis of Highway and Bus-Transit
Improvements (34).

Step 3. Document Study

During this step, the analyst documents the results of the
study process in a study report. This report should describe
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the study process, the rel evant findings, and the recommended
course of action. The report should aso include al support-
ing discussion, information, and summary worksheets. The
content of the report should be readily understood by other
engineers and agency administrators.

The study report represents the agency document that sup-
portsthe action taken at the subject intersection. Assuch, this
report must contain sufficient information to justify the rec-
ommended action. The typical study report outline is listed
in Table 4-4. Theinformation in thistable is partially drawn
from the Montana Department of Transportation’s Traffic
Engineering Manual (35).

As indicated by the information in Table 4-4, the study
report should contain eight sections. The information gath-
ered through the conduct of the proceduresin Chapters 2 and
3 would be described in Sections 1, 2, 3, 5, and 6. An analy-
sis of the intersection’s crash history would be included in
Section 4. A procedure for conducting the crash data analy-
sisis described in the Institute of Transportation Engineer’s
Manual of Transportation Engineering Sudies (6).

In general, the study report should be kept brief. Asarule-
of-thumb, the report (excluding attachments) should be four
to six pagesin length with about one paragraph of discussion
devoted to each of the bullet itemsin Table 4-4. A table may
be the most efficient means of summarizing the traffic vol-
umes and the crash history. A short cover letter may also be
added to document the conveyance of the report to the appro-
priate agency administrator.
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APPENDIX A
CASE STUDY APPLICATIONS

References to software productsin Appendix A are solely
for the purpose of providing meaningful illustrations of the
analysistool selection process. No endorsement of a product
isimplied by itsinclusion in the guide.

INTRODUCTION

The objective of this appendix is to demonstrate the pro-
cedures described in the Engineering Sudy Guide (ESG)
through their application to several case studies. These case
studies are based on real-world intersections; however, some
aspects of their traffic demand or geometry have been mod-
ified to illustrate various elements of the procedures.

Four case studies are described in this appendix. Collec-
tively, these case studies show the three stages of the engi-

TABLE A-1 List of case study attributes

A-1

neering assessment process (i.e., alternative identification
and screening, engineering study, and alternative selection).
They alsoillustrate the ability of the processto deal with both
isolated intersections and intersections within signal systems
(i.e., non-isolated). The attributes of the case studiesarelisted
in Table A-1.

The case studies were selected to demonstrate the manner
in which the ESG could be used to identify and evaluate a
range of aternatives. Collectively, the case studies consider
both roundabout and conventional intersection geometry; the
latter with two-way stop, multi-way stop, and traffic signal
control. By coincidence, the signd alternativeisconsidered in
each case study. However, this result should not be construed
to mean that the signal aternative is arequired consideration
in al engineering studies. It should also be noted that the sig-
nal aternative was not aways found to be the best alternative.

No. | Improvement Improvement Isolated or Scenario
Category Type Non-Isolated

1 | Minor Geometry: bays Isolated Minor road delays at existing intersection
improved by adding turn bays on both roads.

2 | Major Control: signal Isolated Minor road delays at existing intersection
improved by converting to signal control.

3 | Minor Control: re-stripe { Isolated Minor road delays at existing intersection
improved by turn bay substituted for parking.

4 | Major Control: signal Non-Isolated | Proposed intersection has adequate capacity with
stop control because of gaps in vehicle platoons.
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CASE STUDY 1

SYNOPSIS

Thiscase study illustrates an application of the Engineering
Sudy Guide (ESG) to an isolated, stop-controlled intersection
where minor-road drivers are experiencing excessive delay.
The HCS software package was used to eval uate the operation
of the intersection and its proposed dternatives. The addition
of right-turn bays on the north and westbound approaches and
the addition of aleft-turn bay on the southbound approach was
recommended asthe best method for aleviating motorist delay.

BACKGROUND

The local transportation agency has received many com-
plaints about the intersection of County Routes 21 and 27.
These complaints suggest that the delay to minor-road driv-
ers may be excessive. Most of these drivers are traveling to
and from a manufacturing plant located about % mile to the
east of theintersection on County Road 27. Because of these
complaints, an engineering assessment was undertaken to
decide if improvements to the intersection were needed.

The intersection of County Routes 21 and 27 isin arural
community with approximately 11,000 residents. The inter-
section has three approach legs; one leg is stop-controlled.
County Route 27 (CR 27) isthe minor road; it is oriented in
an east-west direction and has stop-control at the intersec-
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tion. County Route 21 (CR 21) is the major road; it is ori-
ented in the north-south direction. The speed limit is posted
at 45 mph on both roads. All approaches have one traffic
lane. Figure A-1 illustrates the intersection geometry.

STAGE 1: ALTERNATIVE IDENTIFICATION
AND SCREENING

The first stage of the engineering assessment process in-
volved diagnosing the problem at the intersection and deter-
mining potential corrective measures. Candidate aternatives
were identified and given a preliminary screening to decide
whether they represented viable solutions to the problem.
The dternative identification and screening stage consists of
the following steps:

1. Define problem and cause,
2. Select candidate alternatives, and
3. Select viable alternatives.

Stage 1: Step 1. Define Problem and Cause
Gather Information

The first step was to gather information about the inter-
section. Thisinvolved checking agency records and visiting

14" 10°

\®
I
14
( County Route 27

500

Private
Residence

AR

Figure A-1. Case Sudy 1: Existing intersection geometry (not to scale).



the site. The data gathered during this step are summarized
in the remainder of this section.

Historic Data. This intersection had not been the sub-
ject of a prior engineering study, so archival traffic data
were not available. Crash data were obtained from the
state’s Department of Public Safety. These data indicated
that atotal of five collisions occurred at the intersection in
the last 12 months (two susceptible to correction by a traf-
fic signal). Regional traffic counts recorded 1 year earlier
indicated that the annual average daily traffic (AADT) is
about 13,500 vehicles per day on CR 21 and 3,000 vehicles
per day on CR 27.

A-3

Observational Study. Theintersectionwasvisited during
a typical weekday to determine whether the reported delay
problem was present at the intersection. The On Site Obser-
vation Report completed during this study is provided as Fig-
ure A-2. The observation study reveaed that drivers on the
minor road did seem to experience excessive delay during the
peak hour. Much of this delay appeared to be the result of
right- and left-turn vehicles having to share one traffic lane.
The study also revealed that through drivers southbound
on CR 21 occasionally experienced some delay and conflict
because of vehicles waiting to turn left. Finally, it was noted
that some conflicts occurred between northbound through and
right-turn vehicles (and associated delay) when the right-turn

LOCATION: County Routes 21 and 27

ON SITE OBSERVATION REPORT

DATE: _3/3/00

CONTROL:

Stop control on County Route 27

TIME: 4:30 P.M.

Isolated and Non-Isolated Intersections
drivers’ views of conflicting vehicles?

conflicting vehicles or complete turns?
3. Do vehicle speeds appear too high?

7
8
through traffic?

raised-curb channelization?
Non-Isolated Intersections

subject intersection?

the delay to minor-road drivers?
na = not applicable.

1. Does road curvature, vegetation, buildings, parked cars, etc. block

2. Is the intersection skew angle so sharp that it makes it difficult to view

4. Does the delay for the minor-road right-turn appear excessive? 4
5. Does the delay for the minor-road through appear excessive? n.a.

6. Does the delay for the minor-road left-turn appear excessive? 4
. Does the delay for the major-road left-turn appear excessive

. Does the queue for the major-road left-turn ever impede major-road

9. As major-road vehicles slow to turn, do they impede other vehicles? L4
10. Do parking maneuvers impede other vehicles?
11. Are drivers not complying with the traffic control devices?
12. Is there evidence that one or more curb radii are too small?
13. Do pedestrians appear to cause conflict with vehicular traffic?
14. Are there guidance or control problems that could be mitigated by

A. Do queues from adjacent signalized intersections spillback into the

B. Do vehicles slowing to turn at adjacent intersections or driveways
contribute to the delay to major- or minor-road drivers? n.a.

C. Is it possible that some drivers are diverting to the subject intersection
because of congestion on a nearby arterial street? n.a.

D. Does the arrival pattern of major-road traffic platoons contribute to

No Not Yes
Sure

NORRRR

n.a.

n.a.

Comments:

Large delays to minor-road drivers during peak hours.

Major road left- and right-turning vehicles sometimes obstruct through movement.

Figure A-2. Case Sudy 1: On site observation report.



TABLE A-2 Case Study 1: Potential problems and causes

Potential Problem

Possible Cause

Excessive delay to the minor-road movements.

+ Inadequate capacity for minor-road movements.
» Inadequate separation of minor-road movements.

Some delay and conflict to major-road through
and left-turn movements.

» Inadequate separation of major-road movements.

Some delay and conflict to major-road through

+ Inadequate separation of major-road movements.

and right-turn movements.

vehicle slowed to turn right. However, the delay associated
with this latter conflict appeared to be fairly small.

Site Survey. A survey was also conducted during the site
visit. Key geometric features of the intersection noted during
this survey are summarized in Figure A-1. Of particular note
at this location are the railroad tracks, utility lines, and a
nearby residence. Specificaly, railroad tracks run parallel to
CR 21 and are about 60 ft west of CR 21. Electrical utility
poles are about one-half the way between CR 21 and therail-
road tracks. A private residence is in the southeast quadrant
of the intersection. A driveway to this residence is 500 ft
south of the intersection on CR 21.

Define Problem and Cause

Assess Evidence. Based on the field observations, delay
to minor-road drivers seemed excessive. There a so appeared
to be some delay and conflict associated with the major-road
left- and right-turn movements. Thislatter problem stemmed
from the interaction between the through and turning move-
ments and the fact that these movements share a common
lane on both the north and south approaches. From this evi-
dence, it was concluded that a problem existed and that fur-
ther study was justified.

Define Problem and | dentify Cause. The observational
study identified three potential problems at the intersection.
These problems were

+ Excessive delay on the minor road,

+ Some delay and conflict to through and left-turn move-
ments on CR 21 southbound, and

TABLE A-3 Case Study 1:

Potential alternatives

» Somedelay and conflict to through and right-turn move-
ments on CR 21 northbound.

Using the information provided in Table 2-1, possible
causes for these problems were identified. This information
issummarized in Table A-2.

Define Influence Area. The intersection is several miles
from nearby signalized intersections, so it operates as an iso-
lated intersection. The subject intersection’s influence area
was defined to consist of the intersection conflict areaand a
300-ft length of roadway on each approach.

Stage 1: Step 2. Select Candidate Alternatives
| dentify Potential Alternatives

Table 2-2 in the ESG was consulted to determine potential
alternatives that could address the observed problems at the
intersection. The aternatives identified in Table 2-2 that are
applicable to the subject intersection are summarized in
Table A-3.

Organize and Select Alternatives

The potential alternatives were subjected to a preliminary
screening to eliminate any alternativesthat would not be fea-
sible at the site. Judgment was used to identify those alterna-
tives that were clearly not feasible because of site-specific
constraints. Based on this screening, three alternatives were
eliminated. These alternatives are listed in Table A-4.

Based on this analysis, the following alternatives were
found to merit further study:

Possible Cause Corrective Strategy Potential Alternatives

Inadequate capacity for minor- | Increase approach 1. Convert to roundabout.
road movements. capacity. 2. Convert to yield control.

3. Convert to traffic signal.

4. Convert to multi-way stop control.
Inadequate separation of minor- | Separate conflicting |1. Add second lane on minor read.
road movements. flows. 2. Increase right-turn radius
Inadequate separation of major- | Separate conflicting 1. Add left-turn or right-turn bay.
road movements. flows. 2. Increase right-turn radius.
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TABLE A-4 Case Study 1: Alternatives eliminated

Alternative Reason for Elimination

The intersection’s proximity to the parallel railroad
tracks and utility lines makes it unlikely that a
roundabout could be built without significant cost.

Convert to roundabout.

Sight obstructions in southeast quadrant (landscape
shrubbery for dwelling) limit approach sight distance
such that a full stop is neceded on minor approach.

Convert to yield control.

Existing shoulders effectively provide room for large
radius turns yet do not eliminate conflicts.

Increase right-turn radius.

Based on the information in Table A-5, the minimum
amount of data that must be collected to evaluate all of the
guidelines was determined. The following data were identi-
fied as necessary for guideline evaluation:

» Convert to traffic signal contral,
Add left-turn bay to major road,
Add right-turn bay to major road,
Add second lane on minor road, and
+ Convert to multi-way stop control.

» Magjor- and minor-road turn movement volume (8 hours);
* Pedestrian volume (4 hours);
» Gap frequency (4 hours);
- 85" percentile approach speed;
* Progression quality;
* Minor-road delay (1 hour);
O+ Areapopulation;
0+ Number of lanes; and
O+ Crash history by type.

Stage 1: Step 3. Select Viable Alternatives

The candidate alternatives selected in Step 2 were more
closely examined in this step. This examination focused on
evaluating each alternative to assess its “viability” (i.e., its
ability to address the observed problems effectively).

Gather Information
Of these data, information about the last three items had

Identify Data. Table 2-5inthe ESG was used to identify
the data needed to evaluate the candidate alternatives. These
data are summarized in Table A-5.

already been gathered in aprevious step. The minimum num-
ber of hoursfor which datawould be collected isindicated in
the list above.

TABLE A-5 Case Study 1: Data needed to evaluate guidelines

Data Guideline > ¢ (numbers indicate hours of data needed)
Approach Smallest Signal Warrant MW |2L |LB|RB
Category Major | Minor | Interval 213|4|s5]|6|7]|8]B
Approach volume v hour I 83| 8 8 1
v hour 1 8 | 8 8
Turn movement v hour 1 1
volume v hour 1
Pedestrian volume v hour 411 4 8
Gap frequency v hour 1
Speed v day vViv | v v v v |v
Progression quality v day v
Delay v hour 1 1
Area population - VI ivIiv v
Number of lanes v v - VI v iv v | v
Crash history by type v v 1-year v v

Notes:
a- Guidelines:

MW - Multi-way stop control; 2L - Second lane on minor road; LB - Left-turn bay, RB - Right-turn bay.
b- Numbers at the top of the Signal Warrant column and letters at the top of the MW column refer to the warrant or criterion in

MUTCD 2000 (4-2).

¢- Numbers shown in the table indicate the minimum number of hours for which data are collected. These hours must represent

the highest volume hours.



A-6

Collect Data. Becauseit was unclear when the eight high-
est traffic hours occurred, turn movement volumes were
recorded for atotal of 13 hours. These counts were adjusted to
represent average-day volumes using the techniques described
in Appendix C. The adjusted volumes are summarized in
Table A-6.

The morning peak demand occurred between 7 and 8 am.,
the afternoon peak occurred between 4 and 5 p.m., and the
off-peak hour occurred between 9 and 10 am. No pedestrians
were observed during the study. Heavy vehicles comprised
about 1.0 percent of the traffic stream on each approach. A
spot speed study was performed for CR 21; the 85" percentile
speed was found to be 50 mph.

A stopped-delay study was performed during the after-
noon peak hour (i.e., 4to 5 p.m.). This study focused on the
delay to minor-road vehicles. The average delay during the
peak hour was 40 s/veh and the total delay was 2.3 veh-h.

Assess and Select Alternatives

Convert to Traffic Signal Control. The traffic signal
warrantsin the Manual on Uniform Traffic Control Devices-
Millennium Edition (i.e., MUTCD 2000) (A-2) were evalu-
ated to assess the viability of the traffic signal alternative. A
completewarrant analysisfor thisintersection is documented
in Appendix B. The following warrants were satisfied:

« Warrant 1: Eight-hour vehicular volume (Conditions A
and B),

» Warrant 2: Four-hour vehicular volume, and

* Warrant 3: Peak hour.

The presence of conditions that could misdirect the signal
warrant check was also assessed. A review of Table 2-15in
the ESG reveaed that two conditions exist that could affect
thewarrant analysis conclusions. One condition relatesto the
fact that there are only three approach legs at the subject
intersection. The second condition relates to the significant
number of right-turn vehicles on the minor-road approach.

The discussion associated with Table 2-15 indicated that
the MUTCD’ s volume-based warrants may have threshold
values that are too low for athree-leg intersection. Based on
the guidance in Chapter 2, the major and minor roads at a
three-leg intersection may need to have volumes of 1,000 and
200 veh/h, respectively, for the eight highest hours before a
traffic signal is likely to be justified. A comparison of these
values with the intersection volumes indicated that the
“1,000 veh/h criteria’ was not met for any of the hours that
turn movement volumes were collected.

The impact of minor-road right-turn volume on the accu-
racy of the warrant check was also investigated. Figure 2-11
inthe ESG was consulted to determine the extent to which the
right-turn volume might be reduced in the warrant check.
Based on this examination, it was found that the right-turn
volume probably should not beincluded in the warrant analy-
sis. However, when Warrants 1 and 2 were re-eval uated with-
out the right-turn volume, the warrants were till satisfied.

In summary, the warrant analysis indicated that a traffic
signal might improve traffic operations at the intersection.
However, guidelinesin Chapter 2 indicated that the three-leg
geometry of the intersection may affect the accuracy of the
warrant check conclusions. From this analysis, it was deter-
mined that the operation of thetraffic signal alternativewould
be carefully examined during the engineering study stage to
confirm the benefits of signalization.

TABLE A-6 Case Study 1: Turn movement volumes

Volume (veh)

Hour Northbound Southbound Major Westbound Minor
Through | Right Left Through | Total Left Right Total

6-7am. 49 36 20 248 353 35 1 36
7-8am, 117 109 236 378 840 155 54 209
8-9am. 117 109 78 332 636 73 21 94
9-10 a.m. 99 109 87 253 548 94 34 128
10-11am. 92 91 114 260 557 132 40 172
11am -12p.m. 111 144 200 283 738 152 46 198
12-1pm. 181 101 54 459 795 56 13 69
1-2pm 116 91 187 352 746 152 49 201
2-3pm. 114 132 154 359 759 140 37 177
3-4pm. 138 124 127 433 822 158 43 201
4-5pm. 145 146 143 464 898 140 65 205
5-6p.m 176 139 129 456 900 152 48 200
6-7p.m. 165 83 136 434 818 164 45 209
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Figure A-3. Case Sudy 1: Check of need for right-turn
bay on major road.

Add Left-Turn Bay to Major Road. Figure 2-5 in the
ESG was examined to determine whether an exclusive left-
turn bay on the major road was feasible. Based on this exam-
ination, it was determined that a left-turn bay was justified
during the peak demand hour. This finding indicated that a
left-turn bay on the major road would be desirable.

Add Right-Turn Bay to Major Road. Figure 2-6 in the
ESG was examined to determine whether an exclusive right-
turn bay on the major road was feasible. Thisfigure is repro-
duced as Figure A-3. The northbound volume combination
during the afternoon peak hour is indicated by a solid circle.
Speed measurements on the major road i ndicated that the 85th
percentile speed is 50 mph. Thefact that thiscircle lies above
the “50 mph” trend line indicates that a right-turn bay on the
northbound approach is a viable improvement aternative.

Add Second Lane on Minor Road. Figure 2-4 in the
ESG was examined to determine whether adding a second
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lane (i.e., an exclusive turn bay) on the minor road was fea
sible. This examination was based on a right-turn volume
that averaged 32 percent of the approach traffic stream dur-
ing the afternoon peak hour. The results of this examination
areillustrated in Figure A-4.

The solid circle in Figure A-4 represents the volume
occurring during the afternoon peak hour. By interpolation,
thecircle lies dightly above an equivalent “32%" trend line.
Hence, it was concluded that an additional lane on the minor
road would be beneficial. Site conditions indicated that this
lane could most easily be added as aright-turn bay.

Convert to Multi-Way Stop Control. The MUTCD
provides four criteriathat can be used to determine whether
multi-way stop control might improve intersection opera-
tions (these criteria are also cited in Chapter 2). One of the
criteria indicates that multi-way stop control may be justi-
fied when (1) the total volume entering the intersection on
the major-road approaches averages at least 210 veh/h for
any 8 hours of an average day, (2) the volume of vehicleson
the minor road averages at least 140 veh/h for the same
8 hours, and (3) the average minor-road delay is at least
30 s/veh during the highest hour. These volume thresholds
represent “ 70%” level s because the major-road speed exceeds
40 mph.

Table A-7 summarizes the results of the multi-way stop
criteria evaluation. Based on this examination, it was deter-
mined that the multi-way stop criteria are satisfied and that
multi-way stop control is a viable alternative at this inter-
section.

Summary of Viable Alternative

Based on the assessment of viable alternatives, al five
candidate alternatives identified in Step 2 were selected for
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Figure A-4. Case Sudy 1: Check of need for second lane on minor road.
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TABLE A-7 Case Study 1: Check of multi-way stop control criteria

Criterion

Minimum Level

Hours Met | Measured Delay | Satisfied?

1. Total entering volume on major road

> 210 veh/h for 8 hours

2. Total entering volume on minor road

> 140 veh/h for 8 hours

3. Average delay on minor road

> 30 s/veh for peak hou:

40 s/veh

more detailed analysis in the next stage of the assessment
process. These alternatives are summarized in Table A-8.

STAGE 2: ENGINEERING STUDY

The operational performance of the alternatives identified
in the aternative identification and screening stage were eval-
uated in the engineering study stage. This stage consists of
three steps:

1. Determine study type,
2. Select analysistool, and
3. Conduct evauation.

Stage 2: Step 1. Determine Study Type

The first step of the engineering study stage required a
determination of the type of study needed. Initialy, therela
tionship between the subject intersection and any upstream
or downstream signalized intersection was evaluated. Then,
the analysis detail required for the assessment of each alter-
native was determined.

