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Operational Analysis of Alternative Intersect ions

John D. Sangster

Abstract
Alternative intersections and interchanges, such as the diverging diamond intef@iahg¢he
restricted crossing -turn (RCUT), and the displaced leftirn intersection(DLT), have the
potential to both improve safetydneduce delay However partially due to lingering questions
about analysis methods and service measures for these designs, their rate of implementation
remains low. TIs research attempts to answer three key questions. Can alternative intersections
ard interchanges be incorporated into the existing level of service and service measure schema,
or is a new service measusgth an updated level of service model required? Is the behavior of
drivers atalternative intersections fundamentally similar tosth@t conventional intersections,
such that traffic microsimulation applications can accurately model the behaviors observed in the
field? Finally, is the planning level tool made available through FHWA an accurate predictor of
the relative performance gérious alternatives, or is an updated tool necessary?

Discussion and case study analysis are used to explore the existing level of service and
service measure schemdhe existing control delay measure is recommended to be replaced
with aproposedunction delay measure that incorporates geometric deldly theexisting level
of service schema based on control type recommended to be replacgatdposedschema
using demand volumeA case studyalidation ofmicro- and macroscopic analysis methasls
conducted, finding théwo microscopic methods investigatea matchfield observed vehicle
delays within 3 to 7 seconds for all designs tes#és] macrosopic HCM methodmatching
within 3 seconds for thBDI, 35 seconds for thRCUT, and 130 seconds fdine DLT design.
Taking the critical lane analysis method to be a valid measure of operations, the -detara
limitations of each alternative design is explored using eighteen geometric configurations and
approximately three thousand volume scenaridth the DLT design predicted to accommodate
the highest demand voluméefore failure is reachedFinally, six geometries are examined
using both the planninigvel tool and thevalidated microsimulation tool, finding that the curve
of the capacitito-dday relationship varies for each alternative design, invalidating the use of
critical lane analysis as a comparative tool.



Dedication

This work is dedicated to my wife Kerry, and my children, Jonas, Emily, and Isaac. It took a lot
of teamwork to scceed during graduate school, and they earned this every bit as much as | did.



Table of Contents

Abstract il
Dedication i
List of Figures \
List of Tables viii
Chapter 1.  Introduction 1
Chapter 2.  Literature Review 9

Chapter 3  Operational Measures of Effectiveness for Alternative Intersections 24

Chapter 4.  Validation of Simulation for Alternative Intersections 38
Chapter 5. Sample Comparativ&nalysis of Alternative Geometries 59
Chapter 6. Conclusions from Planninbevel Analysis 75

Chapter 7. Identifying the disconnect between planning and simulation analysis 95

Chapter 8. Capacitybased Predictions and Delagsed Results 112
Chapter 9. Condusions and Recommendations for Future Research 128
References 134



List of Figures

FIGURE %1 Research flow chart
FIGURE %2 Chapter flow chart

FIGURE 21 Sample jughandle geometry

FIGURE 22 Sample median-turn geometry

FIGURE 23 Sample restricted crossingtwrn geometry
FIGURE 24 Sample displaced leftirn geometry

FIGURE 25 Sample quadrant roadway geometry

FIGURE 26 Sample diverging diamond interchange geometry

FIGURE3-1 Aerial location maps for dataltection sites

FIGURE3-2 Flow chart to calculate delay using field data and proposed method

FIGURE 41 Aerial location maps for data collection sites
FIGURE 42 Observed peak period signal operations for DDI, DLT, and RCUT
facilities

FIGURE 43 Displacal left-turn green band platoon progression
FIGURE 44 Restricted crossing-turn green band platoon progression
FIGURE 45 Delay observations for diverging diamond interchange
FIGURE 46 Delay observations for displaced ldirn intersection

FIGURE 47 Delay observations for the restricted crossinmin intersection

FIGURE 51 Example througtabout geometry
FIGURE 52 Existing domestic implementations of the throwadjout

FIGURE 53 Geometry of (a) conventional, (b) roundabout, and (c) thralogiut
intersections