Determine Type of Operation

The interaction between the subject intersection and any
adjacent signalized intersection was evaluated to determine
whether the operation of the adjacent intersection should be
considered in the analysis. An investigation of the location
of these intersections revealed that the nearest signalized
intersection is 6 miles to the north. Figure 3-1 in the ESG

TABLE A-8 CaseStudy 1: Viable alternatives

indicates that distances exceeding 1,800 ft (when the two-
way volume is 900 veh/h) are sufficient to isolate the sub-
ject intersection from the adjacent signalized intersections.

Determine Type of Evaluation

Next, the intersection was examined to determine whether
aformal evaluation of alternatives was required. The ESG
suggests that an informal evaluation (i.e., implementation
and field study) is possible when only one viable alter-
native is applicable at an isolated intersection. However,
the fact that the subject intersection is associated with sev-
eral viable alternatives required the conduct of a formal
evaluation.

Stage 2: Step 2. Select Analysis Tool

During this step, an analysistool was selected for eval uat-
ing the operation of the subject intersection and its alterna
tives. This selection was based on an identification of the
desired analysistool capabilities and acomparison of thislist
with the actual capabilities of the available tools. The tool
selected for use was the one that provided all of the desired
capabilities.

| dentify Desired Capabilities

Table 3-1 in the ESG was consulted to determine which
analysis tool capabilities would be required for this evalua-
tion. The minimum set of capabilities needed for the analy-
sistool are summarized in Table A-9.

Alt. Description Acronym
1 Base case (existing intersection with no improvements). TWSC-0
2 Conversion to multi-way stop control. MWSC
3 Conversion to traffic signal control. Signal
4 Stop control with right-turn bay on minor road. TWSC-1
5 Stop control with right-turn bay on minor road and left-turn bay on major road. TWSC-2
6 Stop contrf)l with right-turn bay on minor road, left-turn bay on major road, and right-turn TWSC-3

bay on major road.




TABLE A-9 Case Study 1: Desired analysistool capabilities

Feature

Category

Capability

Traffic Control Mode

Unsignalized

Two-way stop control

Multi-way stop control

Signalized

Actuated signal control

Analysis Factors

Traffic Characteristics

Percentage of heavy vehicles

Traffic Modeling

Delay to unstopped through veh.
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Geometry

Exclusive left-turn lane

Exclusive right-turn lane

Shared lanes

Output Measures and Indicators

Measures of Effectiveness

Average delay per vehicle

Performance Indicator

Level of service

Evaluate and Select Analysis Tool

Three analysistoolswere availablefor the analysis. These
tools are HCS (version 3.1c), CORSIM (version 4.3), and
TRANSYT-7F (release 8). The capabilities of these tools
were compared with the list of desired capabilities identified
inTable A-9. Only thosetoolsthat provided all of the desired
capabilitieswere considered for usein the study. Table A-10
illustrates the procedure used to assessthe traffic control mode
capabilities of the three analysis tools. Based on this assess-
ment, TRANSY T-7F was eliminated from further consider-
ation because it could not model the multi-way-stop-control
alternative.

This process was repeated for the desired analysis factor
capabilities. The analysis tool used for this study would need
to be able to model heavy vehicle percentage, exclusive turn
bays, and traffic lanes shared by through and turning vehicles.
Based on an assessment of model capabilities, it wasconcluded
that both the HCS and CORSIM tools could model al of the

required analysis factors and provide the desired measure of
effectiveness.

The effort required to use HCS and CORSIM was consid-
ered in making the final tool selection. In this regard, the
CORSIM tool was believed to have more capability (and
associated complexity) than was needed for this analysis.
Also, considerable expertise had been developed by agency
staff in the use of HCS for isolated intersection evaluation.
Based on these considerations, the HCS was selected as the
most appropriate tool for the evaluation.

Stage 2: Step 3. Conduct Evaluation

Thefinal step in the engineering study stage was to deter-
mine the operational performance of the viable alternatives.
As afirst step, the need for additional information and field
data was reviewed. Then, the operational performance of
each aternative was quantified and its relative effectiveness
was determined.

TABLE A-10 Case Study 1: Traffic control mode check sheet

Analysis Tool
Traffic Control Mode Applies Isolated Only Non-Isolated Applicable
0N [ ges [corsm|  T-7F Tools

Unsignalized |Two-way stop control Y 4 v I'd HCS, CORSIM, T-7F

Two-way yield control N - 4 - \\\\

Multi-way stop control Y 4 v - HCS, CORSIM
Roundabout N v/c only - - \\\\\\\
Signalized Pretimed signal control N v 4 D \\\\\\\
Actuated signal control Y v v v HCS, CORSIM, T-7F
Signal coordination N - v v ANONNNNLY

Available Tools (tools applicable to all desired modes): HCS, CORSIM

Notes:

& - Tool explicitly models this control mode and its effect.
— - Tool does not explicitly model this control mode or its effect.
D - Tool can determine the optimal signal phase duration thereby eliminating the need for signal timing plan input.
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Gather Information

The need for additional data was assessed at this point in
the study. This assessment included consideration of the
input data requirements of the chosen analysis tool (i.e.,
HCS) and the data needed for the benefit-versus-cost analy-
sis. Based on this assessment, it was concluded that addi-
tional data did not need to be gathered.

Evaluate Operational Performance

Design Alternatives. Some preliminary design decisions
were made regarding the operation and the geometry of the
alternatives prior to their evaluation. Most of this effort was
devoted to the development of a design and timing plan for
the traffic signal control alternative. These design decisions
are documented in this section.

Sgnal Alternative. The signal design process included a
determination of the intersection geometry and itssignal tim-
ing. Guidelines in Chapter 3 of the ESG indicate that an
exclusiveleft-turn lane (or bay) may be needed when the | eft-
turn volume exceeds 100 veh/h during the peak hour.
Because the | eft-turn volume of 146 veh/h exceeds this thresh-
old value, a left-turn bay on the southbound approach is
included in the signal alternative.

Guidelinesregarding the need for right-turn lanes are pro-
vided in Figure 3-3 of the ESG. A check of these guidelines
indicated that a right-turn lane was not needed for the signal
alternative and that one through lane on each approach would
be adequate.

Guidance regarding the operation of the signal controller is
providedin Table 3-5 of the ESG. Thisguidanceindicated that
actuated operation is appropriate for isolated intersections.

Guidance regarding the need for left-turn phasing is pro-
vided in Figure 3-5 of the ESG. A check of the information
inthisfigureindicated that | eft-turn phasing was not needed.
Thus, the signal phase sequence should consist of two through
phases: one for the northbound and southbound approaches
and one phase for the westbound approach.

Traffic volumes recorded for the afternoon peak period
were used to determine reasonable controller settings. The
analysis of the afternoon peak hour volumes is documented
in Tables A-11 and A-12. The settings determined from this
analysiswerereasoned to be sufficiently accurate for the engi-
neering study evaluation; however, it was recognized that
they might need to be refined if the signal alternative is ulti-
mately selected.

The HCS does not provide for the direct input of minimum
and maximum green times; instead, it requires entry of average
greeninterva duration when eval uating actuated phases. These
durations were computed using the procedures described in
Chapter 16, Appendix I, of the Highway Capacity Manual
2000 (A-3). Once computed, they were used with the HCS to
determine the average delay during each analysis period.

TWSC-1 Alternative. According to Table 2-13 of the
ESG, the right-turn bay length on the minor road should be
long enough to provide for right-turn vehicle storage. Fig-
ure 2-8 of the ESG indicated that right-turn bay storage
length should be at least 25 ft. However, agency practiceis
to use 50 ft as aminimum bay length.

TWSC-2 Alternative. The length of the major-road |eft-
turn bay at the unsignalized intersection was based on con-
sideration of |eft-turn volume and approach speed. According
to Table 2-13 of the ESG, a left-turn bay should be long
enough to provide for the decel eration and storage of |eft-turn
vehicles. Figure 2-7 indicated that a storage length of about
30 ft would be necessary. Also, Figure 2-9 indicated that an
additional 290 ft was needed to provide adequate decel eration
distance for an 85" percentile speed of 50 mph. Thus, the
major-road left-turn bay was designed to be 320 ft in length.

TWSC-3 Alternative. Table2-13 of the ESG provided some
information regarding the appropriate length of a right-turn
bay on the major road. According to thistable, aright-turn bay
should belong enough to provide for the decel eration of right-
turn vehicles. Asnoted in the previous section, abay length of
about 290 ft is needed for turn vehicle deceleration. Thus, the
major-road right-turn lane was designed to be 290 ft in length.

Evaluate Alternatives. The HCS was used to evaluate
each viable adternative for the morning peak hour, afternoon
peak hour, and the off-peak hour. The individual movement
delays were highest during the morning peak hour; these
delays are summarized in Table A-13.

The data in Table A-13 indicate that the more complex
aternatives (i.e., Signal and TWSC-3) offer the least overall
delay during the morning peak hour. However, thelow delay
for the Signal alternative is achieved at the “expense” of
increased delay to the major-road through and right-turn
movements. It should be noted that the delays to through
vehicles dueto right-turns from the major road were not esti-
mated by the software; however, they were observed to be
quite small and their omission from the delay summary was
determined to have negligible effect on the evaluation.

The variation in intersection delay over timeis shown in
Figure A-5. Thetrendsin this figure indicate that the multi-
way-stop-control alternative (MWSC) is consistently asso-
ciated with the largest overall delay, reaching level of ser-
vice (LOS) D during the peak hour. In contrast, the TWSC-3
alternative (i.e., add a right-turn bay on the minor road and
left- and right-turn bays on the major road) would yield the
lowest delay. The Signal alternative had theleast delay vari-
ation throughout the day; however, it causes more delay dur-
ing the off-peak hour than most of the other alternatives.

Deter mine Alter native Effectiveness

The findings from the operations analysis were evaluated
to determine the effectiveness of each aternative. Thisdeter-
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TABLE A-11 Case Study 1: Critical volume worksheet

General Information

Location: _ CR 21 and CR 27

CRITICAL VOLUME WORKSHEET

Volume and Lane Geometry Input

Analysis Period: 4:00 p.m. to 5:00 p.m.

Approach: Eastbound Westbound Northbound Southbound
Movement, No.: * LT,5 |TH+RT,2| LT,1 |TH+RT,6} LT,3 |[TH+RT,8| LT,7 |TH+RT,4
Volume (v;), veh/h
i=1,2,3,..8 140 65 291 143 464
Lanes (n;)

0 1 1 1 1

Phase Sequence = |1 Phase (protected

ihrough & permitted left)

1 Phase (protected through & permitted left)

veh/h/in

Permitted capacity 60 0.0 60

(c,,1), veh/h

Opposing Volume Ve= %S = fve=
(v,,), vehrh 0 o ' 291
LT equivalence (E, ;) 1.0 1.0 1.0
(Fig. 3-8) 1.38 1.70
Sneakers (S;), veh/h 90 0.0 90 0.0 90 0.0 90 0.0
Adjusted volume (v*)
[=E (v,-S) 20.0] 69 65 291 90 464
Lane volume (v, ;)
[= v*%/ n; [{see note 2} 0 134 291 90 464
Critical volumes (v, ), |Largerof: (v, 1, Vo 2, Vo 5. Vo s) = Larger of: (Vi 3, Vi, 4, Vi 7, Va8) =

134 464

2 Phase (with protected-plus-permitted left) |2 Phase (with protected-plus-permitted left)

0.0 60 0.0 60 0.0

Adjusted volume (v*)
[=(vi-c,) =0.0]

Lane volume (v, ;)
[= v/ n;], veh/h/in

Critical volumes (v, )
{see note 3}, veh/h/In

Larger of: (v, 1, Vs, 5)=

Lane volume (v, ;)
[= v,/ n;], veh/h/In

Larger of: (v, 5 V, 6)=

Larger of: (v, 5, v, 7)= | Larger of: (v, 4 v, &)=

Critical volumes (v,)
{see note 3}, veh/h/In

Larger of: {v,, 5, Vp, 5)=

Larger of: (v, 2, V,, 6)=

Larger of: (v, 5 V,, 7)=| Larger of: (v, 4 v, s)=

Notes:

1 - Numbers follow NEMA movement-based phase numbering system (LT = left-turn, TH = through, RT = right-turn).

2 - If there is no left-turn lane for a given approach, then the lane volume for the left-turn movement equals 0.0 and the
lane volume for the through movement is based on the total, adjusted approach volume. For example, if the
eastbound approach has no left-turn lane (i.e., ns = 0), then v, ;= 0.0 and v, , = (V' + v*)/ n,.

3 - Critical volume for protected left-turn phases is based on the following assumptions: (1) left-turn phases lead adjacent
through phases, (2) one or more exclusive left-turn lanes exist, and (3) both left-turn movements are protected.

mination was made based on the definitions of “acceptable
level of service” and “acceptable operation” as defined in
Chapter 3 of the ESG. Table A-14 summarizes the effective-
ness of each alternative.

Only two alternatives were determined to be ineffective.
They are (1) the current intersection alternative (TWSC-0)
and (2) the multi-way-stop-control aternative (MWSC). The

signal alternative and all three of the turn-bay-related alter-
natives were determined to be effective.

STAGE 3: ALTERNATIVE SELECTION

During the alternative selection stage, the alternatives
advanced from the engineering study stage are reviewed for
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TABLE A-12 Case Study 1: Controller setting worksheet

Location:

CONTROLLER SETTING WORKSHEET

CR 21 and CR 27

1 phase E-W

Approach: Eastbound Westbound Northbound Southbound
Movement, No.; ' LT,5 |TH+RT,2| LT,1 |TH+RT,6] LT,3 |TH+RT,8| LT,7 |[TH+RT4
Yellow + all-red (Y), s Y, = Ys = Ys= Y, =
(Table 3-6) {see note 2} 5 5 5 5
Ped. phase time (P, ), s 0.0 0.0 0.0 0.0
(Table 3-6) {see note 3} 0 0 0
Minimum green (G, ), s

8 8 8 8 8

Larger of: (V,, 1, Vo, 2, Vi, 5/ Vo, 6) =

Larger Of: (Vn, 3 Vn, 4 Vn, 7 Vn, 8) =

1 phase N-S 134 464
1phase EW  (n,=3) Largerof: (v, 1, V2, Vo 5, Vi 6) = Larger of: (v, 3,v, ;)= | Larger of: (v, 4, v, s)=
2 phases N-S

2 phases E-W  (n, = 3) Larger of: (v, 4, v, s)= | Larger of: (v, v, 6)= |Larger of: (V, 5, Vo 4, Vo7, Vi) =

1 phase N-S

2 phases E-W  (n, = 4) Larger of: (v,, 1.V, 5)= | Larger of: (v, 5, v, ¢)= | Larger of: (v, 5,v, ;)= | Larger of: (v, , v, ¢)=
2 phases N-S

Sum of critical volumes
(Z v,), veh/h/ln

(v, ), veh/h/in {see note 5}

Critical volumes by phase

2v,=_598 No.phases(n,)=_2

Min. Delay Cycle (C,) = _30__ (Fig. 3-6)
30

Green duration (G), s
[= Ve, l/zvc (C' 4np) +4 ‘YI]

(from Critical Vol. Wksht.) 134 291 464
Min.-delay green (G, ) s

[= Vol 2 (Co - 4ny) +4-Y)] 3.9 9.7 16.1
Maximum green setting, s

[= larger of:(G,,,+12, 1.3G, )] 20 20 21

Unit extension, s

(Table 3-10) 2.1 2.1 2.1

Notes:

1 - Numbers follow NEMA movement-based phase numbering system (LT = left-turn, TH = through, RT = right-turn).
Complete the columns for the left-turn movements (i = 1, 3, 5, 7) only if a corresponding left-turn phase exists.

2 - Compute the change interval (Y + AR) for the through phases only. If a left-turn phase exists then set its change
interval equal to that associated with the adjacent through movement.

3 - If pedestrians are served on a through phase that does not have pedestrian detection (i.e., no ped. button or ped.
signal) then use Table 3-6 to determine the minimum pedestrian phase time; otherwise, use P, = 0.0 s.

4 - Obtain from the Critical Volume Worksheet the critical volume that is associated with each movement. Only one
phase combination (or row) should be used.

5 - Record the critical phase volume in all cells that correspond to the movements served.

their potential impact on traffic operations, safety, and the

Stage 3: Step 1. Identify Impacts

environment. The alternative selection stage consists of the

following three steps:

1. Identify impacts,
2. Select best dternative, and
3. Document study.

Identify Decision Factors

Several factors were identified that might influence al-
ternative selection. These decision factors include traffic
operations, traffic safety, and direct cost. Impactsto the envi-
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TABLE A-13 Case Study 1: Delay summary for peak traffic hour

Movement Delay (s/veh) Intersection

. Northbound Southbound Westbound Delay

Alternative fveh

Through + Right-turn | Left-turn | Through | Left-turn | Right-turn (siveh)
1. TWSC-0 0 8 2 98 22
2. MWSC 11 36 12 26
3. Signal 9 12 10 12 11
4. TWSC-1 0 89 9 16
5. TWSC-2 0 75 9 13
6. TWSC-3 0 58 9 11

ronment and area aesthetics are negligible for the proposed
alternatives.

Assess Degree of Impact

Each alternative' simpact on traffic operations, safety, and
cost was evaluated. The traffic operations impacts were
quantified using motorist delay. The total delay during the
average day was computed by assuming that each peak-hour
delay was incurred for 2 hours and that the off-peak delay
was incurred for 18 hours. For the Signal alternative, total
delays of 3.1, 1.4, and 3.1 veh-h/h were predicted for the
morning peak hour, off-peak hour, and afternoon peak hour,
respectively. The average-day delay for the Signal aternative
wasestimated as 38 veh-h/day (=2+ 3.1+ 18+ 1.4+ 2= 3.1).
The total delay for the other aternatives was computed in a
similar manner.

The annual number of crashes was estimated using aver-
age crash rates for intersections with characteristics similar
to those of the subject intersection. This analysis suggested
that the Signal aternative would have the most crashes at
9 per year. The two-way-stop-control alternatives were esti-
mated to have lower crash frequencies at 4 or 5 crashes per
year, depending on whether turn bays are present on the
major road. The initial and annual costs of each alternative

35
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Figure A-5. Case Sudy 1: Averageintersection delay.

were estimated using costs developed for similar intersec-
tionsduring the past year. The estimated impacts of the alter-
natives are summarized in Table A-15.

Stage 3: Step 2. Select Best Alternative

Asafirst activity of thisstep, the factor weightswereiden-
tified. These weightswould be used to aggregate the impacts
of the various factors identified in Step 1. The weights
selected arelisted in Column 4 of Table A-15. Theweight used
for the delay impact isbased on an estimate of the annual cost
of time per vehicle (in thousands of dollars). It assumes that
there are 300 equivalent average days per year and that the
cost of time is $15 per vehicle-hour (i.e., 4.5 =300 * 15/
1000). Thus, the product of thisweight and total delay yields
an estimate of the annual cost of delay per year for a given
aternative.

Theweight used for crash frequency reflects an equivalent
cost for the average crash (inthousands of dollars) and reflects
the distribution of fatal, injury, and property damage crashes
at intersections. The initia costs (in thousands of dollars)
were given aweight of only 0.1 to reflect their annualization
over a 15-year period. These weights were used to compute
the weighted total shown in the last row of the table. This
total represents the annual cost of each alternative (in thou-
sands of dollars).

The total impact values listed in the last row of Table
A-15indicatethat the TWSC-3 alternative (i.e., add aright-
turn bay on the minor road and left- and right-turn bays
on the major road) has the lowest overall impact. In con-
trast, the Signal alternative has the largest impact due in
part to its large initial cost, its large number of expected
crashes, and its large total delay. Based on this analysis,
the TWSC-3 alternative was selected as the best alterna-
tive. A sketch of the recommended alternative is shown in
Figure A-6.

Stage 3: Step 3. Document Study

A report documenting the results of the engineering study
was prepared and submitted.
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TABLE A-14 Case Study 1: Alternative effectiveness

Reduces Average Accep tal.)le Acceptable Effective
Alternative Intersection Delay? Intersectlop Moven}ent Alternative?
Level of Service? Operation?
1. TWSC-0 na. Yes No No
2. MWSC No Yes Yes No
3. Signal Yes Yes Yes Yes
4. TWSC-1 Yes Yes Yes Yes
5. TWSC-2 Yes Yes Yes Yes
6. TWSC-3 Yes Yes Yes Yes
Note:
n.a. - not applicable
TABLE A-15 Case Study 1: Alternative impacts
Factor Description Units Weight Alternative Impact
Signal | TWSC-1 | TWSC-2 | TWSC-3
Traffic Operations | Motorist delay veh-h/day 4.5 38 28 24 22
Traffic Safety Crash frequency | crashes/year 40 9 5 4 4
Direct Cost Initial costs $ /1000 0.1 60 15 30 45
Annual costs $ /1000 1.0 2 0 0 0
Total: 539 328 271 264
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Figure A-6. Case Sudy 1: Recommended alternative (not to scale).



CASE STUDY 2

SYNOPSIS

This case study illustrates the application of the Engi-
neering Study Guide (ESG) to an isolated, two-way stop-
controlled intersection where minor-road drivers are expe-
riencing excessive delay. The SIDRA software package
was used to evaluate the operation of the intersection and
its proposed alternatives. Conversion to traffic signal con-
trol was recommended as the best method of reducing
motorist delay.

BACKGROUND

Recently, several housing developments have been built
on Barracks Road near its intersection with U.S. 29. These
developments have increased traffic volumes in general and
truck volumesin particular (many of which are construction
related). A local elected official requested the installation of
atraffic signal at theintersection to reduce delay and improve
safety. Based on this request, an engineering study was
undertaken to determine whether improvements to the inter-
section were needed.

The intersection of Barracks Road and U.S. 29 is located
in arural area with a population of less than 9,000 people.
The intersection has four approach legs; two opposing legs
are stop-controlled. Barracks Road is the minor road; it is
oriented in an east-west direction and has stop control at the

A-15

intersection. U.S. 29 is the major road; it is oriented in a
north-south direction. The speed limit is posted at 55 mph
(90 km/h) on U.S. 29 and 30 mph (50 km/h) on Barracks
Road. The geometric layout of the intersection is shown in
Figure A-7.

STAGE 1. ALTERNATIVE IDENTIFICATION
AND SCREENING

The first stage of the engineering assessment process
involved diagnosing the problems at the intersection and
determining potential corrective measures. The aternative
identification and screening stage consists of the following

steps:

1. Define problem and cause,
2. Select candidate aternatives, and
3. Select viable alternatives.

Stage 1: Step 1. Define Problem and Cause

Gather Information

The first step was to gather information about the inter-
section. Thisinvolved checking agency records and visiting
the site. The data gathered during this step are summarized
in the remainder of this section.
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Figure A-7. Case Sudy 2: Existing intersection geometry (not to scale).
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TABLE A-16 Case Study 2: Potential problems and causes

Potential Problem

Possible Cause

Excessive delay to the minor-road movements.

« Inadequate capacity for minor-road movements.
« Inadequate separation of minor-road movements.

Some delay and conflict to major-road through and
right-turn movements.

* Inadequate separation of major-road movements.

Historic Data. Thisintersection had not been the subject
of aprior engineering study, so archival traffic datawere not
avallable. Crash data were obtained from the Accident
Records Division in the state's Department of Transporta-
tion. A review of these data indicated that six crashes had
occurred at theintersection in the last year (three susceptible
to correction by a signal). The annual average daily traffic
(AADT) is 12,000 vehicles per day on U.S. 29 and 7,000
vehicles per day on Barracks Road.

Observational Study. The intersection was visited dur-
ing a typical weekday to determine whether the reported
delay problems were present at the intersection. During this
visit, vehicles on the minor road were observed to experience
excessive delay during the peak hours. Also, some delay and
conflict was observed between the northbound through and
right-turn movements. An On Site Observational Report was
completed to document the nature of the operational and
safety problems at the intersection.

Site Survey. A site survey was also conducted during the
site visit. Key geometric features of the intersection noted
during this survey are summarized in Figure A-7.

Define Problem and Cause

Define Problem and Identify Cause. Based on the re-
sults of the observational study, it was found that sufficient
evidence existed to justify continuing with the engineer-
ing study. Asanext step in this study, Table 2-1 of the ESG
was used to identify possible causes for the observed
delays. The findings from this assessment are summarized
in Table A-16.

Define Influence Area. The subject intersection’s influ-
ence area was defined to consist of the intersection conflict
area and a 100-m length of each intersection approach.

Stage 1: Step 2. Select Candidate Alternatives
Identify Potential Alternatives

Table 2-2 in the ESG was consulted to identify alterna-
tives that could address the observed problems at the inter-
section. The aternatives identified in Table 2-2 that are
applicable to the subject intersection are summarized in
Table A-17.

Organize and Select Alternatives

The potential alternatives were subjected to a preliminary
screening to eliminate any alternativesthat would not be fea-
sible at the site. Based on this screening, severa aternatives
were eliminated. The alternatives eliminated are listed in
Table A-18.

Based onthisanalysis, thefollowing aternativeswerefound
to merit further study:

Convert to traffic signa control,
Add right-turn bay to major road,
Add second lane on minor road, and
» Convert to roundabout.

Stage 1: Step 3. Select Viable Alternatives

The candidate alternatives selected in Step 2 were more
closely examined in this step. This examination focused on

TABLE A-17 Case Study 2: Potential alternatives

Possible Cause Corrective Strategy

Potential Alternatives

Inadequate capacity for Increase approach

. Convert to roundabout.

minor-road movements. capacity. . Convert to yield control.

. Convert to traffic signal control.

. Convert to multi-way stop control
Inadequate separation of Separate conflicting Add a second Iane on minor road.
minor-road movements. flows. . Increase right-turn radius.

Inadequate separation of
major-road movements.

Separate conflicting
flows.

. Add right-turn bay.
. Increase right-turn radius.

D pm IO = b W N
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TABLE A-18 Case Study 2: Alternatives eliminated

Alternative

Reason for Elimination

Convert to yield control.

Yield control is not suitable for intersections with a major arterial.

Convert to multi-way stop control.

Major/minor volume differential too great for multi-way stop control.

Increase right-turn radius (on minor road). | Westbound right-turn currently has a large 15-m radius.

Increase right-turn radius (on major road). | Northbound right-turn currently has a large 15-m radius.

evaluating each alternative to assess its “viability” (i.e., its
ability to address the observed problems effectively).

Gather Information

Identify Data. Table 2-5in the ESG was used to identify
the data needed to evaluate the candidate aternatives. Based
on the information in this table, it was determined that the
following data were needed for guideline evaluation:

* Mgjor- and minor-road turn movement volume (8 hours),
+ Heavy vehicle volume (8 hours),
* Pedestrian volume (4 hours),
+ Gap frequency (4 hours),
« 85" percentile approach speed,
* Intersection sight distance,
O+« Areapopulation,
O+ Number of lanes, and
e Crash history by type.

Of these data, information about the last three items had
already been gathered in aprevious step. The minimum num-
ber of hoursfor which datawould be collected isindicated in
the list above.

Collect Data. At the onset of this task, it was noted that
vehicular volumes and approach speed were common to most
of the alternatives. It was a so noted that the satisfaction of one
signal warrant would confirm the viability of the signal alter-
native. From this assessment, it was decided initially to collect
only volume and speed data. These data would allow a check
of theManual on UniformTraffic Control Devices-Millennium
Edition (i.e., MUTCD 2000) (A-2) Signal Warrants 1 and 2. If
these warrants were not satisfied, then additional data would
be collected to alow acheck of Warrants 4 and 8.

Warrant 3 was not eval uated because the intersection was
not believed to represent an “unusual case.” Specifically, the
intersection was not near an office complex, manufacturing
plant, or other facility that generated high volumes over a
short time period.

Because it was unclear when the 8 peak traffic hours
occurred, turn movement volumes were recorded for a total
of 12 hours. The counts were obtained on a Wednesday in
April; they were then adjusted to eliminate bias due to weekly

and monthly variations. The estimated average-day volumes
are summarized in Table A-19. A review of the hourly totals
indicated that the morning peak hour occurred from 7 to 8 am.,
the representative off-peak period was reasoned to occur
from 10 to 11 am., and the afternoon peak hour occurred
from4to5p.m.

No pedestrians were observed during the study period.
Heavy vehicles comprised about 30 percent of the traffic
stream on the minor road and 2 percent on the major road. A
spot speed study was conducted for U.S. 29; the 85" per-
centile speed was found to be 91 km/h.

Assess and Select Alternatives

Convert to Traffic Signal Control. The traffic signal
warrantsin the MUTCD 2000 (A-2) were eval uated to assess
the viability of the traffic signal aternative. Based on this
evaluation, the following warrants were satisfied at thisinter-
section:

* Warrant 1: Eight-hour vehicular volume (Condition A
only) and
» Warrant 2: Four-hour volume.

For the warrant evaluation, the “70%” values were used
because the major-road speed exceeded 70 km/hr. Condition
A of Warrant 1 was satisfied for al 12 hours for which data
were collected. Warrant 2 was satisfied for 11 of the 12 hours.
It should be noted that the right-turn volume on the east-
bound approach was not included in the approach total
because right-turn vehicles were (1) provided aturn bay and
(2) observed to enter the major road without conflict.

The presence of conditions that could misdirect the signal
warrant check was also assessed. A review of Table 2-15in
the ESG revealed that two conditions exist that could affect
the warrant analysis conclusions. These conditions are

» Heavy vehicles on the minor road and
* Left-turn bays on the major road.

The existence of problematic conditions required addi-
tional analysisto determinewhether the conclusionsfromthe
warrant check were valid. The exclusion of the right-turn
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TABLE A-19 Case Study 2: Turn movement volumes
Volume (veh)!
Hour Northbound Southbound Major Eastbound Westbound High
L{T|R|L|T|R|Total| [T ]| R|L| T]| R |Minor
6-7 a.m. 10 | 404 45 58 21 22 560 | 275 16 38 40 46 | 208 294
7-8 a.m. 38 | 380 71 | 202 94 50 835 | 162 80 [ 176 | 143 | 115 | 126 384
8-9am. 32 | 163 60 | 141 | 110 43 549 61 44 | 113 | 120 90 | 140 350
9-10 a.m. 57 94 41 97 86 73 448 33 39 38 36 73 95 204
10-11am. | 51 | 57 | 65 |128 | 92| 92| 485 | 44 | 62 | 60 | 43 | 55 | 63 161
11-12pm. | 38 | 8 | 8 {163 | 74 | 76 | 520 | 37 | 40 | 82 | 98 | 77 | 147 322
12am-1pm.} 79 | 121 85 | 156 79 70 590 59 41 74 80 | 111 96 287
1-2 p.m. 64 | 116 82 | 160 62 44 528 86 43 77 78 72 94 244
2-3 p.m. 89 | 148 90 | 177 | 105 85 694 42 59 73 94 86 72 252
3-4 p.m. 131 | 155 74 | 234 | 154 | 118 866 91 67 81 72 85 87 244
4-S p.m. 33 | 297 32 | 188 | 642 31 | 1,223 | 147 51 27 90 48 | 100 238
5-6 p.m. 123 | 163 | 144 | 283 | 158 | 191 | 1,062 | 120 43 79 | 134 60 | 101 295
Note:

1 - Movement types: L = left-turn, T = through, R = right-turn.

volume on the eastbound approach was reasoned to be con-
sistent with MUTCD 2000 guidance (A-2, p. 4-C2) and, thus,
it was not believed to represent a problematic condition.

Frequent heavy vehicles on the minor road were apoint of
concern because their representation is much larger than typ-
ically found at most intersections. In fact, guidance provided
in Chapter 2 of the ESG indicated that intersections with
more than 5 percent heavy vehicles are atypical and may not
be fully reflected in the warrants. Because the subject inter-
section has 30 percent heavy vehicles, it was decided that the
operational effects of heavy vehicles would be explicitly
considered in the evaluation of the signal aternative.

Chapter 2 of the ESG indicated that a left-turn bay on the
major road may affect the warrant check when the approach
has only onethrough trafficlane. Inthisinstance, the approach
had two through lanes, so the effect of the left-turn bay was
determined to be insignificant, asit relatesto the accuracy of
the warrant check conclusion.

In summary, the warrant analysis indicated that a traffic
signal may improve traffic operations at the intersection.
However, the guideline addressing the effect of “heavy vehi-
cle percentage” indicated that the large number of trucks at
the intersection may have an impact on the accuracy of the
warrant check conclusion. Therefore, the operation of the
traffic signal alternative would be examined in greater detall
in the engineering study stage. Moreover, the examination
would explicitly include the effect of trucks.

Add Right-Turn Bay to Major Road. Figure 2-6 in the
ESG was examined to determine whether an exclusiveright-
turn bay would be beneficial on the northbound intersection
approach. The examination was based on amajor-road speed

of 90 km/h (55 mph) and the afternoon peak hour volumes.
From this examination, it was concluded that the right-turn
bay would be beneficial.

Add Second Lane on Minor Road. Figure 2-4 in the
ESG was examined to determine whether adding an exclu-
siveturn bay to the westbound approach would improve traf-
fic operations at the intersection. The examination was based
on the afternoon peak hour volumes and a westbound right-
turn volume that constituted 42 percent of the approach vol-
ume. Based on thisevaluation, it was concluded that an addi-
tional lane on the westbound approach would be beneficial.
Site conditions indicated that this lane could most easily be
added as aright-turn bay.

Convert to Roundabout. Table 2-12 in the ESG was
evaluated to determine whether a roundabout was a viable
alternativefor thisintersection. Theresults of thisevaluation
are shown in Table A-20.

The response to Question 2 in Table A-20 required an esti-
mate of the daily entering volume and the roundabout’ s max-
imum servicevolume. Daily entering volumewas estimated as
19,000 veh/d based on AADTs of 12,000 and 7,000 veh/d for
the major and minor roads, respectively. Maximum service
volume was estimated as 41,500 veh/d using the equation in
the footnote to Table A-20. This estimate was based on 2-lane
roundabout approaches, 63 percent of the volume entering on
the major road, and 34 percent left-turns at the intersection.
The ratio of major-road-to-minor-road volume was computed
as 1.7 (= 12/7).

Asindicated by the last column of Table A-20, the round-
about was found to be a viable aternative for al of the fac-
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TABLE A-20 Case Study 2: Roundabout evaluation wor ksheet

Question

Y/N

. 'Will operation as uncontrolled or two-way stop-controlled intersection yield unacceptable delay?

. Is the daily entering volume less than the maximum daily service volume for a roundabout?'

. Is the subject junction located outside of a coordinated signal network?

. Is the ratio of major-road-to-minor-road volume less than 5.0?

. Is the entering driver’s view free of sight obstructions (e.g., due to grade, curvature, vegetation, etc.)?

. Will the subject junction be infrequently used by large or over-sized trucks?

N AR WM |-

. Will the subject junction be infrequently used by pedestrians and bicyclists?

~pRi N~~~

Note:

1 - Maximum service volume (4-legs), veh/d = 3600 + 9000 fanes{1 + ——ﬂ-) — 94 /efts, where lanes = number of
roundabout entry lanes per approach, major = percent of volume entenmﬁ’gon the major-road approaches, and lefis
= percent of left-turns at junction. Maximum service volume (3-legs) = 0.75 * maximum service volume (4-legs).

tors considered except “heavy vehicle frequency” (i.e.,
Question 6). Thus, there was some concern about the ability
of the roundabout design to serve frequent truck traffic.
There was also some concern about the suitability of the
roundabout to arural, high-speed location. Despite these con-
cerns, the roundabout alternative was advanced to the engi-
neering study stage.

Summary of Viable Alternatives

Based on the assessment of viable aternatives, al four
candidate alternatives identified in Step 2 were selected for
more detailed analysis in the next stage of the assessment
process. These alternatives are summarized below:

*+ TWSC: Base case (existing intersection with no im-
provements);

» Signal: Conversion to traffic signal control;

» Bay: Two-way stop control with right-turn bays on west-
bound and northbound approaches; and

* Roundabout: Conversion to atwo-lane roundabout.

The major- and minor-road right-turn bay alternatives were
combined into one aternative. This alternative is denoted
in the list above as “Bay.” The designation shown in bold
type is used in subsequent sections to refer to the various
alternatives.

STAGE 2: ENGINEERING STUDY

The operational performance of the alternatives identified
in the aternative identification and screening stage were
evaluated in the engineering study stage. This stage consists
of three steps:

1. Determine study type,
2. Select analysistool, and
3. Conduct evaluation.

Stage 2: Step 1. Determine Study Type

The first step of the engineering study stage required a
determination of the type of study needed. Initialy, therela
tionship between the subject intersection and any upstream
or downstream signalized intersection was evaluated. Then,
the type of evaluation needed was determined.

Determine Type of Operation

The interaction between the subject intersection and any
adjacent signalized intersection was evaluated to determine
whether the operation of the adjacent intersection should be
considered in the analysis. An investigation of the location
of theseintersectionsreveal ed that there are no intersections
within several kilometers of the subject intersection. Fig-
ure 3-1 of the ESG indicates that distances exceeding 730 m
(for amajor-road peak hour volume of 1,223 veh/h) are suf-
ficient to isolate the subject intersection from the adjacent
signalized intersections.

Determine Type of Evaluation

Next, the intersection was examined to determine whether
a formal evaluation of alternatives was required. The ESG
suggeststhat aninformal evaluation (i.e., implementation and
field study) is possible when there is only one viable alterna-
tive applicable at an isolated intersection. However, the fact
that the subject intersection is associated with several viable
alternatives required the conduct of aformal evaluation.

Stage 2: Step 2. Select Analysis Tool

During this step, an analysis tool was selected for eval uat-
ing the operation of the subject intersection and itsalternatives.
This selection was based on an identification of the desired
analysistool capabilities and acomparison of thislist with the
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actual capabilities of the available tools. The tool selected for
use was the one that provided all of the desired capahilities.

Identify Desired Capabilities

Table 3-1 in the ESG was examined to determine which
analysis tool capabilities would be required for this evalua-
tion. Based on this examination, it was determined that the
analysistool selected must be ableto evaluate thetraffic con-
trol modes used with the alternatives (i.e., two-way stop con-
trol, actuated traffic signa control, and roundabout opera-
tion). It was also determined that the analysis tool must be
able to evaluate the percentage of heavy vehicles, left- and
right-turn bays, and shared-lane approaches. Findly, it was
decided that the analysis tool should provide a“level of ser-
vice" indication.

Evaluate and Select Analysis Tool

Three analysis tools were available for the evaluation:
HCS (version 3.1c), CORSIM (version 4.3), and SIDRA
(version 5.02a). Each analysistool was evaluated for its abil-
ity to provide the desired capabilities. CORSIM was €elimi-
nated because it cannot be used to eval uate roundabout oper-
ations. The HCS was a so eliminated because it can only be
used to estimate roundabout capacity. SIDRA was deter-
mined to be the only analysistool that could be used to eval-
uate al of the alternatives.

Stage 2: Step 3. Conduct Evaluation

Thefina step in the engineering study stage was to deter-
mine the operational performance of the viable alternatives.
Before conducting this evaluation, the need for additional
information and field data was reviewed. Then, the opera-
tional performance of each alternative was quantified and its
relative effectiveness was determined.

Gather Information

The need for additional datawas assessed at thispoint inthe
study. Thisassessment focused on theinput data requirements
of the chosen analysistool (i.e.,, SIDRA). Theinitial data col-
lection effort was determined to be thorough enough that al
necessary data were available. Based on this finding, it was
concluded that additional data did not need to be gathered.

Evaluate Operational Performance

Design Alternatives. Some preliminary design decisions
were made regarding the operation and the geometry of the
alternatives before they were evaluated. Most of this effort

was devoted to the devel opment of a design and timing plan
for the traffic signal control alternative. However, some
effort was also expended on the design of the roundabout.

Sgnal Alternative. The signal design process included a
determination of theintersection geometry and itssignal tim-
ing. Guidelines in Chapter 3 of the ESG indicated that an
exclusiveleft-turn lane (or bay) may be needed when the | eft-
turn volume exceeds 100 veh/h. However, it aso notes that
this criterion may not be appropriate when the opposing and
adjacent through volumes are less than 450 veh/h. The east
and west approaches of the intersection satisfy this criterion
for the afternoon and morning peak hours, respectively.
However, the through volumes were exceptionally light dur-
ing these hours. Therefore, it was decided that left-turn bays
on the eastbound and westbound approaches would not be
included in the intersection design for the signal alternative.

Guidelinesregarding the need for right-turn lanes are pro-
vided in Figure 3-3 of the ESG. A check of these guidelines
indicated that right-turn lanes were not needed for the signal
alternative.

Guidance regarding the operation of the signal controller is
provided in Table 3-5 of the ESG. Thisguidanceindicated that
actuated operation is appropriate for isolated intersections.

Guidance regarding the need for left-turn phasing is pro-
vided in Figure 3-5 of the ESG. A check of the information
inthisfigureindicated that |eft-turn phasing was not needed.
Thus, the signal phase sequence should consist of two through
phases: onefor the north and southbound approaches and one
phase for the east and westbound approaches.

Traffic volumes recorded for the afternoon peak period
were used to determine the controller settings. This analysis
followed the guidelines associated with Tables 3-7 and 3-8
in the ESG. The settings determined from this analysis were
reasoned to be sufficiently accurate for the engineering study
evaluation; however, it was recognized that they may need to
be refined if the signal aternative is selected.

Bay Alternative - Major-Road Approach. Table 2-13 of
the ESG provided some information regarding the appropri-
ate length of aright-turn bay on the major road. According to
this table, a right-turn bay should be long enough to provide
for the deceleration of right-turn vehicles. Figure 2-9 indi-
cated that about 115 m was needed to provide adequate decel -
eration distance when the 85" percentile speed is 91 km/h.
Thus, the northbound maj or-road right-turn bay was designed
to be 115 min length.

Bay Alternative - Minor-Road Approach. According to
Table 2-13 of the ESG, the right-turn bay length on the west-
bound approach should belong enough to providefor right-turn
vehicle storage. Figure 2-8 of the ESG was consulted for each
of the three analysis hours. The morning peak hour yielded the
greatest storage length of 15 m. Thus, the westbound minor
road right-turn bay was designed to be 15 m in length.
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TABLE A-21 Case Study 2: Delay summary for peak traffic hour
Movement Delay (s/veh)*! Intersection
Alternative Northbound Southbound Eastbound Westbound (Is’/ev':lf)
L T R L T R L T R L I T l R

1. TWSC 5 0 0 2 0 0 630 8 249 110

2. Signal 9 5 4 9 8 1 7 2 4 7

3. Bay 5 0 0 2 0 0 216 7 607 8 90

4. Roundabout 2 2 2 1 1 1 4 4 4 2 2 2 2
Note:

1 - Movement types: L = left-turn; T = through; R = right-turn.