FIGURE 54 Average delay as a function of total volume on all approaches



FIGURE 55

FIGURE 56

FIGURE 57
FIGURE 58

FIGURE 59

FIGURE 6-1

FIGUREG6-2

FIGUREG6-3

FIGUREG-4

FIGUREG6-5

FIGUREG-6

FIGUREG6-7

FIGURE 71
FIGURE 72

Vi

Average delay as a function of percent-tefining vehicles on major

approach 68
Average delay as a function of percent of total volume on major

approab 69
Throughmovement delay on major arterial 70

Conflicts created by (a) conventional signalized, (b) roundabout, and
(c) throughabout intersection designs 71

Fuel consumption measures from volume magnitude sensitivity
analysis 72

Lane configurations for typical intersection designs (a) through (f), as
labeled, with two lane approaches on the major road and ome lan
approaches on the minor roads 80

Lane configurations for typical intersection designs (a) througlagf
labeled with two lane approaches on the major road and oree lan
approaches on the minor roads 81

Lane configurations for typical intersection designs (a) through (f), as
labeled, with two lane approaehion the major and minor roads 82

Correlation of critical sum values against the average intersection
delay expected for a conventional intersection, (a) without and (b) with
saturation flow rate adjustments 88

Sample applications of critical sum to the signal warrant framework,
including a (a) conventional signalized intersection (2x1), and a (b)
restricted cresing uturn intersection (2x1) 89

Maximum operational thresholds based on the Critical Sum method

for (a) conventional signalized intersection, (b) roundabot, (c
Jughandle, (d) medianturn, (e) restricted crossingturn, and(f)

displaced lefturn designs 91

Capacity failure thresholds for typical intersection designs with (a) one
approach lane from each direction, (b) two approach lanes on the
majorroadway and one approach lane on the minor roadway, and (c)
two appoach lanes from each direction 92

Geometric layout and signal phases of quadrant roadway intersectior99

Pattern of left turns for quadrant roadway intersection 100



FIGURE 73
FIGURE #4
FIGURE %5
FIGURE 76

FIGURE #7

FIGURE 78
FIGURE 79

FIGURE #10

FIGURE 81
FIGURE 82
FIGURE 83
FIGURE 84

FIGURE 85

FIGURE 86
FIGURE 87

Screen captures of VISSIM roadway network simulation 102
Change in critical sum due to the quadrant roadway design 103
Change in intersection delay (HCM) due to quadrant roadway desigri05

Change in turrmovement delay (HCM) due to gdrant roadway
design 105

Change in intersection delay (simulated) due to quadrant roadway
design 105

Change in average travel time due to quadrant roadway design 105
Use of critical sum as indicator variable 109

Change in crital sum as an indicator of change in delay or travel tim&10

Geometries used for comparative analysis 115
Sample signal phase diagrams for the simulation of alternatives 117
Anticipated failure thresholds for intersections inveséda 120

Control delay and total delay for a sample volume scenario, with (a)
total average delay, (b) major approach-efh, (c) major approach
through, and (d) minor approach 121

Conventional signalized intersection: relationship of ayedelay to
(a) total volume and (b) the critical sum value 122

Average total delay relating to totadlume and critical sum measures 123

Critical sum versus averagelay for selected lane groups 124

vii



List of Tables

TABLE 3-1

TABLE 3-2
TABLE 3-3
TABLE 3-4
TABLE 3-5

TABLE 4-1

TABLE 4-2

TABLE 4-3

TABLE 5-1

TABLE 5-2

TABLE 6-1
TABLE 6-2

TABLE 7-1
TABLE 7-2

TABLE 8-1

viii

Level of servie thresholds for HCM 2010, in terms of control delay
(seconds/vehicle) 26

Origin-destination traffic demands by location 27
Measures of travel time and delay by location and turn movement 32
Proposed LOS threshold relationships withlpbour demand volumes 34
Origin-destination traffic demands and resulting Ltb&shold metric 35

Pretimedequivalent signal timings 47
Origin-destination traffic demands by location 50
Average delay per vehicle 51