Roundabout Alternative. It wasdetermined that the round-
about could be designed to accommodate the large number of
heavy vehicles. The design guidelines provided in Round-
abouts; An Informational Guide (A-4) were used for this pur-
pose. This document indicated that a two-lane roundabout
with an inscribed circle diameter of 60 m (and central iland
diameter of 50 m) could accommodate the travel paths of
turning trucks.

EvaluateAlternatives. SIDRA wasused to evaluate each
alternative for the morning peak, off-peak, and afternoon
peak hours. The individual movement delays predicted for
the afternoon peak traffic hour (i.e., 4:00 to 5:00 p.m.) are
summarized in Table A-21. It should be noted that similar
levels of delay were observed during the morning peak hour.

Thedatain Table A-21 indicate that the two morerestrictive
alternatives (i.e., Signal and Roundabout) offer the least over-
all delay. Thislow delay would be achieved at the “ expense”
of increased delay to the major-road through and right-turn
movements. However, thisincreasewasvery small when com-
pared with the decrease in delay to minor-road movements.

The variation in intersection delay over timeis shown in
Figure A-8. The trends in this figure indicate that the exist-
ing intersection (TWSC) resulted in the largest delay. In con-
trast, the roundabout resulted in the smallest delay.
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Figure A-8. Case Sudy 2: Average intersection delay.
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Determine Alter native Effectiveness

The findings from the operations analysis were evaluated
to determine whether each aternative would serve traffic
effectively. This determination was made based on the defi-
nitions of “acceptablelevel of service” and “acceptable oper-
ation” as defined in Chapter 3 of the ESG. Table A-22 sum-
marizes the results of this evaluation.

Only the Signal and Roundabout alternativeswerefound to
satisfy al three of the “effectiveness’ criteria. The existing
intersection and the turn bay alternative did not yield minor-
road delaysthat werelow enough to be considered acceptable.

STAGE 3: ALTERNATIVE SELECTION

During the alternative selection stage, the alternatives
advanced from the engineering study stage are reviewed for
their potential impact on traffic operations, safety, and the
environment. The alternative selection stage consists of the
following three steps:

1. Identify impacts,
2. Select best dternative, and
3. Document study.

Stage 3: Step 1. Identify Impacts
Identify Decision Factors

Several factors were identified that might influence alter-
native selection. These decision factorsincluded traffic oper-
ations, traffic safety, and direct cost. Impacts to the environ-
ment and area aesthetics were considered but were largely
unaffected by the proposed alternatives.

Assess Degree of Impact

Each alternative' simpact on traffic operations, safety, and
cost was evaluated. The traffic operations impacts were
guantified using total delay during the average day. An esti-
mate of annual crash frequency was used to quantify safety
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TABLE A-22 Case Study 2: Alternative effectiveness

Alternative Reduces Average Acceptable Acceptz.lble Effectiye
Intersection Delay? Level of Service? Operation? Alternative?
1. TWSC n.a. No No No
2. Signal Yes Yes Yes Yes
3. Bay Yes No No No
4. Roundabout Yes Yes Yes Yes
Note:

n.a. - not applicable

impacts. Estimates of theinitial construction and annual main-
tenance costs were used to estimate the direct-cost impacts.
The total delay for the average day was estimated from the
evaluation conducted in the engineering study stage. It was
assumed that the morning peak hour, off-peak hours, and after-
noon peak hour existed for 2, 18, and 2 hours, respectively,
during the average day.

The crash frequency for the roundabout was difficult to
estimate as there was little data available for reference. A
recent report by Robinson et al. (A-4) indicated that multilane
roundabouts have more conflicts than single-lane round-
aboutsand cite dataindicating that crash frequency reduction
may be small for this location. Given the high speed on the
major-road approach, it was conservatively assumed that
there would be no changein annual crash frequency with the
roundabout. On the other hand, data from similar signalized
intersections indicated that it waslikely that crash frequency
would be reduced (to about four crashes per year) at this
intersection, if it were signalized. Finally, the cost of con-
structing the roundabout was estimated to be $400,000 due
to the large amount of right-of-way, design complexity, and
new pavement area needed. Table A-23 illustrates the find-
ings from the impact assessment.

Stage 3: Step 2. Select Best Alternative

Thebest overall alternative was selected by choosingimpact
weights that reflect an economic worth for delay and crashes.
These weights were established by the agency for previous
projects and found to yield reasonable results. The weights
selected for this study arelisted in Column 4 of Table A-23.

Weighted impact totals for each aternative are shown in
the last row of Table A-23. Thesetotalsindicate that the sig-
nal alternative is slightly more desirable than the multilane
roundabout alternative. The roundabout is likely to perform
better operationally. However, there was some concern about
the ability of the roundabout to improve safety at this inter-
section. The anticipated cost to construct the roundabout is
also expected to be much larger than the signal due to the
roundabout’ s larger size and geometric design complexities.

Based on thisanalysis, the Signal alternative was selected
as the best overall alternative for thisintersection.

Stage 3: Step 3. Document Study

A report documenting the results of the engineering study
was prepared and submitted.

TABLE A-23 Case Study 2: Alternativeimpacts

Factor Description Units Weight Impact
Roundabout Signal
Traffic Operations | Motorist delay veh-h/day 4.5 7 29
Traffic Safety Crash frequency crashes/year 40 6 4
Direct Cost Initial costs $ /1000 0.1 400 60
Annual costs $ /1000 1.0 2 2
Total: 314 299




CASE STUDY 3

SYNOPSIS

This case study illustrates the application of the Engineer-
ing Sudy Guide (ESG) to an isolated, stop-controlled inter-
section where minor-street drivers are experiencing exces-
sive delay. These delays are partialy created by frequent
on-street parking maneuvers occurring on the minor street.
CORSIM was used to eval uate the intersection. The removal
of some on-street parking on the minor street and its replace-
ment with a right-turn bay was recommended as the best
method for alleviating motorist delay.

BACKGROUND

The intersection of Market Street and Maple Avenue has
been the focus of ongoing complaint about excessive delay
during peak hours and unsafe parking maneuvers. Recent
increases in traffic demand (due to growth in the downtown
area) have amplified these problems and the corresponding
number of complaints. The number of complaintsreceivedin
recent weeks has prompted the need for an engineering eval-
uation of traffic conditions at the intersection.

Theintersection is on the edge of the downtown areain a
city of 40,000 people. The intersection has three approach
legswith stop control on Maple Avenue. Market Street isthe
major street; it is oriented in an east-west direction. Maple
Avenue is the minor street; it is oriented in the north-south
direction. Both streets have a posted speed limit of 35 mph.
The westbound approach has an exclusive left-turn bay; all
approaches have one through lane and no right-turn bays.
The layout of the intersection is shown in Figure A-9.

A-23

STAGE 1. ALTERNATIVE IDENTIFICATION
AND SCREENING

The first stage of the engineering assessment process
involved diagnosing the problem at the intersection and
determining potential corrective measures. Candidate alter-
natives were identified and given a preliminary screening to
determine whether they represented viable solutions to the
problem. The alternative identification and screening stage
consists of the following steps:

1. Define problem and cause,
2. Select candidate alternatives, and
3. Select viable alternatives.

Stage 1: Step 1. Define Problem and Cause
Gather Information

The first step was to gather information about the inter-
section. Thisinvolved checking agency records and visiting
the site. The data gathered during this step are summarized
in the remainder of this section.

Historic Data. The intersection had not been the subject
of a prior engineering study, so archival traffic data were
not available. Crash data were obtained from the Accident
Records Division of the Department of Public Works. These
data indicated that a total of four collisions occurred at the
intersection in the last year (two susceptible to correction by
asignal). Regional traffic countsrecorded 1 year earlier indi-
cated an annual averagedaily traffic (AADT) of 12,600 vehi-
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Figure A-9. Case Sudy 3: Existing intersection geometry (not to scale).
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TABLE A-24 Case Study 3: Potential problems and causes

Potential Problem

Possible Cause

Excessive delay and conflict on the minor road.

+ Excessive on-street parking activity on minor road.

Excessive delay to minor-road movements.

« Inadequate separation of minor-road movements.

Excessive delay to left-turn movements.

+ Inadequate capacity for left-turn movements.

clesper day on Market Street and 11,500 vehicles per day on
Maple Avenue.

Observational Study. The intersection was visited during
atypical weekday to determine whether the problems reported
were present at the intersection. The observational study
reveded that the vehicles on the minor street experienced
excessive delay during the peak hours. Most of the delay was
dueto the difficulty that northbound left-turn drivers had find-
ing an adequate gap in traffic on Market Street. Thisdifficulty
trand ated into significant delay to both left-turn and right-turn
drivers because they shared the same approach lane. Some
conflict and delay was aso observed to result from frequent
parallel parking maneuvers on the minor-street approach.

Site Survey. A site survey was aso conducted during the
site visit. Key geometric features of the intersection noted
during this survey are summarized in Figure A-9. Also noted
during thisvisit were the characteristics of the on-street park-
ing on Maple Avenue. Parallel parking is permitted along
both sides of Maple Avenue. Each parking space is about
25ftlong and hasaposted 30-minutetime limit. Observations
indicate that each parking spaceis used by about two vehicles
per hour. The parking lane extends along Maple Avenue to
within 5 ft of the intersection with Market Street. Buildings
along Maple Avenue are close to the curb, having a setback
of 10 ft from the edge of pavement. This narrow setback dis-
tance may make it unrealistic to consider widening Maple
Avenue to provide additional traffic lanes at the intersection.

Define Problem and Cause

Define Problem and Identify Cause. Based on the re-
sults of the observational study, it was found that sufficient

evidence existed to justify continuing with the engineering
study. Using the information provided in Table 2-1 of the
ESG, possible causes for the observed problemswere identi-
fied. Thisinformation is summarized in Table A-24.

Stage 1: Step 2. Select Candidate Alternatives
| dentify Potential Alternatives

Table 2-2 in the ESG was consulted to determine potential
alternatives that could address the observed problems at the
intersection. The aternativesidentified in Table 2-2 are sum-
marized in Table A-25.

Organize and Select Alternatives

The potential alternatives were subjected to a preliminary
screening to eliminate any alternatives that would not be fea
sible at the site. Judgment was used to identify those alter-
natives that were clearly not feasible due to site-specific
constraints. Based on this screening, “ peak-hour parking pro-
hibition” was eliminated in preference to “ permanent parking
prohibition” dueto observed delays during both peak and off-
peak hours. Permanent prohibition of on-street parking would
only be applicable to the intersection influence area to mini-
mizethe adverse effect of parking losson local merchants. An
increase in right-turn radius was eliminated in preference to
the“add second lane” aternative dueto the extent of observed
traffic queues. Theroundabout alternative was €liminated due
to right-of-way limitations. Finaly, left-turn prohibition was
eliminated because the city council had previoudly deter-
mined that this alternative was not acceptable in the down-
town area.

TABLE A-25 Case Study 3: Potential alternatives

Possible Cause Corrective Strategy

Potential Alternatives

Excessive on-street parking
activity on minor road.

Reduce activity.

. Prohibit on-street parking during peak hours.
. Prohibit on-strect parking permanently.

Inadequate separation of
minor-road movements.

Separate conflicting
flows.

. Add second lane on minor road.
. Increase right-turn radius.

Inadequate capacity for left-
turn movements.

Increase capacity.

. Convert to traffic signal control.
. Convert to roundabout.

Reduce demand.

BN o= N [N [N =

. Prohibit left-turns during peak hours with signing.
. Prohibit left-turns permanently with channelization.




Based on this analysis, the following alternatives were
found to merit further study:

+ Add second lane on minor street (by removing on-street
parking near the intersection) and
« Convert to traffic signal control.

Stage 1: Step 3. Select Viable Alternatives

The candidate alternatives selected in Step 2 were more
closely examined in this step. This examination focused on
evaluating each alternative to assess its “viability” (i.e., its
ability to address the observed problems effectively).

Gather Information

Identify Data. Table 2-5in the ESG was used to identify
the data needed to evaluate the candidate aternatives. Based
on the information in this table, it was determined that the
following data were needed for guideline evaluation:

* Mgjor- and minor-road turn movement volume (8 hours),
» Heavy vehicle volume (8 hours),
* Pedestrian volume (4 hours),
+ Gap frequency (4 hours),
- 85" percentile approach speed,
0 « Areapopulation,
O« Number of lanes, and
O « Crash history by type.

Of these data, information about the last three items had
already been gathered in aprevious step. The minimum num-
ber of hoursfor which datawould be collected isindicated in
the list above.

Collect Data. At the onset of this task, it was noted that
vehicular volumes and approach speed were common to
most of the alternatives. It was also noted that the satisfac-
tion of one signal warrant would confirm the viability of the
signal aternative. From this assessment, it was decided ini-
tialy to collect only volume and speed data. These data
would allow acheck of the Manual on Uniform Traffic Con-
trol Devices-Millennium Edition (i.e., MUTCD 2000) (A-2)

A-25

Signal Warrants 1 and 2. If these warrants were not satisfied,
then Warrants 4 and 8 would be checked.

Warrant 3 was not eval uated because the intersection was
not believed to represent an “ unusual case.” Specifically, the
intersection was not near an office complex, manufacturing
plant, or other facility that generated high volumes over a
short period.

Traffic volumes were measured during 8 hours on aMon-
day in October. These counts were adjusted for weekly and
monthly variations to yield an estimate of the average-day
volume. The morning peak hour, off-peak hour, and after-
noon peak hour were found to occur from 7:00 to 8:00 am.,
1:00 to 2:00 p.m., and 4:30 to 5:30 p.m., respectively. The
turn movement volumes for these hours are provided in
Table A-26.

During the study, heavy vehicles were found to comprise
about 2 percent of all traffic entering the intersection. Pedes-
trian volumes were constant throughout the day with about
10 ped/hr crossing Maple Avenue and 15 ped/hr crossing
Market Street (total of all crossings on both corners). A spot
speed study was conducted for Market Street; the 85" per-
centile speed was found to be 34 mph.

Assess and Select Alternatives

Convert to Traffic Signal Control. The traffic signa
warrants in the MUTCD 2000 (A-2) were evaluated to
assess the viability of the traffic signal aternative. Based
on this evaluation, it was determined that Warrant 2: Four-
Hour Vehicular Volume was satisfied. It should be noted
that the left-turn bay on the westbound approach was
included in the count of major-street lanes (i.e., 2 lanes) for
the following reasons: (1) the approach had only one lane,
and (2) the left-turn volume was about one-half of the total
approach volume.

To complete the warrant check, the presence of conditions
that could misdirect the signal warrant check was assessed.
A review of Table 2-15 in the ESG revealed that two condi-
tions exist that could affect the warrant analysis conclusions.
One condition relatesto the fact that the intersection has only
three approach legs. The second condition relates to the sig-
nificant number of right-turn vehicles on the minor-street
approach.

TABLE A-26 Case Study 3: Turn movement volumes

Volume (veh/h)
Hour Northbound Minor Eastbound Westbound Major
Left Right | Total | Through| Right Left | Through | Total
7:00 - 8:00 a.m. 100 145 245 126 145 209 244 724
1:00 - 2:00 p.m. 164 191 355 138 210 189 183 720
4:30 - 5:30 p.m. 126 340 466 308 197 288 213 1,006
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The discussion associated with Table 2-15 indicated that
the MUTCD’ s volume-based warrants might have threshold
values that are too low for athree-leg intersection. Based on
the guidance in Chapter 2 of the ESG, the major and minor
roads at athree-leg intersection may need to have volumes of
1,000 and 200 veh/h, respectively, for the 8 highest hours
before atraffic signal islikely to bejustified. A check of the
volumes at the subject intersection indicated that this
“1,000/200 veh/h” criterion was not met.

The impact of minor-street right-turn volume on the accu-
racy of the warrant check was also investigated. Figure 2-11
in the ESG was consulted to determine the extent to which
the right-turn volume might be reduced in the warrant check.
Based on thisexamination, it was found that the minor-street
right-turn volume probably should not be included in the
warrant analysis (except during the afternoon peak hour). In
fact, when Warrant 2 was re-eval uated without thisright-turn
volume, it was not satisfied.

In summary, the warrant analysis indicated that a traffic
signal might improve traffic operations at the intersection.
However, guidelines in Chapter 2 of the ESG indicated that
the three-leg geometry and ample right-turn capacity of the
intersection might have animpact on the accuracy of thewar-
rant check conclusions. It was determined that the operation
of the traffic signal alternative would be carefully examined
during the engineering study stage to confirm the benefits of
signalization relative to the other alternative.

Add Second Lane on Minor Street. Figure 2-4 in the
ESG was examined to determine whether adding an exclu-
sive right-turn bay to Maple Avenue would improve traffic
operations at the intersection. This bay would be created by
removing some on-street parking on the east side of Maple
Avenue. The evaluation was based on a right-turn volume
that represented 73 percent of the approach traffic stream
during the afternoon peak hour. Based on this examination,
it was found that aright-turn bay could improve traffic oper-
ations during the peak traffic demand hours.

Summary of Viable Alternatives

Based on the assessment of viable aternatives, the candi-
date alternatives identified in Step 2 were selected for more
detailed analysisin the next stage of the assessment process.
These alternatives are summarized below:

« TWSC: Base case (existing intersection with no im-
provements);

« Signal: Conversion to traffic signal control; and

« Bay: Stop control with right-turn bay on the minor street
(i.e., Maple Avenue).

The designation shown in bold type is used in subsequent
sections to refer to the various alternatives.

STAGE 2: ENGINEERING STUDY

The operational performance of the alternatives identified
in the aternative identification and screening stage were
evaluated in the engineering study stage. This stage consists
of three steps:

1. Determine study type,
2. Select analysistool, and
3. Conduct evaluation.

Stage 2: Step 1. Determine Study Type

The first step of the engineering study stage required a
determination of the type of study needed. Initially, therela-
tionship between the subject intersection and any upstream
or downstream signalized intersection was evaluated. Then,
the analysis detail required for the assessment of each alter-
native was determined.

Determine Type of Operation

Figure 3-1 of the ESG was consulted to determine whether
the subject intersection wasisolated from the operation of the
upstream intersections. This figure can be used to determine
if anintersection isisolated based on consideration of thedis-
tance to the nearest signalized intersection and the two-way
traffic volume. The nearest signalized intersection in each
direction of travel is % mile from the subject intersection.
The afternoon peak-hour two-way volumes on Maple
Avenue, Market Street (west leg), and Market Street (east
leg) are 951, 844, and 1,149 veh/h, respectively. Based on
thisinformation and the guidelinesin Figure 3-1, it was con-
cluded that the subject intersection was effectively isolated
from nearby signalized intersection operations.

Determine Type of Evaluation

Next, the intersection was examined to determine whether
aformal evauation of aternatives was required. The ESG
suggests that an informal evaluation (i.e., implementation
and field study) is possible when an intersection has only one
viable aternative. However, the fact that the subject inter-
section isassociated with several viable alternativesrequired
the conduct of aformal evaluation.

Stage 2: Step 2. Select Analysis Tool

During this step, an analysistool was selected for eval uat-
ing the operation of the subject intersection and its aterna-
tives. This selection was based on an identification of the
desired analysistool capabilities and acomparison of thislist
with the actual capabilities of the available tools. The tool



selected for use was the one that provided all of the desired
capabilities.

Identify Desired Capabilities

Table 3-1 in the ESG was examined to determine which
analysis tool capabilities would be required for this evalua-
tion. Based on this examination, it was determined that the
analysistool selected must be ableto evaluate all of the traf-
fic control modes used with the alternatives (i.e., two-way
stop control and actuated traffic signal control). It was also
determined that the analysis tool must be able to evaluate
left- and right-turn bays, shared-lane approaches, and on-
street parking activity. Finally, it was decided that the analy-
sistool should provide alevel-of-service indication.

Evaluate and Select Analysis Tool

Three analysis tools were available for the evaluation:
HCS (version 3.1c), CORSIM (version 4.3), and SIDRA
(version 5.02a). Each tool was evaluated for its ability to
provide the desired capabilities. Based on this evaluation,
CORSIM was determined to be the only analysis tool that
could explicitly model parking maneuver frequency and
duration on a stall-by-stall basis.

It was noted that the version of CORSIM used did not pro-
vide an estimate of control delay (aswould be needed to deter-
minelevel of service). However, previous effortsby city engi-
neersto validatethistool had revealed that CORSIM’ s* queue
delay” estimate was within 5 percent of the control delay
(based on field measurements). Therefore, the “ queue delay”
obtained from CORSIM was used for the evaluation with the
recognition that any level-of-service estimate would be
approximate.

Stage 2: Step 3. Conduct Evaluation

Thefina step in the engineering study stage was to deter-
mine the operational performance of the viable aternatives.
Before conducting this evaluation, the need for additional
information and field data was reviewed. Then, the opera
tional performance of each alternative was quantified and its
relative effectiveness was determined.

Gather Information

The need for additional datawas assessed at this point inthe
study. Thisassessment focused on theinput data requirements
of the chosen analysis tool (i.e.,, CORSIM). The initia data
collection effort was determined to be thorough enough that all
necessary data were available. Based on this finding, it was
concluded that additional data did not need to be gathered.