Volume scenarios used in sensitivity analysis of (a) volume

magnitude, (b) lefturn percetage, and (c) major/minor split 67
Cost indicators for alternatives analysis 72
Generation of volume combinations for analysis 79
Equation paramets to generate failure thresholds, with validity

measures 90
Generation of volume combinations 100
Sample Highway Capacity Manual method delay calculations 104
Capacitybased predtions and delayased results 125



Chapter 1. Introduction

1.1 Background and Motivation

The principal arterial system amounts to less than 10 percent of US street system mileage, but
accounts for nearly odealf of all vehiclemiles travelled[1]. As nationwide congestion
continues to increase, the arterials bear much of thet,bwith ever increasing delays and
limited opportunities for increasing capacity. These roadways serve an important purpose in our
transportation network by balancing access with mobility. Though the need exists to increase
their capacity, their purpesremains balanced and converting them to freeways is not a valid
solution.

With arterial corridors in failuret is often the case that the single greatest limiting factor for
capacity are signalized intersections with multiple left turn phases, whido faccommodate
high throughput volumes while also accommodating turning movement andstieet flows.
The addition of lanes to increase capacity is insufficient to solve the problem of limited green
time percentage for through traffic. Additionahkes can often exacerbate existing problems, as
intersection size expands both lost time amdimum pedestrian phase lengths.

Alternative intersections seek to address these capacity issues by segregating or diverting
turning movements, which concurrentigduces and separates the number of conflict points.
Some professionals object to alternative solutions due to a perceived increase in cost, but when a
high cost intersection improvement can postpone the need to add additional lanes along a
corridor or pevent the construction of an interchange, the cost savings of alternative
intersections become apparent. Due to the potential for increased safety, congestion reduction,
and cost savings, the Federal Highway Administration (FHWA) has recently been aatadvo
for what they refer td2llas fAnovel 0O intersectio

Even with the backing of the Federal Government, these desigran fringe solutions, as
problems with driver expectancy continue to be a legitimate concern. While public information
campaigns in advance of implementation can assist local drivers, a certain percentage of all
traffic will be new to an area. Conwimg an agency responsible for any potential alternative
intersection that the anticipated benefits outweigh the unknown liabilities often involves
providing multiple existing examples withbserveddata. The logical fallacy of circular cause
and consequee has prevented these unique designs from being put into practice, with designs
failing to be implemented on the basis of them having not already been built elsewhere.

1.1.1 Overview of Alternative Intersections

The category of intersection design known aseralitive intersections was known as
unconventional intersections only five years ago, and five years from now may be so
commonplace as to no longer hold the title alternative. These designs have come a long way
since the first proposal of what is now edllthe restricted crossingtuur n desi gn i n th



[3]. The neawuniversal adoption of the modern roundabout as a successful alternative
intersection treatment is creating a more progressive outlook within transportation engineering
practice, and other alternative designs may
Sustained support by the Federal Highway Association (FHWAhfsse designs has helped in
normalizing them, such as with the production of the Alternative Intersections and Interchanges
Informational Reporf4].

These designs work by rerouting some of the turning movements made at a junction, often
reducing and separating conflict points, with theoretical benefits to both safety and mobility.
Conflict points represent each position where the paths of two vehicles cross, with potential
collision locations identified as crossing, merging, or diverging conflicts. Any reduction in the
number of potential conflicts, especially of the most dangeroussiogsype, provides
proportional benefit to intersection safety. This reduction in conflict points at these designs often
comes with a reduction in the number of signal phases at the junction, providing a reduction in
delay to through movements on the aragrterial, while often increasing travel time and travel
distance for secondary movements. Depending on the degree of benefit to the through
movement on the major arterial and the degree of degradation to the secondary movements, the
overall average dal may be more or less than that experienced by an equivalent conventional
signalized intersection.

1.2 ResearchQuestions and Contribution
This research seeks to answer questions about the operational analysis of alternative intersection
and interchange desig. While many questions are explored by this work, three main focus
topics can be identified. The first question explored is how the existing level of service and
service measure schemas for conventional intersections can be modified for application to
alternative intersections and interchanges. Next, field data is used for comparison t@nuicro
macroscopic modeling techniques, to determine the ability of these methods to accurately model
the operational performance of these designs. Finally, #teddtthe-practice planning level
tool is explored, both in terms of what it can tell us about the variety of designs, as well as how
well it serves as a prediction tool.