A-27
Evaluate Operational Performance

Design Alternatives. Some preliminary design decisions
were made regarding the operation and geometry of thealter-
natives before they were evaluated. Most of this effort was
devoted to the development of a design and timing plan for
the traffic signal control aternative. However, some effort
was also expended on the design of the right-turn bay.

Sgnal Alternative. The signal design process included a
determination of theintersection geometry and itssignal tim-
ing. Guidelines in Chapter 3 of the ESG were used for this
purpose. In particular, guidelines regarding the need for
right-turn lanes are provided in Figure 3-3. A check of these
guidelines indicated that a northbound right-turn lane was
not needed for the signal alternative.

Guidance regarding the operation of the signal controller is
provided in Table 3-5 of the ESG. Thisguidanceindicated that
actuated operation is appropriate for isolated intersections.

Guidance regarding the need for left-turn phasing is pro-
vided in Figure 3-5 of the ESG. A check of the information
in this figure indicated that a protected-permitted left-turn
phase was needed for the westbound | eft-turn movement dur-
ing the afternoon peak hour.

Traffic volumesrecorded for the afternoon peak hour were
used to determine the controller settings. This analysis fol-
lowed the guidelines associated with Tables 3-7 and 3-8 in
the ESG. The settings determined from this analysis were
reasoned to be sufficiently accurate for the engineering study
evaluation; however, it was recognized that they may need to
be refined if the signal aternative is selected.

Bay Alternative. Table 2-13 of the ESG provided some
information regarding the appropriate length of aright-turn
bay on the minor street. According to thistable, aright-turn
bay should be long enough to provide for right-turn vehicle
storage. Table A-26 indicated that the conflicting volume
during the afternoon peak hour is 407 veh/h (=308 + 197/2).
Extrapolation of Figure 2-8 of the ESG for a right-turn vol-
ume of 340 veh/h indicated that the right-turn bay on the
minor street should be at least 260 ft long during the peak
hour. However, dueto the desires of local merchantsto main-
tain as much on-street parking as possible and the fact that a
50-ft bay would be adequate for all other hours, it was deter-
mined that areasonable maximum bay length was 100 ft. The
use of this length required the permanent removal of four
parking spaces.

Evaluate Alternatives. Because a stochastic simulation
model (i.e., CORSIM) was being used, the minimum simu-
lation period had to be determined so that statistically reli-
able results could be obtained. This period was established
by considering the minimum simulation period based on
the individual movement delays and the average intersec-
tion delay. Guidelinesin Chapter 3 of the ESG were used to
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TABLE A-27 Case Study 3: Minimum simulation period evaluation

Individual Movement Delay Basis Avg. Int, Delay Basis
; — — Simulation
Time Period | Northbd. | Eastbd. | Westbd. | Volume X Volume : Used
(veh/h) Period (veh/h) Period (h)
L+R [ T+R| L | T (h) (h)
7:00 - 8:00 a.m. 245 271 1209 [244 209 0.8 969 0.5 1.0
1:00 - 2:00 p.m. 355 348 189 (183 183 0.9 1,075 0.5 1.0
4:30 - 5:30 p.m. 466 505 288 |213 213 0.8 1,472 0.4 1.0
Note:

1 - Movement types: L = left-turn, T = through, R = right-turn.

determine the minimum simulation period based on the vol-
ume of theindividual movementsand the total volume enter-
ing the intersection.

The minimum simulation period based on individual
movement delay was determined first. Traffic volumes
recorded for the morning peak, afternoon peak, and off-peak
hours were used for this determination. Movements that
shared atraffic lane were combined, as suggested inthe ESG.
Figure 3-12 of the ESG was used to determine the minimum
simulation period needed for each movement volume. The
smallest movement volume for a given hour dictated the
minimum simulation period based on individual movement
delay. The results of this evaluation are shown in Column 7
of Table A-27.

Next, the minimum simulation period based on average
intersection delay was determined. Thetotal entering volumes
are 969 vehicles for the morning peak, 1,075 vehicles for the
off-peak, and 1,472 vehiclesfor the afternoon peak hour. Fig-
ure 3-13 of the ESG was used to determine the minimum sim-
ulation period needed for the overall intersection. The results
of this evaluation are shown in Column 9 of Table A-27.

Thelast step in this process was to compare the minimum
simulation period based on individual movements with that
based on the overall intersection. Thelarger of thesetwo val-
ues was sel ected as the minimum simulation period used for
the evaluation. It was recognized that a simulation of this
duration would provide the statistical precision needed in all
delay estimates. The simulation period used for the evalua-
tion is shown in Column 10 of Table A-27. For each time
period, the minimum simulation period was found to be 0.8

or 0.9 h. For simplicity, the minimum value was rounded up
to an even 1 hour for all time periods.

CORSIM was used to evaluate each viable alternative for
the morning peak, afternoon peak, and off-peak hours. The
individual movement delays predicted for the afternoon
peak traffic hour are summarized in Table A-28. The Bay
alternative (i.e., two-way stop control with right-turn bay on
Maple Avenue) resulted in the smallest intersection delay.
The existing alternative (TWSC) produced unacceptable
delay (i.e., it exceeded the delay threshold associated with
LOS D and had more than 4.0 veh-hr of delay) on the minor
street. In contrast, the Signal alternative resulted in the
largest intersection delay.

The impact of each alternative on average intersection
delay was also examined. Figure A-10illustrates the average
intersection delay for each aternative. The trends are con-
sistent with those found in Table A-28 and indicate that the
Bay alternative results in the smallest delay for al three
analysis periods.

The delay associated with each alternative was tested to
determine whether it was significantly different from that
of the other alternatives. The comparison technique was
based on an examination of the “delay ratio” (i.e., smaller
delay divided by larger delay), as described in Chapter 3 of
the ESG. Ratios less than 0.9 indicate that the two delays
(and corresponding alternatives) are significantly different.
Table A-29 summarizes the comparison of each pair of
alternatives.

The delay ratio for each pair of alternatives was found to
be less than 0.9. This finding indicated that the delays asso-

TABLE A-28 Case Study 3: Delay summary for peak traffic hour

Movement Delay (s/veh)! Intersection
Alternative Northbound Eastbound Westbound Delay
Left-turn | Right-turn| Through | Right-turn| Left-turn | Through (s/veh)
1. TWSC 75 62 1 3 2 0 21
2. Signal 38 32 31 21 14 10 24
3. Bay 21 18 1 1 2 0 6
Note:

1 - The true mean delay for each movement is within + 10 percent of the value shown (with 90% confidence).
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ciated with each pair are significantly different (with 90 per-
cent confidence) and that thetrends shown in Figure A-10 are
very likely to be accurate. Most important, the analysis con-
firmsthat the Bay alternative isthe best overall aternativein
terms of traffic operations.

Deter mine Alter native Effectiveness

The findings from the operations analysis were evaluated
to determine whether each alternative served traffic effec-
tively. This determination was made based on the definitions
of “acceptable level of service” and “acceptable operation”
defined in Chapter 3 of the ESG. Table A-30 summarizesthe
effectiveness of each alternative.

As suggested by the response provided in the last column
of Table A-30, only one aternative was found to satisfy the
“effectiveness’ criteria. Specificaly, the Bay aternative(i.e.,
the addition of aright-turn bay on the minor street by remov-
ing 100 ft of parking) was the only alternative that satisfied
all three criteria. It reduced the average intersection delay to

A-29

acceptable levels and provided minor-street delays of 4 veh-h
or less during the peak hour.

STAGE 3: ALTERNATIVE SELECTION

During the aternative selection stage, the alternatives
advanced from the engineering study stage are reviewed for
their potential impact on traffic operations, safety, and the
environment. The aternative selection stage consists of the
following three steps:

1. Identify impacts,
2. Select best dternative, and
3. Document study.

Stage 3: Step 1. Identify Impacts

In general, factorsare typically identified that might influ-
ence aternative selection. These decision factors include
traffic operations, traffic safety, direct cost, environment, and
aesthetics. In this case, an alternative’ simpact on local busi-
ness was al so relevant.

An evaluation of the impact of the Bay dternative (i.e., a
right-turn bay on the minor-street approach) indicated that
traffic operations and safety at the intersection would be
greatly improved for a nominal direct cost (i.e., the cost of
delineating a right-turn bay and removing parking signs).
However, the indirect cost to local businesses through the
remova of four parking slotswas difficult to quantify. It was
noted that convenient customer parking would still be avail-
able within 150 ft of the affected businesses. It was also
thought that the improved operation of the intersection may
bring some customers back to area businesses. In summary,
the cost of parking removal was reasoned to be acceptable,
given the benefits received directly by motorists and indi-
rectly by the area businesses in terms of increased business
activity.

TABLE A-29 Case Study 3: Analysisof delay reduction associated with selected alter natives

Time Period Average Intersection Delay Delz_ly R.edlfction is Better.
Alternative 1 Alternative 2 Ratio Significant? Alternative

TWSC Signal 0.49 Yes TWSC
Morning Peak Bay TWSC 0.82 Yes Bay
Bay Signal 0.40 Yes Bay

TWSC Signal 0.49 Yes TWSC
Mid-Day Peak Bay TWSC 0.69 Yes Bay
Bay Signal 0.34 Yes Bay

TWSC Signal 0.86 Yes TWSC
Afternoon Peak Bay TWSC 0.31 Yes Bay
Bay Signal 0.27 Yes Bay
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TABLE A-30 Case Study 3: Alternative effectiveness

Alternative Reduces Average Acceptable Acceptable Effective
Intersection Delay? Level of Service? Operation? Alternative?
1. TWSC n.a. Yes No No
2. Signal No Yes Yes No
3. Bay Yes Yes Yes Yes
Note:

n.a. - not applicable.

Stage 3: Step 2. Select Best Alternative Stage 3: Step 3. Document Study

Based on this analysis, the Bay aternative (i.e., a right- A report documenting the results of the engineering study
turn bay on the minor-street approach) was selected asthe  was prepared and submitted.
best overall aternative.



CASE STUDY 4

SYNOPSIS

This case study illustrates the application of the Engi-
neering Sudy Guide (ESG) to an intersection being planned
for construction on abusy arterial street. Thelocation of the
proposed intersection is very near to a signalized intersec-
tion. The potential for queue spillback from the signalized
intersection into the subject intersection is high and would
create excessive delay if it occurred. The CORSIM simula-
tion model was used to analyze the operation of the pro-
posed intersection and its two nearby signalized intersec-
tions. The objective was to resolve queuing problems and
minimize the impact of the new intersection on arterial
operations.

BACKGROUND

Main Street isabusy arterial street that providesfor asig-
nificant amount of east-to-west intracity travel. A developer
is proposing to build an office park on the south side of Main
Street between Rio Road and Sunset Boulevard. The devel-
oper is also proposing to fund the extension of a city street
(i.e,, ElIm Street) through the property to provide a point of
accesstothe arterial street system. The proposed intersection
would havethreelegswith Elm Street representing the minor
street. It would belocated about 400 ft west of Sunset Boule-
vard and 800 ft east of Rio Road.

The City Traffic Engineer is concerned that projected
Elm Street traffic demands (at the intersection with Main
Street) would exceed the capacity of atwo-way stop-controlled
intersection. There is also a concern that the projected de-
mands may justify a traffic signal and that this signal may
make it difficult to maintain good traffic progression along
Main Street. Finally, thereisaconcern that theintersection’s
proposed location is too close to the signalized intersection
at Sunset Boulevard. Queuesfrom thisintersection may spill
back into and block traffic at the new intersection. Because
of these concerns, an engineering study was undertaken to
evaluate the feasibility of adding a new intersection to Main
Street.

Main Street is major arterial in a city of 100,000 people.
The intersections of Main Street with Rio Road and Sunset
Boulevard are signalized and are coordinated with one an-
other. Thetiming plan for these two intersections was devel -
oped about 3 years ago. Traffic progression could be signif-
icantly improved if thetiming plan were updated. All streets
have a posted speed limit of 35 mph. Figure A-11 illustrates
the proposed location of the EIm Street intersection. It also
shows the two signalized intersections that are adjacent to
Elm Street.

A-31

STAGE 1. ALTERNATIVE IDENTIFICATION
AND SCREENING

The first stage of the engineering assessment process
involved diagnosing the problem at the intersection and deter-
mining potential corrective measures. Candidate alternatives
were identified and given a preliminary screening to deter-
mine whether they represented viable solutions to the prob-
lem. The alternative identification and screening stage con-
sists of the following steps:

1. Define problem and cause,
2. Select candidate alternatives, and
3. Select viable alternatives.

Stage 1: Step 1. Define Problem and Cause
Gather Information

The first step was to gather information about the arterial.
Information about the proposed intersection was also col-
lected; however, much of theinformation availablewas based
on traffic projections and the proposed site layout. Informa-
tion was also gathered from agency records and a visit to the
site. The data gathered during this step are summarized in the
remainder of this section.

Historic Data. Thelast engineering study of the arteria was
acorridor study conducted about 10 years ago. This study eval-
uated the arterid’ s ability to serveintracity travel and made rec-
ommendations about improvements needed to improve arterid
capacity. Regiona traffic counts recorded within the past year
indicated that the annual average daily traffic (AADT) on Main
Street is 29,400 vehicles per day.

Observational Study. The arterial segment was visited
during atypical weekday to determine the character of traf-
fic flow, the extent of the traffic queues, and the geometry of
the intersections. The observational study revealed that traf-
fic queues from the intersection of Main Street and Sunset
Boulevard extend 450 ft back (toward Rio Road) during the
afternoon peak traffic hour. Observations indicate that this
gueue length could be reduced by improved signal timing at
Sunset Boulevard.

Site Survey. A sitesurvey was also conducted during the
sitevisit. Key geometric features of the arterial noted during
this survey are summarized in Figure A-11.

TrafficProjections. Thedeveloper wasasked to definethe
characteristics of the proposed business park (e.g., number
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Figure A-11. Case Sudy 4: Existing arterial geometry (not to scale).
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TABLE A-31 Case Study 4: Potential problems and causes

Potential Problem

Possible Cause

Excessive delay to minor-road movements (on
Elm Street).

+ Inadequate capacity for minor-road movements.

+ Arrival of major-road platoons is staggered such that
there are limited opportunities to enter intersection.

* Queue spillback from downstream signal.

of employees, types of business, and square footage). These
data were then used to develop an estimate of the weekday
traffic demand on EIm Street. Based on this analysis, the
AADT for EIm Street was estimated as 9,200 vehicles
per day.

Define Problem and Cause

Assess Evidence. The City Traffic Engineer’s concerns
appear to have merit based on the findings of the observa-
tional study. Possible problems that might occur from the
construction of the proposed intersection would include
(1) excessive delay on the EIm Street approach and (2) dis-
ruption to traffic progression if the Elm Street intersection
weresignalized. Also, two operational problemswere found
on Main Street. One problem was excessive delay and
gueuing on the eastbound approach to the intersection of
Main Street and Sunset Boulevard A second problem was
poor traffic progression along Main Street. Based on the
results of the observational study, it was found that suffi-
cient evidence existed to justify continuing with the engi-
neering study.

Define Problem and ldentify Cause. Using the infor-
mation provided in Table 2-1 of the ESG, possible causesfor
the aforementioned problems were identified. Thisinforma-
tionis summarized in Table A-31.

Stage 1: Step 2. Select Candidate Alternatives
| dentify Potential Alternatives

Tables 2-2 and 2-3 in the ESG were consulted to determine
potential alternativesthat could addressthe observed problems
at the intersection. The aternatives identified in these tables
are summarized in Table A-32. Two-way stop control was
addedtothelist of potential alternativesto represent the® base”
control mode because it represented the | east-restrictive mode
that could be used at an arterial-collector intersection.

Organize and Select Alternatives

The potential alternatives were subjected to a preliminary
screening to eliminate any alternativesthat would not be fea-
sible at the site. Judgment was used to identify those alterna-
tives that were clearly not feasible due to site-specific con-
straints. Table A-33 lists the alternatives eliminated and
provides the reason for this action.

Based on this analysis, the following alternatives were
found to merit further study:

» Usetwo-way stop control (at EIm Street);

» Convert to traffic signal controlled coordinated system
(at EIm Street);

+ Adjust signal timing at downstream signal;

TABLE A-32 Case Study 4: Potential alternatives

Possible Cause

Corrective Strategy

Potential Alternatives

Increase approach
capacity.

Inadequate capacity for minor-
road movements.

. Convert to roundabout.

. Convert to yield control.

. Convert to traffic signal control.
. Convert to multi-way stop control.

Queue spillback from

downstream signal. capacity.

Increase downstream

. Adjust signal timing at downstream signal.
. Modify signal coordination.
. Add traffic lanes at downstream signal.

W W N

Separate conflicts.

—

. Relocate subject intersection.

Provide guidance.

1. Add advisory signing.

Modify arrival
patterns.

Arrival of major-road platoons
is staggered such that there are

. Adjust signal timing at upstream signals.
. Relocate subject intersection.

limited opportunities to enter

. . Concentrate and
intersection.

organize platoons.

- N -

. Convert to traffic signal (coordinated system).

1. Two-way stop-control (base control mode).
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TABLE A-33 Case Study 4: Alternatives eliminated

Alternative

Reason for Elimination

Convert to roundabout.

It is agency policy not to install roundabouts on coordinated arterial streets.

Convert to yield control.

Not applicable to intersections with high-volume arterials.

Convert to multi-way stop control. |Based on the engineer’s judgment, multi-way stop control is not an
appropriate form of traffic control for a major arterial street.

Relocate subject intersection.

The intersection could not be relocated without acquiring some very
expensive existing businesses on Main Street.

Add advisory signing.
problem.

Based on the engineer’s judgment, advisory signing is unlikely to solve the

+ Maodify signal coordination (for all signalized intersec-
tionson Main Street); and

+ Add traffic lanes at downstream signal (on Main Street
at Sunset Boulevard).

Stage 1: Step 3. Select Viable Alternatives

The candidate alternatives selected in Step 2 were more
closely examined in this step. This examination focused on
evaluating each alternative to assess its “viability” (i.e., its
ability to address the observed problems effectively).

Guidelines in Chapter 2 of the ESG were used to assess
the viability of traffic signal control at EIm Street. Similar
guidelines were not available for assessing the viability of
signal timing adjustment, signal coordination, and adding
traffic lanes to downstream signalized intersections. Thus,
these alternatives were advanced to the engineering study
stage for aformal evaluation.

Gather Information

Identify Data. Table 2-5in the ESG was used to identify
the data needed to eval uate the candidate alternatives. Based
on the information in this table, it was determined that the
following data were needed for guideline evaluation:

« Major- and minor-road approach volume for proposed
intersection (8 hours),
+ Heavy vehiclevolumefor proposed intersection (8 hours),
« 85" percentile approach speed (on Main Street),
* Progression quality (on Main Street),
0 « Areapopulation, and
O « Number of lanes for proposed intersection.

These dataare sufficient to eval uate the Manual on Uniform
Traffic Control Devices-Millennium Edition (i.e., MUTCD
2000) (A-2) Signad Warrants1, 2, 3, and 6. | nformation about
the last two items had already been gathered in a previous
step. The minimum number of hours for which the datawere
collected isindicated in the list above.

Collect Data. At the onset of thistask, it was noted that
the satisfaction of one signal warrant would confirm the via-
bility of the corresponding alternative. From this assessment,
it was decided to base the warrant check on volume and
speed data. These datawould allow acheck of Warrants 1, 2,
and 3. If none of these warrants were satisfied, then Warrant
6 would be evaluated.

To facilitate the warrant check for the proposed inter-
section, an 8-hour count was synthesized using a combina-
tion of forecast and existing traffic data. The objective of this
approach was to derive a reasonably accurate estimate of the
combined traffic volumes for each of the 8 highest hours of
the average day. The forecast AADT for EIm Street (includ-
ing development-related and external through traffic) was
converted to hourly traffic volume estimates using the proce-
dures described in Appendix C. Main Street traffic volumes
were obtained from an 8-hour manual count.

A spot speed study was conducted for Main Street; the
85" percentile speed was found to be 37 mph. Heavy vehicles
were noted to comprise about 2 percent of the traffic stream.

Assess and Select Alternatives

Thetraffic signal warrantsin the MUTCD 2000 (A-2) were
evaluated to assesstheviability of thetraffic signdl alternative.
The results of this evaluation are summarized in Table A-34.
Based on thisevaluation, it was determined that Warrants 1, 2,
and 3 were satisfied. It should be noted that the EIm Street
approach was assumed to have aminimum of two traffic lanes
based on the magnitude of the approach volume.

To complete the warrant check, there was an assessment of
possible conditions that could misdirect the signal warrant
check. A review of Table 2-15 in the ESG revealed that pro-
gressivetraffic flow on the major street could affect thewarrant
analysis conclusions. Discussion associated with Table 2-15
indicated that dense traffic platoons can affect operations at the
proposed intersection to the extent that conclusions reached
from the warrant analysis may be inaccurate. Based on this
analysis, it was concluded that the operation of the traffic
signal alternative would be carefully examined during the
engineering study stage to confirm the benefits of signalization.
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TABLE A-34 Case Study 4: Signal warrant check summary

Estimated Volumes Applicable | Warrant Volumes (veh/h) | Warrant
Volume Category Major Minor Warrant Major Minor Satisfied?
(two-way) | (highest app.) (two-way) | (highest app.)
AADT (vel/d) 29,400 4,000
1* highest hour (veh/h) 2,350 320 3 >1,700 150 Yes
4" highest hour (veh/h) 2,050 280 2 >1,300 115 Yes
8™ highest hour (veh/h) 1,760 240 1A 600 200 Yes
1B 900 100 Yes
Note:

1 - Warrant check based on three lanes on each major-street approach and two lanes on the minor-street approach.