The existing service measure for operational performance of intersections acttbhinges is
based on control delay, and translated into level of service grades using a system that
differentiates between various types of intersection control, be it roundabout, signalized
intersection, signalized gradeparated interchange, etc. As tbatrol delay measure explicitly
does not include travel time impacts caused by roadway geometry, a new measure of delay
which includes this geometric component is developed, called junction delay by the author.
Examining the schema that translates adrdelay into level of service, the alternative designs
are seen to lack a place, as their behavior is somewhere between that of a conventional signalized
intersection, and a grageparated interchange. A new schema is proposed based not on control
type at the junction, but based on total demand volume at the location, split into three categories



of small, medium, and heavy traffic, roughly corresponding to unsignalized, signalized, and
gradeseparated conditions.

Many of the alternative intersection dgss have been implemented sparingly, some not at
all, such that there is a general lack of field data available to examine how they impact driver
behavior. Microsimulation of these designs is relied upon as a robust analysis technique, and is
essential iCfmodeling comparative analysis when considering these designs for a new location.
However, many practitioners are known to use macroscopic analysis tools to analyze
performance of alternatives because they lack access to the more costly airdetisiee
microscopic tools. Using field data from a diverging diamond interchange, a restricted crossing
u-turn intersection, and a displaced {eftn intersection design, peak hour traffic was observed,
with individual travel times recorded for vehicles travegsithe facility. Using the field
geometry combined with the observed signal timing and demand volumes, these conditions are
then modeled both microscopically and macroscopically to examine the degree to which each of
these methods is able to accuratelstiay the behavior as observed in the field.

The cost of microscopic simulation can be prohibitive for consulting engineers working on
projects with tight budget constraints, so it is necessary to model only the most likely candidate
geometries when modaly for comparative analysis of an intersection improvement project.
The selection of likely candidate geometries is an essential step in the design process for
intersection improvements, and is completed for alternative geometries using a tool recently
developed and provided by FHWA.This tool provides a simple method for comparative
analysis between many alternatives, allowing for general observations to be made about the
nature of demand volume that can be served by each. Howaseestarclseeksad examine if
the recommended subset of designs proposed are indeed the best performing alternatives for a
given situation, and if not, how are the assumptions of the model incorrect.

1.3 Methodology
The primary analysis tools used to conduct the researchldaegideo recordings of isitu traffic
conditions, and operational analysis using various tools at the prelirgngmyeering (planning
level), design (macroscopic) and microsimulation levels. The development of new level of
service measures relied priritg on field-observed traffic conditions. The validation of macro
and microsimulation tools used the tools themselves, in combination witkobektved traffic
conditions. Comparative analysis of alternatives using the developed service measdenreli
microscopic analysis tools. The exploration of conclusions regarding the various alternative
geometries relied solely on the planniegel analysis tool. The case study testing the results of
the planningevel tool used a single geometry to comgp#he tool against microsimulation
results for a variety of volume scenarios, while the more extensive testing of the relationship
between capacity and delay used the same two tools but with a wider variety of geometric
configurations and a smaller vagedf volume scenarios.

The investigation of service measures at alternatives utilized field data collectéulefor t
alternative designs, including the diverging diamond interchange (DDI), the displactdrieft
intersection (DLT), and the restricted csg) uturn intersection (RCUT) designs/ideo data