Summary of Viable Alternatives

The candidate alternatives selected in Step 2 were deter-
mined to be viable alternatives and suitable for formal eval-
uation in the engineering study stage. However, these alter-
natives were reconfigured to form alternatives that more
comprehensively addressed the observed operational prob-
lems. The revised alternatives follow:

1. Base: Two-way stop control at EIm Street intersection
with existing signal timings;

2. Bay: Two-way stop control at EIm Street intersection,
adjust timing and coordinate existing signals at Rio
Road and at Sunset Boulevard, and add aright-turn bay
on eastbound Main Street at its intersection with Sun-
set Boulevard; and

3. Signal: Convert to traffic signal control at EIm Street
intersection, adjust timing and coordinate all signalized
intersections, and add a right-turn bay on eastbound
Main Street at its intersection with Sunset Boulevard

The designation shown in bold type is used in subsequent
sections to refer to the various alternatives.

STAGE 2: ENGINEERING STUDY

The operational performance of the alternatives identified
in the aternative identification and screening stage were
evaluated in the engineering study stage. This stage consists
of three steps:

1. Determine study type,
2. Select analysistool, and
3. Conduct evaluation.

Stage 2: Step 1. Determine Study Type

The first step of the engineering study stage required a
determination of the type of study needed. Initialy, therela

tionship between the subject intersection and any upstream
or downstream signalized intersection was evaluated. Then,
the analysis detail required for the assessment of each alter-
native was determined.

Determine Type of Operation

Figure 3-1 in the ESG was consulted to determine whether
the proposed intersection would be isolated from the opera-
tion of upstream intersections. This figure can be used to
determine if an intersection is isolated based on considera-
tion of the distance to the nearest signalized intersection and
the two-way traffic volume. The nearest intersection to the
east (i.e., Sunset Blvd.) is 400 ft from the proposed inter-
section. The nearest intersection to the west (i.e., Rio Road)
is 800 ft from the proposed intersection. The peak hour two-
way volume on both street segments is about 2,700 veh/h.
Based on thisinformation and the guidelinesin Figure 3-1, it
was concluded that the intersection and al its alternatives
would be treated as “ non-isolated.”

Determine Type of Evaluation

Next, the intersection was examined to determine whether
a formal evaluation of alternatives was required. The ESG
suggests that an informal evaluation (i.e., implementation
and field study) is possible when an intersection is isolated
and has only one viable alternative. However, aformal eval-
uation was required in this case, because the subject inter-
section was classified as “non-isolated.”

Stage 2: Step 2. Select Analysis Tool

During this step, an analysis tool was selected for evaluat-
ing the operation of the subject intersection and itsalternatives.
This selection was based on an identification of the desired
analysistool capabilities and acomparison of thislist with the
actual capabilities of the available tools. The tool selected for
use was the one that provided all of the desired capahilities.
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Identify Desired Capabilities

Table 3-1 in the ESG was examined to determine which
analysistool capabilitieswould berequired for thisevauation.
Based on this examination, it was determined that the analysis
tool selected must be able to evauate dl of the traffic control
modes used with the alternatives (i.e., two-way stop control
and signal coordination). It was also determined that the analy-
sistool must be ableto evaluate left- and right-turn bays, right-
turn-on-red at signalized intersections, and spillback from a
downstream signal. Finaly, it was decided that the analysis
tool should provide alevel-of-service (LOS) indication.

Evaluate and Select Analysis Tool

Three analysistools were available for the evaluation: HCS
(version 3.1c), CORSIM (version 4.3), and TRANSYT-7F
(release 8). Each tool wasevaluated for itsability to providethe
desired capabilities. Based on this evaluation, CORSIM was
determined to be the only analysis tool that could fully evalu-
ate the effect of queue spillback on intersection operations.

It was noted that the version of CORSIM used did not pro-
vide an estimate of control delay (as would be needed to
determine LOS). However, previous effortsby city engineers
to validate this tool had revealed that CORSIM’s “qgueue
delay” estimate was within 5 percent of the control delay
(based on field measurements). Therefore, the “ queue delay”
obtained from CORSIM was used for the evaluation with the
recognition that any L OS estimate would be approximate.

Stage 2: Step 3. Conduct Evaluation

The final step in the engineering study stage was to deter-
mine the operational performance of the viable alternatives.
Before conducting this evaluation, the need for additional

information and field data was reviewed. Then, the opera
tional performance of each alternative was quantified and its
relative effectiveness was determined.

Gather Information

The need for additional data was assessed at this point in
the study. This assessment focused on the input data require-
ments of the chosen analysis tool (i.e., CORSIM). The fol-
lowing data were identified as necessary for the evaluation:

+ Major- and minor-street turn movement volumesfor all
intersections;

+ Signal phase sequence and interval duration for both
signalized intersections; and

+ Relative offset between signals.

It was determined that the evaluation would include the
morning and afternoon peak traffic hoursaswell as one mid-
day off-peak hour. Turn movement counts were recorded on
a Tuesday in July at the two signalized intersections. These
counts were adjusted for weekly and monthly variations
(using the procedure described in Appendix C) to obtain an
estimate of the average-day volume. Turn movement vol-
umes for the proposed intersection were derived using typi-
cal turn movement percentages for similar arterial/collector
intersections in the vicinity. The turn movement volumes
used in the evaluation are summarized in Table A-35. Signal
phase sequence, interval duration, and relative offset were
obtained from agency signal timing records.

Evaluate Operational Performance

Design Alternatives. Some preliminary design decisions
were made regarding the operation and the geometry of the

TABLE A-35 Case Study 4: Turn movement volumes

Volume (veh/h)’

Time | Intersecting Northbound Southbound Eastbound Westbound
Period | Street Lt |RrR|{v|T|[rR|{L|[T]|R|[L]|T]|R
Rio Road 340 | 162 86 | 158 | 414 | 199 | 180 | 653 | 350 | 180 {1422 | 142
I.A;CAI;/Ik Elm Street 109 0 | 128 0 0 0 0| 771 | 126 | 264 |1635 0
Sunset Blvd. | 354 | 578 | 256 | 130 | 398 | 403 | 174 | 518 | 207 | 180 (1142 | 190
Rio Road 252 | 302 | 141 | 238 | 396 | 173 | 180 | 894 | 184 | 112 | 987 90
1?5112 Elm Street 94 0| 108 0 0 0 0 {1075 | 198 | 186 [1095 0
Sunset Blvd. | 458 | 622 | 387 | 161 | 522 | 325 | 115 | 533 | 535 | 232 | 498 142
RioRoad | 245 | 194 89 | 113 | 330 | 293 | 206 |1132 | 360 | 240 | 654 | 169
lilrk Elm Street 182 0| 138 0 0 0 0 |1105 | 229 | 183 | 881 0
Sunset Blvd. | 431 | 618 | 372 | 190 | 635 | 213 | 312 | 439 | 492 | 287 | 420 { 203

Note:

1 - Movement types: L = left-turn, T = through, R = right-turn.



alternatives before they were evaluated. Most of this effort
was devoted to the devel opment of an intersection design and
timing plan for the traffic signal control alternative. How-
ever, some effort was also expended in the design of the
right-turn bay at Sunset Boulevard.

Sgnal Alternative. The signal design process included a
determination of theintersection geometry and itssignal tim-
ing. Three through lanes were assumed for the major-street
approaches to be consistent with the cross section of Main
Street.

Guidelinesin Chapter 3 of the ESG indicated that an exclu-
sive |eft-turn lane (or bay) may be needed when the left-turn
volume exceeds 100 veh/h. Theleft-turn volume on the west-
bound approach satisfies this criterion for the peak and off-
peak hours. Thus, a left-turn bay was included in the inter-
section design for the Signal alternative.

Guidelinesregarding the need for right-turn lanes are pro-
vided in Figure 3-3 of the ESG. These guidelines indicated
that a right-turn lane was not needed on the eastbound
approach. They also indicated that a right-turn lane was not
needed on the northbound approach. However, it was
decided that two lanes would be provided on the north-
bound approach to minimize the proposed intersection’s
impact on arterial progression. Thesetwo laneswould include
abay for the left-turn movement and alane for the right-turn
movement.

Guidance regarding the operation of the signal controller
isprovided in Table 3-5 of the ESG. This guidance indicated
that pretimed operation is appropriate for intersections hav-
ing “heavy and consistent” traffic demands. As these char-
acteristics were consistent with traffic demands at the pro-
posed intersection, pretimed operation was assumed for the
signal design.

Guidance regarding the need for left-turn phasing is pro-
vided in Figure 3-5 of the ESG. A check of the information in
this figure indicated that left-turn phasing was needed on the
major street. Thus, the signal phase sequence consisted of three
phases. one for the westbound left-turn and through move-
ments, one for the east and westbound through movements,
and one for the northbound left- and right-turn movements.

Traffic volumes recorded for the morning peak, afternoon
peak, and mid-day off-peak periods were used to determine
the pretimed controller settings. This analysis followed the
guidelines associated with Tables 3-7 and 3-8 in the ESG.
The settings determined from this analysis were reasoned to
be sufficiently accurate for the engineering study evaluation;
however, it was recognized that they might need to berefined
if the signal alternative is selected.

Finally, the cycle length and offset of the signal system
were determined using guidelines provided in Chapter 3 of
the ESG. Guidelines associated with Figure 3-10 indicated
that a50-s cyclelength was needed to provide good two-way
progression for the existing two signalized intersections
(based on a 1,200-ft signal spacing and 35-mph speed). The
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relative offset between the two existing signals would be
equal to the travel time of 25 s. The proposed intersection
would have an offset of 0.0 s relative to one of the adjacent
signals. It was decided to reference this 0.0-s offset to the
nearer signal of the two (i.e., Sunset Boulevard).

Bay Alternative. Figure 3-3 in the ESG was consulted to
determine whether an exclusive right-turn bay was appropri-
ate on the Main Street approach at the intersection with Sun-
set Boulevard. Field observations indicated that a bay would
reduce the extensive queues found on the eastbound approach
by adding capacity and increasing queue storage. Based onthe
information in Figure 3-3, it was determined that two through
lanes and one right-turn lane would be adequate; however, the
peak hour volumes were almost large enough to justify three
through lanes and one right-turn lane. Therefore, to maintain
continuity along the route, the existing three through lanes
were maintained and a right-turn bay was added.

Base Alternative. Figure 2-4 in the ESG indicates that a
minimum of two lanes are needed for the stop-controlled
approach to atwo-way stop-controlled intersection. Based on
this information, the Base alternative was assumed to have
two lanes on the EIm Street approach.

Evaluate Alternatives. Because a stochastic simulation
model (i.e., CORSIM) was being used, the minimum simu-
lation period had to be determined so that statistically reli-
able results could be obtained. This period is established by
considering the minimum simulation period based on the
individual movement delays and the average intersection
delay. Guidelinesin Chapter 3 of the ESG were used to deter-
mine the minimum simulation period based on the volume of
the individual movements and the total volume entering the
intersection.

The minimum simulation period based on individua move-
ment delay was determined first. Traffic volumesfor themorn-
ing peak, afternoon peak, and mid-day off-peak hours were
used for this determination. Movements that shared a traffic
lane were combined, as suggested in the ESG. Figure 3-12 of
the ESG was used to determine the minimum simul ation period
needed for each movement volume. The smallest movement
volume for a given hour dictated the minimum smulation
period based on individual movement delay. Theresults of this
evaluation are shown in Column 6 of Table A-36.

Next, the minimum simulation period based on average
intersection delay was determined. Thetotal entering volume
at the proposed intersection was consistently the smallest
volume of the three intersections. This volume is listed in
Column 7 of Table A-36. Figure 3-13 of the ESG was used
to determine the minimum simulation period needed for the
overall intersection. The results of this evaluation are shown
in Column 8 of Table A-36.

The last step in this process was to compare the minimum
simulation period based on individual movements with that
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TABLE A-36 Case Study 4: Minimum simulation period evaluation

Individual Movement Delay Basis Average Int. Delay Basis
.. R Simulation
Minimum Intersection Minimum | Minimum Minimum Period
Ti 1 . . Total . .
ime Volume (veh/h) Overall | Simulation Simulation Used
Period . Volume .
erio Volume Period h/h Period )
Rio Elm | Sunset (veh/h) () (veh/h) )
AM Peak 86 109 130 86 2.0 3,033 <0.5 2.0
Off Peak 112 94 115 94 2.0 2,756 <0.5 2.0
PM Peak 89 138 190 89 2.0 2,718 <0.5 2.0
Note:

1 - Movement types: L = left-turn, T = through, R = right-turn.

based on the overall intersection. Thelarger of thesetwo val-
ues was selected as the minimum simulation period used for
the evaluation. It was recognized that a smulation of this
duration would provide the statistical precision needed in all
delay estimates. The simulation period used for the evaluation
is shown in Column 9 of Table A-36. To control for time-
dependencies in the delay statistic, the 2-hour simulation
period was divided into two, 1-hour simulation runs. The
delay statistics from both runs were then averaged for sub-
sequent analyses.

Table A-37 summarizes the average delay experienced
during the afternoon peak hour at each intersection. The Bay
alternative (i.e., two-way stop control at EIm Street, add a
right-turn bay, and re-timing the existing signals) offered
the lowest overall delay at two of the three intersections.
TheBasealternative (i.e., two-way stop control at EIm Street)
was the only alternative where some traffic movements
operated at LOS D or worse (based on a delay threshold of
35 slveh for unsignalized movements and 55 s/iveh for sig-
nalized movements).

The impact of each alternative on average intersection
delay was examined. Table A-38 lists the average delay at

each intersection for each alternative and study period. The
datainthistableindicatethat the Bay alternativetendsto offer
the lowest delay at the EIm Street and the Sunset Boulevard
intersections. The Signal alternative offersthelowest delay at
the Rio Road intersection.

Figure A-12 illustrates the total delay experienced within
thethree-intersection arterial for each alternative during each
analysis period. The Bay alternative consistently produces
the lowest total delay. The Base alternative consistently pro-
duces the largest delays.

Determine Alter native Effectiveness

The findings from the operations analysis were evaluated
to determine whether each alternative served traffic effec-
tively. This determination was made based on the definitions
of “acceptable level of service” and “acceptable operation”
as defined in Chapter 3 of the ESG. Table A-39 summarizes
the results of this evaluation.

For amovement to have “ acceptable operation,” its level-
of-service (LOS) should be no worse than “D” or its total

TABLE A-37 Case Study 4: Delay summary for peak traffic hour

Movement Delay (s/veh) Inter-
Inter- | Alter- Northbound Southbound Eastbound Westbound section
section | native Delay
L]l T|R|L|]T|R|L|T|R]|L|T]| R |(seh
Base 27 24 5 31 26 4 23 17 3 26 16 3 17
M;‘j’(‘)& Bay | 21| 20| s| 22| 26| 4| 22 19| 3} 29 15] 2 16
Signal | 22 20 5 22 26 4 23 18 3 27 12 2 16
Base 76 | na. 89 | na. | na | na. | na 5 10 20 n.a. 14
Main &
Bay 18 | na. 5| na | na | na | na 0 0 1 n.a. 2
Elm
Signal | 21 | na. 5 | na | na. | na | na 19 48 22 na. 17
Base 38 18 2 33 17 2 24 95 60 26 60 37 35
Man& Mp 105 | 24 | 3| 24| 22| 3| 26| 22| 7] 28| 20| 10 18
Sunset
Signal | 24 24 3 24 22 3 21 34 9 29 21 11 20
Note:

1 - Movement types: L = left-turn, T = through, R = right-turn.

n.a. - not applicable.



TABLE A-38 Case Study 4: Average inter section delay

Average Intersection Delay by Alternative (s/veh)
Intersection Time Period N

Base Bay Signal
Main Strect Morning Peak 20.9 17.6 17.1
& Off Peak 19.7 19.0 17.3
Rio Road Afternoon Peak 16.6 16.3 15.6
Main Street Morning Peak 1.4 1.6 7.8
& Off Peak 5.1 1.2 7.5
Elm Street Afternoon Peak 13.8 1.7 16.5
Main Street Morning Peak 21.9 18.3 19.4
& Off Peak 27.1 17.6 18.9
Sunset Blvd Afternoon Peak 354 18.4 19.5
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Figure A-12. Case Sudy 4: Total delay in signal system.

delay should be less than 4.0 vehicle-hours. Total delay was
computed using the movement volumes and delays reported
in Tables A-35 and A-37, respectively. For the Base alterna
tive, the movement delays at the signalized intersection of
Main Street and Sunset Boulevard were worse than LOS D
and in excess of 4.0 vehicle-hours. Hence, thisintersection’s
operation was considered “ unacceptable.”

The Signal aternative was found to satisfy most of the
“effectiveness’ criteria, as defined in Chapter 3 of the ESG.

It improved overall system operation and provided accept-
able LOS and acceptable operation for both signalized inter-
sections. However, asnoted in Table A-38, it increased delay
at the subject intersection. Asaresult, the Signal alternative
was not found to be effective.

The Bay alternative was the only alternative found to be
effective. Thisaternativeinvolvesre-timing the existing sig-
nalsat Rio Road and Sunset Boulevard to reflect current traf-
fic volumes and adding a right-turn bay on the eastbound
approach at Sunset Boulevard. The new intersection at Elm
Street would have two-way stop control.

STAGE 3: ALTERNATIVE SELECTION

During the alternative selection stage, the alternatives ad-
vanced from the engineering study stage are reviewed for
their potential impact on traffic operations, safety, and the
environment. The alternative selection stage consists of the
following three steps:

1. Identify impacts,
2. Select best dternative, and
3. Document study.

TABLE A-39 Case Study 4: Alternative effectiveness

Criteria Alternative
Base Bay Signal
A. Reduces average system delay? na. Yes Yes
B. Acceptable level of service at each signalized intersection? Yes Yes Yes
C. Acceptable operation of minor movements at each signalized intersection? No Yes Yes
D.1 Reduces average intersection delay at subject intersection (Elm Street)? na. Yes No
D.2 Acceptable level of service at subject intersection? Yes Yes Yes
D.3 Acceptable operation of minor movements at subject intersection? Yes Yes Yes
Effective alternative? No Yes No

Note: n.a. - not applicable.



A-40

Stage 3: Step 1. Identify Impacts ment and aesthetics were considered, but reasoned to be un-

affected by the proposed alternative.
In general, factors are typically identified that might influ-

ence alternative selection. These decision factors include:
traffic operations, traffic safety, direct cost, environment, and
aesthetics. The factors believed to be most relevant included An evaluation of the impacts associated with the Bay alter-
traffic operations, safety, and cost. Impacts to the environ- native indicated that it had relatively low overall impact.

Stage 3: Step 2. Select Best Alternative
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Based on this analysis, the Bay aternative was selected for
implementation. This alternative included construction of a
two-way stop-controlled intersection on Main Street, addition
of aright-turn bay on the eastbound approach of the intersec-
tion at Sunset Boulevard, and adjustment of the arterial signal
timing plan to improve traffic progression. A sketch of the
recommended alternative is shown in Figure A-13.

Stage 3: Step 3. Document Study

A report documenting the results of the engineering study
was prepared and submitted.
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MUTCD TRAFFIC CONTROL SIGNAL WARRANT WORKSHEETS

INTRODUCTION

This appendix describes a series of worksheets that can be
used to document the findings of the MUTCD 2000 traffic con-
trol signal warrant check. The following pages illustrate the
use of the worksheets for Case Study 1 described in Appendix
A. Blank worksheets are provided following this example
application.

EXAMPLE APPLICATION

Theintersection of County Routes 21 and 27 isin arural
community with approximately 11,000 residents. The inter-
section has three approach legs; one leg is stop-controlled.
County Route 27 (CR 27) istheminor road; itisoriented in an
east-west direction and has stop control at the intersection.
County Route 21 (CR 21) isthemajor road; itisorientedinthe
north-south direction. The speed limit is posted at 45 mph on
both roads. All approaches have one traffic lane. Figure B-1
illustrates the intersection geometry.

Crash data were obtained from the state’ s Department of
Public Safety. These data indicated that a total of five colli-
sions occurred at the intersection in the last 12 months (two
susceptible to correction by atraffic signal). Regional traffic
counts recorded 1 year earlier indicated that the annual aver-
age daily traffic demand (AADT) is about 13,500 vehicles
per day on CR 21 and 3,000 vehicles per day on CR 27.

Because it was unclear when the 8 highest traffic hours
occurred, turn movement volumes were recorded for atotal
of 13 hours. These counts were adjusted to represent average-
day volumes using the techniques described in Appendix C.
The adjusted volumes are summarized in Table B-1.

The morning peak demand occurred between 7 and 8 am.,
the afternoon peak occurred between 4 and 5 p.m., and the
off-peak hour occurred between 9 and 10 am. No pedestrians
were observed during the study. Heavy vehicles constituted
about 1.0 percent of the traffic stream on each approach. A
spot speed study was performed for CR 21; the 85" percentile
speed was found to be 50 mph.

A stopped-delay study was performed during the highest-
volume hour (i.e., 4to 5 p.m.). This study focused on the
delay to minor-road vehicles. The average delay during the
peak hour was 40 s/veh and the total delay was 2.3 veh-h.

A complete warrant analysisfor thisintersection is summa:
rized in the worksheets on the following pages. The anaysis
revealed that Warrants 1, 2, and 3 are satisfied and that a traf-
fic control signal may be a viable aternative for the subject
intersection.

WORKSHEETS

Blank worksheets for documenting the signal warrant
check follow the pagesillustrating the use of the worksheets
for Case Study 1 described in Appendix A.



1| 30
o TT
X
© 1 1
2
= 1 1 g $
o) =35

o]

o |1 =
o Do
=
T A4t
'

4 L

O

30"

County Route 21

NORTH

14

County Route 27

:| Private
Residence
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TABLE B-1 Turn movement volumes

14"

Volume (veh)

Hour Northbound Southbound Major Westbound Minor
Through | Right Left | Through | Total Left Right Total

6-7am. 49 36 20 248 353 35 1 36
7-8am. 117 109 236 378 840 155 54 209
8-9am. 117 109 78 332 636 73 21 94
9-10am. 99 109 87 253 548 94 34 128
10-11am. 92 91 114 260 557 132 40 172
11am. - 12 p.m. 111 144 200 283 738 152 46 198
12-1pm. 181 101 54 459 795 56 13 69
1-2pm. 116 91 187 352 746 152 49 201
2-3pm. 114 132 154 359 759 140 37 177
3-4pm. 138 124 127 433 822 158 43 201
4-5pm. 145 146 143 464 898 140 65 205
5-6pm, 176 139 129 456 900 152 48 200
6 -7 p.m. 165 83 136 434 818 164 45 209




TRAFFIC SIGNAL WARRANTS ANALYSIS FORM

Sheet 1 of 5
Calc: _John Smith Date:__7/29/00
Div.: Brant Co.. Davis Rte.. 21 Chk: Bill Jones, P.E. Date: 8/ 1/00
Major Road:__County Road 21 Critical approach speed:_45 mph Lanes:_1
Minor Road:___County Road 27 Critical approach speed:_45 mph Lanes:_1

Volume Level
1. Critical speed of major road traffic > 70 km/h (40 mph) : Yes  [_]No

2. In built-up area of isolated community of < 10,000 pop.: [:l Yes No
If Question 1 or 2 above is answered “Yes” then use “70%” volume level: 70% D 100%

WARRANT 1 - Eight-Hour Vehicular Volume Satisfied: [v] Yes [Jno

Warrant is satisfied if Condition A or Condition B is “100 % satisfied.” Warrant is also satisfied if both Condition A
and Condition B are “80% satisfied.”

e Condition A - Minimum Vehicular Volume 100% Satisfied: [v/] Yes [ Jno

80% Satisfied: Yes D No

Record hours where condition is met and the corresponding volumes in boxes provided. Condition is 100%
satisfied if the minimum volumes are met for eight hours. Condition is 80% satisfied if parenthetical volumes are

met for eight hours.
: Minimum Requirements Hour
(volumes in veh/h) (80% Shown in Brackets) .
3 Q
Approach Lanes: 1 2 or more S o 5 & g & § §
N R D A O B B
Volume Level:] 100% | 70% | 100% | 70% |~ [~ |~ |~ Jo [+ Jw |©
Both Approaches 500 350 600 420
Major Road (400) (480) 840| 738 | 746 | 759 | 822 | 898 900 | 818
Highest Approach 160 105 200 140
Minor Road (120) (160) 209|198 201 | 177 | 201 | 205 | 200 | 209
® Condition B - Interruption of Continuous Traffic 100% Satisfied: Yes D No

80% Satisfied: Yes [ _]No

Record hours where condition is met and the corresponding volumes in boxes provided. Condition is 100%
satisfied if the minimum volumes are met for eight hours. Condition is 80% satisfied if parenthetical volumes are

met for eight hours.
. Minimum Requirements Hour
(volumes in veh/h) (80% Shown in Brackets) -
Approach Lanes: 1 2 or more E § 3 g g g § §
R R R A L N
Volume Level:| 100% 70% 100% 70% |~ = A ~ d A i ©
Both Approaches 750 525 900 630
Major Road (600) (720) 8401738 746 | 759 | 822 | 898 900 | 818
Highest Approach 75 583 100 70
Minor Road (60) (80) 2091 1984 201 | 177 | 201 | 205 | 200 | 209
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TRAFFIC SIGNAL WARRANTS ANALYSIS FORM

WARRANT 2 - Four-Hour Vehicular Volume

Sheet 2 of 5

Satisfied: Yes D No

Plot four volume combinations on the applicable figure below. If four points lie above the appropriate line, then the

warrant is satisfied.

Figure A. Criteria for “100%" volume level.

Figure B. Criteria for “70%" volume level.
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TRAFFIC SIGNAL WARRANTS ANALYSIS FORM

Sheet 3 of §

WARRANT 3 - Peak Hour Satisfied: [v] Yes [ Jno

Unusual condition justifying use of warrant: _High volume from nearby manufacturing plant.

Record hour where criteria are fulfilled and the corresponding delay or volume in boxes provided. Plot the peak
hour volume combination on the applicable figure below. If all three criteria are fulfilled or the plotted point lies
above the appropriate line, then the warrant is satisfied.

Approach Lanes | No. of Approaches Hour Fulfilled?

Criteria
1 2 3 4 4-5pm Yes | No
1. Delay on Minor Approach (veh-h) 2.3 v
2. Volume on Minor Approach (veh/h) 205 v
3. Total Entering Volume (veh/h) 1103 v
Figure A. Criteria for “100%” volume level. I 700
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TRAFFIC SIGNAL WARRANTS ANALYSIS FORM

Sheet 4 of 5

WARRANT 4 - Pedestrian Volume Satisfied: [_] Yes No

Record hours where criteria are fulfilled and the corresponding volume or gap frequency in the boxes provided.
The warrant is satisfied if all three of the criteria are fulfilled.

Hour Fulfilled?
Criteria
3-414-5]56]6-7] Yes | No
1. Pedestrian volume crossing the major road is 100 ped/h or more foreach | 0 0 0 0 v

of any four hours or is 190 ped/h or more during any one hour.

2. There are less than 60 gaps per hour in the major road traffic stream of
adequate length for pedestrians to cross during ths same hours as the
pedestrian volume criterion is satisfied.

3. The nearest traffic signal along the major road is located more than 90 m
(300 ft) away. Or, the nearest traffic signal is within 90 m (300 ft) but the
proposed traffic signal will not restrict the progressive movement of

traffic.

WARRANT 5 - Schooi Crossing Applicable: D Yes No

Satisfied: |_] Yes [ Ino

Record hour where criteria are fulfiled and the corresponding volume or gap frequency in the boxes provided. The
warrant is satisfied if all three of the criteria are fulfilled.

Hour Fulfilled?

Criteria
Yes | No

1. There are a minimum of 20 students during the highest crossing hour.

2. There are fewer adequate gaps in the major road traffic stream during the period
when the children are using the crossing than the number minutes in the same period.

3. The nearest traffic signal along the major road is located more than 90 m (300 ft)
away. Or, the nearest traffic signal is within 80 m (300 ft) but the proposed traffic

signal will not restrict the progressive movement of traffic.

WARRANT 6 - Coordinated Signal System Satisfied: [ | Yes No

Indicate if the criteria are fulfilled in the boxes provided. The warrant is satisfied if either criterion is fulfiled. This
warrant should not be applied when the resulting signal spacing would be less than 300 m (1000 ft).

Criteria Fulfilled?
Yes | No
1. On a one-way road or a road that has traffic predominantly in one direction, the adjacent signals v
are so far apart that they do not provide the necessary degree of vehicle platooning.
2. On a two-way road, adjacent signals do not provide the necessary degree of platooning and the 4
‘ proposed, adjacent signals will collectively provide a progressive operation.
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TRAFFIC SIGNAL WARRANTS ANALYSIS FORM
Sheet 5 of 5

WARRANT 7 - Crash Experience Satisfied: || Yes No

Record hours where criteria are fulfilled, the corresponding volume, and other information in the boxes provided.
The warrant is satisfied if all three of the criteria are fulfilled.

Hour Met? Fulfilled?
Criteria
3-4]14-5|5-616-7]Yes| No | Yes | No
1. One of the |Warrant 4.1 at 80% of volume requirements: 0 0 0 0 v v
warrants to | 80 ped/h for 4 hrs or 152 ped/h for 1 hr
the right is " o e
met. Warrant 1, Condition A (80% satisfied) v
Warrant 1, Condition B (80% satisfied) v
2. Adequate trial of other remedial measures has failed to Measures tried: v
reduce crash frequency. none
3. Five or more reported crashes, of types susceptible to Number of crashes per 12 months: v
correction by signal, have occurred within a 12-mo. period. | 2

WARRANT 8 - Roadway Network Satisfied: [_] Yes No

Record hours where criteria are fulffilled, the corresponding volume, and other information in the boxes provided.
The warrant is safisfied if at least one of the criteria is fulfilled and if all intersecting routes have one or more of the

characteristics listed.
Met? Fuifilled?
Criteria
Yes| No | Yes | No
1. Both of the |a. Total entering volume of at least 1,000 | Entering volume: v v
criteria to veh/h during typical weekday peak hour. | 71103
;hr: nn?;t b. Five-year projected volumes that satisfy | Warrant(s) satisfied: v
) one or more of Warrants 1, 2, or 3. 1,2 &3
2. Total entering volume at least 1,000 veh/h for each of - Hour
any 5 hrs of a non-normal business day (Sat. or Sun.) Volume

Met? Fulfilled?

Characteristics of Major Routes
Yes| No | Yes | No
1. Part of the road or highway system that serves as the principal Major Road:| ¢ v
roadway network for through traffic flow. Minor Road: v
2. Rural or suburban highway outside of, entering, or traversing a city. Major Road: v
Minor Road: v
3. Appears as a major route on an official plan. Major Road:| v/
Minor Road: v
CONCLUSIONS Warrants Satisfied: 1, 2 3 Signal Warranted: Yes I:] No

Remarks:
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TRAFFIC SIGNAL WARRANTS ANALYSIS FORM

Sheet 1 of 5
Calc: Date:
Div.: Co. Rte.: Chk: Date:
Major Road: Critical approach speed: Lanes:
Minor Road: Critical approach speed: Lanes:

Volume Level
1. Critical speed of major road traffic > 70 km/h (40 mph) : [:] Yes D No

2. In built-up area of isolated community of < 10,000 pop.: D Yes D No
If Question 1 or 2 above is answered “Yes" then use “70%" volume level: D 70% [:] 100%

WARRANT 1 - Eight-Hour Vehicular Volume Satisfied: D Yes |:| No

Warrant is satisfied if Condition A or Condition B is “100 % satisfied.” Warrant is also satisfied if both Condition A
and Condition B are “80% satisfied.”

® Condition A - Minimum Vehicular Volume 100% Satisfied: D Yes I:] No
80% Satisfied: |_] Yes [Ino

Record hours where condition is met and the corresponding volumes in boxes provided. Condition is 100%
satisfied if the minimum volumes are met for eight hours. Condition is 80% satisfied if parenthetical volumes are

met for eight hours.
. Minimum Requirements Hour
(volumes in veh/h) (80% Shown in Brackets)
Approach Lanes: 1 2 or more
Volume Level:{ 100% 70% 100% 70%
Both Approaches 500 350 600 420
Major Road (400) (480)
Highest Approach 150 105 200 140
Minor Road (120) (160)
® Condition B - Interruption of Continuous Traffic 100% Satisfied: I:l Yes D No

80% Satisfied: | _|Yes [ _]No

Record hours where condition is met and the corresponding volumes in boxes provided. Condition is 100%
satisfied if the minimum volumes are met for eight hours. Condition is 80% satisfied if parenthetical volumes are

met for eight hours.
) Minimum Requirements Hour

(volumes in veh/h) (80% Shown in Brackets)

Approach Lanes: 1 2 or more

Volume Level:| 100% 70% 100% 70%

Both Approaches 750 525 900 630

Major Road (600) (720)
Highest Approach 75 53 100 70

Minor Road (60) (80)
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TRAFFIC SIGNAL WARRANTS ANALYSIS FORM

WARRANT 2 - Four-Hour Vehicular Volume

Sheet 2 of 5

Satisfied: | ] Yes

Plot four volume combinations on the applicable figure below. If four points lie above the appropriate line, then the

warrant is satisfied.

DNO

Figure A. Criteria for “100%" volume level.

Figure B. Criteria for “70%" volume level.
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WARRANT 3 - Peak Hour

Unusual condition justifying use of warrant:

TRAFFIC SIGNAL WARRANTS ANALYSIS FORM

Sheet 3 of 5

Satisfied: D Yes D No

Record hour where criteria are fulfiled and the corresponding delay or volume in boxes provided. Plot the peak
hour volume combination on the applicable figure below. If all three criteria are fulfilled or the plotted point lies
above the appropriate line, then the warrant is satisfied.

Criteria

Approach Lanes | No. of Approaches Hour Fulfilled?

Yes | No

1. Delay on Minor Approach (veh-h)

2. Volume on Minor Approach (veh/h)

3. Total Entering Volume (veh/h)

Figure B. Criteria for “70%" volume level.

Figure A. Criteria for “100%" volume level.
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TRAFFIC SIGNAL WARRANTS ANALYSIS FORM

Sheet 4 of 5

WARRANT 4 - Pedestrian Volume Satisfied: [ | Yes [ Ino

Record hours where criteria are fulfiled and the corresponding volume or gap frequency in the boxes provided,
The warrant is satisfied if all three of the criteria are fulfilled.

Hour Fulfilled?
Criteria
Yes | No
1. Pedestrian volume crossing the major road is 100 ped/h or more for each
of any four hours or is 190 ped/h or more during any one hour.
2. There are less than 60 gaps per hour in the major road traffic stream of
adequate length for pedestrians to cross during ths same hours as the
pedestrian volume criterion is satisfied.
3. The nearest traffic signal along the major road is located more than 90 m
(300 ft) away. Or, the nearest traffic signal is within 90 m (300 ft) but the
proposed traffic signal will not restrict the progressive movement of
traffic.
WARRANT § - School Crossing Applicable: I__—_] Yes D No

Satisfied: l:] Yes D No

Record hour where criteria are fulfilled and the corresponding volume or gap frequency in the boxes provided. The
warrant is satisfied if all three of the criteria are fuffilled.

Hour Fulfilled?
Criteria
Yes | No
1. There are a minimum of 20 students during the highest crossing hour.
2. There are fewer adequate gaps in the major road traffic stream during the period
when the children are using the crossing than the number minutes in the same period.
3. The nearest traffic signal along the major road is located more than 90 m (300 ft)
away. Or, the nearest traffic signal is within 90 m (300 ft) but the proposed traffic
signal will not restrict the progressive movement of traffic.
WARRANT 6 - Coordinated Signal System Satisfied: D Yes I:I No
Indicate if the criteria are fulfiled in the boxes provided. The warrant is satisfied if either criterion is fuffilled. This
warrant should not be applied when the resulting signal spacing would be less than 300 m (1000 ft).
Criteria Fulfilled?
Yes | No

1. On a one-way road or a road that has traffic predominantly in one direction, the adjacent signals
are so far apart that they do not provide the necessary degree of vehicle platooning.

2. On a two-way road, adjacent signals do not provide the necessary degree of platooning and the

proposed, adjacent signals will collectively provide a progressive operation.
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TRAFFIC SIGNAL WARRANTS ANALYSIS FORM

Sheet 5 of 5

WARRANT 7 - Crash Experience Satisfied: D Yes D No

Record hours where criteria are fulfilled, the corresponding volume, and other information in the boxes provided.
The warrant is satisfied if all three of the criteria are fulfiled.

Hour Met? Fulfilled?

Criteria
Yes | No | Yes | No

1. One of the |Warrant 4.1 at 80% of volume requirements:
warrants to | 80 ped/h for 4 hrs or 152 ped/h for 1 hr

the 9ht s warrant 1, Condition A (80% satisfied)
Warrant 1, Condition B (80% satisfied)

2. Adequate trial of other remedial measures has failed to Measures tried:
reduce crash frequency.

3. Five or more reported crashes, of types susceptible to Number of crashes per 12 months:
correction by signal, have occurred within a 12-mo. period.

WARRANT 8 - Roadway Network Satisfied: [ ] Yes [ Ino

Record hours where criteria are fulfilled, the corresponding volume, and other information in the boxes provided.
The warrant is satisfied if at least one of the criteria is fulfiled and if all intersecting routes have one or more of the

characteristics listed.

Met? Fulfilled?

Criteria
Yes| No | Yes | No

1. Both of the |a. Total entering volume of at least 1,000 |Entering volume:
criteria to veh/h during typical weekday peak hour.
the right
are met.

b. Five-year projected volumes that satisfy | Warrant(s) satisfied:
one or more of Warrants 1, 2, or 3.

2. Total entering volume at least 1,000 veh/h for each of - Hour
any 5 hrs of a non-normal business day (Sat. or Sun.)

- Volume

Met? Fulfilled?

Characteristics of Major Routes
Yes| No | Yes | No
1. Part of the road or highway system that serves as the principal Major Road:
roadway network for through traffic flow. .
Minor Road:
2. Rural or suburban highway outside of, entering, or traversing a city. Major Road:
Minor Road:
3. Appears as a major route on an official plan. Major Road:
Minor Road:
CONCLUSIONS Warrants Satisfied: Signal Warranted: D Yes [:I No

Remarks:




APPENDIX C
DATA FOR GUIDELINE EVALUATION

INTRODUCTION

This appendix describes the data collection requirements
for the engineering assessment process. These requirements
are categorized into the following sections:

1. Proceduresfor Collecting Site Data and
2. Procedures for Estimating Traffic Data.

The first section describes procedures for collecting data
needed for the aternative identification and screening stage
of the assessment process. The second section describes a
procedure for estimating the data needed for the engineering
study stage. Blank worksheets for recording the data are
included in the third section of this appendix.

PROCEDURES FOR COLLECTING SITE DATA

This section describes two data collection activities for the
alternative identification and screening stage of the assess-
ment process. These data are needed to define the operational
problems at the subject intersection and identify their causes.
One data collection activity includes a site visit where a con-
dition diagram and an on site observation report are com-
pleted. A second data collection activity requiresthe acquisi-
tion of crash recordsfor the site and apresentation of the crash
history in a collision diagram. The activities associated with
the development of these summary documents are described
in the next three sections.

Condition Diagram

The condition diagram represents a complete physical
record of relevant site characteristics. The diagram consists
of aplan-view, scale drawing of the features in the vicinity
of the subject intersection. Some of the items that might be
shown on the diagram include

+ Names of magjor and minor road;

* Functional class (arterial, collector, local);
* Intersection angle;

+ Lane configuration and lane use markings,
» Approach grade;

+ Lanewidths;

 Length of turn bays;

 Location and legend of traffic signs;

+ Location of on-street parking;

C-1

+ Location of medians and islands;

 Location of transit stops;

+ Location of driveways,

+ Location of any roadway lights;

+ Surrounding land uses;

+ Location of sidewalks and crosswalks;

+ Location of drainage structures,

» Distance to nearest traffic signals;

* Nearby railroad crossings; and

» Location of potential sight obstructions (may include
vegetation, utility poles, fences, buildings, mailboxes,
and controller cabinets).

The items shown on the diagram can vary, depending on
the analyst’ s assessment of the relevance of variousitems (as
they relate to the reported problems) and the anticipated ex-
tent of potential improvements. For example, an anticipated
signing change may not require as much detail as when traf-
fic lanes are proposed to be added to an approach. A sample
condition diagram is shown in Figure C-1.

An accurate and complete diagram will help the engineer
select alternatives that are appropriate for the site. Location
measurements should be performed with a distance measur-
ing whedl (or odometer). This device offers a good balance
between precision and ease of measurement.

Photographs of the site may also be taken to supplement
theinformation obtained from the sketch. Photos can provide
avisual record of the conditions present at the intersection.

A blank condition diagram is included in the Worksheets
section of this appendix.

On Site Observation Report

An important component of the problem-cause identifica-
tion processisthe firsthand observation of traffic operations.
As such, it is essential that the engineer responsible for the
assessment be present during the site visit. This visit should
be scheduled to coincide with the occurrence of the reported
problems (e.g., p.m. peak traffic demand hour).

The observational study should include several compo-
nents. First, the engineer should drive through the subject
intersection and attempt to experience the problem, espe-
cialy if it relates to sight distance limitations. Then, the
engineer should observe traffic operations at the inter-
section. An On Site Observation Report, as shown in Fig-
ure C-2, should be completed during the site visit. A blank
report form is included in the Worksheets section of this
appendix.



C-2

CONDITION DIAGRAM
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Figure C-1. Sample condition diagram.

During the observational study, the engineer should attempt
toidentify the circumstancesthat contribute to the reported (or
observed) problems. The questions included in the report are
intended to direct the engineer’s attention to situations that
often cause problems at intersections. However, the engineer
should aso look for other site-specific factors that may con-
tribute to the problem.

The questions on the report form are answered by check-
ing “No,” “Not Sure,” or “Yes.” A response of “Not Sure” or
“Yes' should be considered as an indication that a problem
may exist at the intersection. The engineer should describe
the problem and its likely cause(s) in the Comments section
of the report.

Collision Diagram

The collision diagram documents the spatial orientation of
the crashes that have occurred at the intersection. The dia-
gram shows all crashes that have occurred during the past 1
to 3 years. The collision diagram includes a sketch (without
scale) of the intersection curb lines and identifies roads by
their name and direction. A symbol drawing isthen added to
the diagram for each crash that occurred. The basic charac-
teristics of each accident, such as date, day of week, time of
crash, weather, pavement condition, and number of injuries,
are recorded next to each symbol. A sample collision dia-
gramis shown in Figure C-3.



LOCATION: Kelly Drive & Tall Trees Lane
CONTROL:

. Is the intersection skew angle so sharp that it makes it difficult to view

. Does the delay for the minor-road left-turn appear excessive?

® N O O s

. Does the queue for the major-road left-turn ever impede major-road

9.
10.

ON SITE OBSERVATION REPORT

DATE: _3/3/00
Stop control on Tall Trees Lane TIME: _4:30P.M.

No Not  Yes

Isolated and Non-isolated Intersections Sure
1.

Does road curvature, vegetation, buildings, parked cars, etc. block
drivers’ views of conflicting vehicles?

conflicting vehicles or complete turns?
Do vehicle speeds appear too high?
Does the delay for the minor-road right-turn appear excessive?

Does the delay for the minor-road through appear excessive?

Does the delay for the major-road left-turn appear excessive

through traffic?
As major-road vehicles slow to turn, do they impede other vehicles?

Do parking maneuvers impede other vehicles?

curb channelization?

Non-solated Intersections

subject intersection?

delay to minor-road drivers?

Comments:

11. Are drivers not complying with the traffic control devices?

12. Is there evidence that one or more curb radii are too small?

13. Do pedestrians appear to cause conflict with vehicular traffic?

14. Are there guidance or control problems that could be mitigated by raised-

A. Do queues from adjacent signalized intersections spillback into the

B. Do vehicles slowing to turn at adjacent intersections or driveways
contribute to the delay to major- or minor-road drivers? na

C. Is it possible that some drivers are diverting to the subject intersection
because of congestion on a nearby arterial street?

D. Does the arrival pattern of major-road traffic platoons contribute to the

na = not aﬁglicable.
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KRR KRR K

E

E

Figure C-2. Sample onsite observation report.

The information provided on the diagram can provide
important clues to the cause of the reported problem. For
example, frequent right-angle collisions may indicate that
sight lines are obstructed; frequent nighttime collisions may
indicate a need for roadway lighting. More information on
the preparation of and interpretation of collision diagramsis
provided by Hummer (C-1). A blank collision diagram work-
sheet is provided in the Worksheets section of this appendix.

PROCEDURES FOR ESTIMATING TRAFFIC DATA

This section describes a procedure for estimating the ap-
proach and turning movement volumes at a proposed inter-

section. The objective of the procedure is to estimate these
volumesfor theaverage day. The“averageday” isdefined as
a day representing traffic volumes normally and repeatedly
found at alocation. The average day istypically a weekday
when volumes are influenced by employment; however, it
could be a weekend day when volumes are influenced by
entertainment or recreation.

The procedureis based on the assumption that the intersec-
tion does not exist at thetime of the study and that only an esti-
mate of the average daily traffic (ADT) is available for each
of the intersecting roadways. If one of the roads exists and a
traffic count istaken onit, stepsare described for adjusting the
count to offset seasonal variationsin traffic demand. If hourly
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COLLISION DIAGRAM
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Figure C-3. Sample collision diagram.

traffic volumes on each intersection approach are available
from existing counts or from atraffic assignment process as-
sociated with the proposed intersection, then Steps 1, 2, and 3
can be skipped.

Step 1. Estimate Volume Distribution
Factors and Turn Percentages

As a first step, the volume distribution factors and turn
movement percentages are estimated. The volume distribu-
tion factor D represents the percentage of the two-way vol-
ume on a given intersection leg at the intersection. Typical
percentages range from 40 to 60 percent. If local field mea

surements are not available, then D can be estimated using
the factorsin Table C-1.

The turn movement percentages must also be established
in this step. The percentagesin Table C-1 can be used if esti-
mates based on local traffic patterns are unavailable. These
percentages were reported by Hauer et a. (C-2) based on an
analysis of turn volumes on 283 intersection approaches.

Step 2. Obtain Volume Adjustment Factors

The procedure requires adjustment factors that reflect
hourly, weekly, and monthly volume variationsfor roadways
inthe vicinity of the proposed intersection. These factorsare



TABLE C-1 Typical volumedistribution factorsand turn movement per centages

Volume Distribution Factor (percent) Turn Movement Percentages
Travel Evaluation Period Facility Type Movement
Direction ( sng oy PM Peak | Off-Peak Left-Turn Right-Turn
Inbound 60 50 Central business district 10 12
Outbound 40 50 Arterial to arterial 12 12
Arterial to collector 4 5
Collector to arterial 30 32
Collector to collector 10 20
typically obtained from the permanent network of control foi
V,; = ADT x 100 D

count locations established by the state's Department of
Transportation. Table C-2 illustrates these factors for atypi-
cal urban location. These factors are for illustrative purposes
only; the analyst must obtain similar factors from the local
state agency.

Step 3. Compute Approach Volumes

The approach volumes for a given hour are estimated
using the hourly adjustment factors from Table C-2 and the
volume distribution factorsidentified in Step 1. The equation
used for this computation is:

where,

C-5

(C-1

V,,; = approach volumeduring houri (i=1,2,3,. .., 24),

veh/h;

ADT = average daily traffic, veh/d;
fi; = hourly volume adjustment factor for hour i (percent
of AADT); and

D; = volume distribution factor for hour i.

The ADT variable can represent the annual average daily
traffic (AADT) or an estimate of it based on the planning
process. It can also represent a 24-hour count made on a

TABLE C-2 lllustrative hourly, weekly, and monthly volume adjustment factors
Hour of Day Percent of AADT Day of Week Percent of Average
Midnight - 1 a.m. 1.2 Sunday 77
lam -2am. 0.8 Monday 103
2am. -3am 0.5 Tuesday 101
3am. -4am. 0.4 Wednesday 100
4am -5am. 0.5 Thursday 106
5am. -6am. 1.0 Friday 113
6am -7am 2.5 Saturday 102
7am. -8am. 7.7 Average weekday: 105
8am. -9%9am. 5.6
9am. -10am. 5.0 Percent of Average
10am. -11am. 5.2 January 95
11 am. - Noon 5.5 February 104
Noon - 1 p.m. 6.2 March 87
lpm -2pm. 6.0 April 95
2pm. -3pm. 6.1 May 99
3pm. -4pm. 6.2 June 104
4pm -5pm. 7.8 July 102
5p.m. -6 p.m. 9.3 August 104
6p.m. -7 p.m. 6.1 September 100
7p.m. -8 p.m. 52 QOctober 99
8 p.m. -9 pm. 3.8 November 104
9 p.m.-10 p.m. 3.1 December 105
10p.m. - 11 p.m. 2.5
11 p.m. - Midnight 1.8
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specific day, in which case, the day-of-week and month-of-
year adjustmentsdescribed in Step 5 should be used to remove
any bias due to weekly and monthly volume variations.

To illustrate the application of Equation C-1, consider a
proposed intersection on an existing road. The existing road
is a major arterial having an AADT of 10,000 veh/d. The
major road is oriented in a north-south direction. The minor
road is planned as a collector with an estimated ADT of
5,000 veh/d. The intersection is located on the northeast side
of amajor city. During the afternoon peak hour, traffic flow is
predominantly in the northbound and eastbound directions.
The volume distribution is estimated as 60 percent in each
of thesetravel directions (and 40 percent inthe oppositedirec-
tions) during the afternoon peak. Thistrendisreversed during
the morning peak.

Theintersection approach volumes cal culated using Equa-
tion C-1 are shown in Table C-3 for the eight highest hours
of the day. Volumes for these hours were computed to facil-
itate the warrant check. The turn movement volumes shown
are the subject of discussion in the next calculation step.

Step 4. Compute Turn Movement Volumes

The turn movement volumes are computed using the turn
percentages identified in Step 1. For each approach, the turn
movement volumeis computed asthe product of theturn per-
centage and the approach volume. Table C-3 illustrates this
computation for the eastbound approach. The turn percent-
ageswere abtained from Table C-1 for the“ Collector to arte-
ria” facility type.

Occasionally, the turn movement volumes obtained from
this procedure are not in reasonable proportion to the origi-
nal ADT volumes associated with each intersection leg. This
disparity may occur when oneleg ADT isunusually large (or

small) relative to the other leg ADTS. If this situation occurs,
the procedure described by Hauer et al. (C-2) or that provided
in Chapter 10 of the Highway Capacity Manual 2000 (C-3)
can be used to refine the estimate of turn movement volumes.

Step 5. Compute Average-Day Volumes

Two adjustments to the volume data are considered during
this step. First, an adjustment is needed if the volumes used
are based on counts taken on a specific day of the week and
month of the year. This adjustment converts the count data to
average-day-of-year volumes. It can be applied to the count
data in whatever form it is collected (e.g., 24-hour two-way
total or 6-hour turn movement count); however, thisprocedure
illustrates the adjustment being applied to the estimated turn
movement counts. The equation for making thisadjustment is:

100 100
X — x —

Vg =V
t,doy t fW fm

(C-2

where

Vigoy = turn movement volume reflecting the average-day-
of-year, veh/h;
V, = turn movement volume count, veh/d;
fw =weekly volume adjustment factor (percent of
AADT); and
f., = monthly volume adjustment factor (percent of
AADT).

If the turn movement volumes are derived from AADT val-
ues or otherwise represent average-day-of-year volumes,
then the adjustment using Equation C-2 is not needed.

The second adjustment converts the average-day-of-year
volumeto the average-day volume required for the engineer-

TABLE C-3 Example computation of approach volumes

Approach Volume (veh/h)! Eastbound Turn Movement
Hour of Day Pe;:;;l; of Major Road Minor Road Volume (veh/h)

NB SB EB WB Left Through | Right
7am. -8am. 7.7 308 462 154 231 46 59 49
Noon - 1 p.m. 6.2 310 310 155 155 47 59 50
lpm -2pm 6.0 300 300 150 150 45 57 48
2pm. -3 pm 6.1 305 305 153 153 46 58 49
3pm. -4pm 6.2 310 310 155 155 47 59 50
4pm -5pm. 7.8 468 312 234 156 70 89 75
Sp.m. -6pm 9.3 558 372 279 186 84 106 89
6pm. -7 p.m. 6.1 305 305 153 153 46 58 49

AM peak hr. vol. dist. factor: 40 60 40 60 Turn Percentages
PM peak hr. vol. dist. factor: 60 40 60 40 30 38 32

Off-peak vol. dist. factor: 50 50 50 50
Note:

1 - Forecast ADTs: North-South = 10,000 veh/d; East-West = 5,000 veh/d.



TABLE C-4 Example computation of average-day volumes

Eastbound Turn Movement Vol. (veh/h)! | Average-Day Turn Movement Vol. (veh/h)
Hour of Day Left Through Right Left Through Right
7am. -8am 46 59 49 51 65 54
Noon - 1 p.m. 47 59 50 51 65 55
1pm. -2pm 45 57 48 50 63 53
2pm. -3 pm 46 58 49 51 64 54
3pm -4pm 47 59 50 51 65 55
4pm -5pm 70 89 75 78 98 83
Sp.m. -6 pm. 84 106 89 93 117 99
6 p.m. - 7 p.m. 46 58 49 51 64 54
Note:

1 - Count taken on Wednesday (f,, = 100) in April (f,, = 95).

ing study. The average-day volumeis computed by adjusting
the average-day-of-year volume to reflect the average week-
day. Thedatain Table C-2 suggest that the average weekday
volume is 105 percent of the average-day-of-year volume.
This percentage is based on the average of the five weekday
averages listed in Table C-2. A similar trend may be found
in the adjustment factors obtained in Step 2 for the subject
location.

The average-day volume is computed using the following
equation:;

(C-3

where

V* = average-day turn movement volume, veh/h; and
f.q = average weekday adjustment factor.

The use of Equations C-2 and C-3 are illustrated in
Table C-4. This example assumes that the ADTs used to es-
timate the turn movement volumes were obtained from a
24-hour count taken on a Wednesday in April. The factors
listed in Table C-2 indicate that Wednesday is about equal to
the average day-of-week; however, a count in April may
actually underestimate the true annual average daily volume
by 5 percent. Therefore, Equation C-2 is needed to convert
the turn movement volumesto average-day-of-year volumes.
Then, Equation C-3 is needed to convert these volumes to
average-day volumes. The total adjustment from both equa-
tions combined represents an 11.0-percent (= 1.05/0.95/1.00)
increasein the measured volumes. Theresulting, average-day
volumes are listed in the last three columns of Table C-4.

This step of the procedure was illustrated using the more
typical case where the weekdays are a better representation
of the “average day” than the weekend days. If the weekend
days are a better reflection of the “average day,” then the
variable f,4 would be estimated as the average of the Satur-
day and Sunday day-of-week volume percentages. The other
computations would be the same as previously stated.

WORKSHEETS

Blank worksheets for the following studies and analyses
follow the Reference section:

1. Condition Diagram,

2. On Site Observation Report,

3. Collision Diagram,

4. Critical Volume Worksheet, and
5. Controller Setting Workshest.

REFERENCES

C-1. Hummer, J.E. “Chapter 11 - Traffic Accident Studies.” Man-
ual of Transportation Engineering Sudies. D.H. Robertson,
ed. Prentice-Hall, Englewood Cliffs, New Jersey (1995).
Hauer, E., Pagitsas, E., and Shin, B.T. “ Estimation of Turning
Flows from Automatic Counts.” Transportation Research
Record 795. Transportation Research Board, National Re-
search Council, Washington, D.C. (1981) pp. 1-7.

Highway Capacity Manual 2000. 4" ed. Transportation
Research Board, National Research Council, Washington,
D.C. (2000).
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LOCATION:

CONDITION DIAGRAM

CONTROL.:

Indicate North with
Arrow

DATE:
TIME:




ON SITE OBSERVATION REPORT

LOCATION: DATE:
CONTROL: TIME:

No

Isolated and Non-Isolated Intersections

1.

0 N O O AW

9.
10.
11.
12.
13.
14.

. Do vehicle speeds appear too high?

. Does the delay for the minor-road right-turn appear excessive?

. Does the delay for the minor-road through appear excessive?

. Does the delay for the minor-road left-turn appear excessive?

. Does the delay for the major-road left-turn appear excessive

. Does the queue for the major-road left-turn ever impede major-road

Not
Sure

Yes

Does road curvature, vegetation, buildings, parked cars, etc. block
drivers’ views of conflicting vehicles?

. Is the intersection skew angle so sharp that it makes it difficult to view

conflicting vehicles or complete turns?

through traffic?

As major-road vehicles slow to turn, do they impede other vehicles?

Do parking maneuvers impede other vehicles?
Are drivers not complying with the traffic control devices?

Is there evidence that one or more curb radii are too small?

Do pedestrians appear to cause conflict with vehicular traffic?

Are there guidance or control problems that could be mitigated by raised-
curb channelization?

Non-lsolated Intersections

A.

B.

Do queues from adjacent signalized intersections spillback into the subject
intersection?

Do vehicles slowing to turn at adjacent intersections or driveways
contribute to the delay to major- or minor-road drivers?

. Is it possible that some drivers are diverting to the subject intersection

because of congestion on a nearby arterial street?

. Does the arrival pattern of major-road traffic platoons contribute to the

delay to minor-road drivers?

Comments:

C-9
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COLLISION DIAGRAM

LOCATION: FROM:

CONTROL: TO:

Indicate North

by Arrow J \

~

~

(Street Name)
Summary >
PDO £
N 4 2
TOTAL <
v
a
SYMBOLS TYPES OF COLLISIONS SHOW FOR EACH ACCIDENT
255 Bocking Vemare <<= Reor End 1. Day of week
-«—— Non—Ir?voived Vehicle <—.~_.: Head On 2. Date ond Time
¥~ — — Pedestrian Side Swipe 3. Weather (rain, clear, snow)
C==—21 Parked Vehicle Ty Out of Control 4. Road Surface (wet, dry,
0 Fixed Object lé?thTim' snow, ice)
® fatal Accident D 5. Light Condition (doy, night)
o) Injury Accident
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CRITICAL VOLUME WORKSHEET

Location

Analysis Period:

to

Approach:

Eastbound

Westbound

Northbound

Southbound

Movement, No.:

LT,5 | TH+RT, 2

LT.1 | TH+RT, 6

LT,3 | TH+RT, 8

LT, 7 | TH+RT, 4

Volume (v;), veh/h
i=1,2,3,..8

Lanes (n;)

Opposing Volume
(Vs), veh/h

LT equivalence (£, ;) 1.0 1.0 1.0 1.0
(Fig. 3-8)
Sneakers (S;), veh/h 90 0.0 90 0.0 90 0.0 90 0.0

Adjusted volume (v*)
[=E (vi-S) = 0.0]

Lane volume (v, ;)
[= v*/ n; {see note 2}

Critical volumes (v, ),
veh/h/In

Larger of: (V,, 1, Vo2, Va5, Vno) =

Larger of: (V3. Vo4, Va7, Vag) =

Permitted capacity
(¢, 1), veh/h

60 0.0

60 0.0

60 0.0

60 0.0

Adjusted volume (v*)
[=(v,-¢,) »0.0]

Lane volume (v, ;)
[= v/ n; ), veh/h/In

Critical volumes (v, )
{see note 3}, veh/h/In

Larger of: (v, 5, V,, 5=

Larger of: (v, 5 V, ¢)=

Larger of: (v, 5 V, ;)=

Larger of: (v, 4 V, 8=

Lane volume (v, ;)
[= vi/ n;], veh/h/In

Critical volumes (v, )

{see note 3}, veh/h/In

Larger of: (v, 4, V, 5)=

Larger of: (v, 5 V, 6)=

Larger of: (v, 5 V,, 7)=

Larger of: (v, 4 V, 5)=

Notes:

1 - Numbers follow NEMA movement-based phase numbering system (LT = left-turn, TH = through, RT = right-turn).

2 - Ifthere is no left-turn lane for a given approach, then the lane volume for the left-turn movement equals 0.0 and the
lane volume for the through movement is based on the total, adjusted approach volume. For example, if the
eastbound approach has no left-turn lane (i.e., n;=0), then v, ;= 0.0 and v, , = (v*5 + v*,))/ n,.

3 - Critical volume for protected left-turn phases is based on the following assumptions: (1) left-turn phases lead
adjacent through phases, (2) one or more exclusive left-turn lanes exist, and (3) both left-turn movements are

protected.
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CONTROLLER SETTING WORKSHEET

Analysis Period

Approach: Eastbound Westbound Northbound Southbound
Movement, No.: ' LT,5 |TH+RT,2| LT, 1 |TH+RT,6} LT, 3 |TH+RT,8| LT, 7 |TH+RT4

Yellow + all-red (Y)), s Y, = Ys = Yg = Y=
(Table 3-6) {see note 2}
Ped. phase time (P, ), s 0.0 0.0 0.0 0.0
(Table 3-6) ({see note 3}
Minimum green (G, ), s

[= larger of. (P, ,-Y, 8.0) ]

1phaseE-W  (n,=2) Larger of: (V,, 1, Vi 2, Vo 5. Vo s) Larger of: (v, 3. Vp g, Va7, Vo) =

1 phase N-S

1 phase E-W  (n,=3) Larger of. (v, ¢, Vi, 2, Vo5, Vas) = Larger of: (v, 5V, 7)=| Larger of. (v, ,V,s)=
2 phases N-S

2 phases E-W  (n, = 3) Larger of: (v, ,,v,s)=|Larger of: (v,,V,¢)=|Larger of: (v, 5, V, 4, Vo7, Va5) =

1 phase N-S

2 phases E-W (n, = 4) Larger of: (v, 4 V,5)= | Larger of: (v, Vv, )= JLarger of: (v, 3V, ;)= | Larger of: (v, ,V,s)=
2 phases N-S

Sum of critical volumes Zv,.= No. phases (n,) = Min. Delay Cycle (C,) = (Fig. 3-6)
(Z v,), veh/h/in Cycle Length (C)

Critical volumes by phase
(v. i), veh/h/in  {see note 5}

Green duration (G), s
[E v /2v, (C -4n,) +4-Y]

Lane volume (v, ;), veh/h/In
(from Critical Vol. Wksht.)

Min.-delay green (G, ;) s
[= Vn,I/ ZVc (Co - 4np) +4 'Yl]

Maximum green setting, s
[= larger of.(G,,#12,1.3G,))]

Unit extension, s

(Table 3-10)

Notes:

1 - Numbers follow NEMA movement-based phase numbering system (LT = left-turn, TH = through, RT = right-turn).
Complete the columns for the left-turn movements (i = 1, 3, 5, 7) only if a corresponding left-turn phase exists.

2 - Compute the change interval (Y + AR) for the through phases only. If a left-turn phase exists then set its change
interval equal to that associated with the adjacent through movement.

3 - If pedestrians are served on a through phase that does not have pedestrian detection (i.e., no ped. button or ped.
signal) then use Table 3-6 to determine the minimum pedestrian phase time; otherwise, use P, = 0.0 s.

4 - Obtain from the Critical Volume Worksheet the critical volume that is associated with each movement. Only one
phase combination (or row) should be used.

5 - Record the critical phase volume in all cells that correspond to the movements served.
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