using multiple GoPro cameras was collected, covering both AM and PM peak periods with
simultaneous feeds covering each direction of traffitsing a combination of the video input
feeds and the roadwayeometry, a location along each approach and exit from the junction was
chosen as the limits of the network for the sake of travel time calculations. Time was logged for
each vehicle as it crossed the threshold entering the network, and subsequemtlysagd the
corresponding threshold exiting the network, with the individual travel times then aggregated by
turn movement to determine the mean travel times for each -alggitination pairing. Two
theoretical base travel timese denotedwhich are tk vehiclepath travel time from the radius
and the proposed node-centroid base tkeel time The difference between these two values for
each given turn movement provides the geometric component of the ddlaycombination of
conventional control dal with the proposed geometric delay component yields the new
measure of junction delay. The junction delay for the observed geometric configurations is then
used to illustrate the proposed level of service methodology utilizing a demand volume schema.
The video data used for the investigation into service measures is also used for the validation
of micro- and macroscopic analysis methods. In addition to the observed vehicle travel times,
the video data additionally provides insight into the signal pltass applied in the field, with
analysis conducted using the in situ signal phasing and timings, rather than optimized for the
specific volume demands observed. By coordinating the video times from the various feeds,
signal offsetsare calculated for thas designs with multiple signalized intersections operated
from a central master controlletModel creationis conductingtaking any readily observable
information, such as the roadway geometry, the speed limits, the signal timings, and the demand
volumes,as opposed to the calibration of driver behavior which was not done for the purpose of
examining the base results one would find from comparative analysis of proposed solutions
The Highway Capacity Manual method is used for macroscopic analysiSsNWIEGRATION
and VISSIM software used as a validation of microsimulation analy§)se note on the
difference betweethe two is that microscopic analysis Haslt in variance in each simulation
run. To collect a sufficient amount of data, both simutasioftware application were run for ten
seeds of twentfive minutes each, with fifteen minutes of data used from each run, with
recordedvehicles scheduled to enter the network between five and twenty minutes during the
simulation. Having validated the morosimulation approach for use in comparative analysis of
alternative geometries, INTEGRATION is then used in this fashion to examine the relative
performance of the througdibout, roundabout, and conventional signalized intersection designs.
The planningevel analysis toolitilizes the critical sum methodhich calculates capacity at
an intersection location by examining the combination of critical movements at the facility. The
idea behind the calculation is that while a traffic signal services exaiyngg movement demand
at an intersection, only some of those demands are governing the signal timing, while the others
just happen to occur simultaneouslyhe critical sum method determines which movement is
governing at any given time during a signgtle, and sums the demands for each sequential
critical movement, determining a total value for the demand at the intersection, in units of
vehicles per hour per lane (vekHn). The specific intersection designs analyzed include the



conventional signatied intersection, the roundabout, the jughandle, the mediamuthe
restricted crossing-turn, and the displaced lafirn. Three different sizes of intersection were
considered for each of the six dewviagreait owioph i
within a given size regimeDocumenting the specific equations utilized for each of the eighteen
geometries analyzed, a total of approximately 335,000 volume combinations are applied to each
configuration to determine the failure thresholds each design, assuming the method to
produce valid results.

The validated microsimulation methodology is compared against the pldemgignethod
using the case study of the quadrant roadway design. A total of 36 volume scenarios are tested
using tte two methods, examining the relative results from both the quadrant roadway and an
equivalent conventional intersection. The quadrant roadway investigation primarily focuses
the question of whether, for any given volume scenario, an advantage saatefign based on
the critical sum value translates to a similar advantage for that design in terms of delay. The
final investigation moves beyond the individual case study comparison, and corspares
intersection geometries, including the conventiorsagnalized intersection, the modern
roundabout, the medianturn, the restricted crossingturn, the displaced lefurn, and the
jughandle designs.In this case sensitivity analysis is conducted on each design using both
microsimulation and the planmgdevel tool, seeking to determine if the relationship between
capacity and delay is consistent between designs.

A summary of the research progression and how each investigation is rel#tedtber is
provided inFIGURE 1-1.
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1.4 DocumentLayout and Attribution

This researchs organized intmine chapters, beginning with the introduction as the first chapter.
The second chapter is intended to provide a review of the relevant literature on alternative
intersections includig the motivation for using them, intersection geometries, interchange
geometries, methods for comparative analysis, and the adoption and implementation of these
designs. Each additional chapter includes its own literature review section, highlighting the
purpose of each research endeavor in the context of previous Woekthird through theighth
chapters are the body of this work, each consisting of an individual papkshedby or under

review fora conference or journal. Thenth chapter provids summary anclusions for the
dissertation

The third chapters under review for the 2016 Transportation Research Board conference
and the Transportation Research Record journghis paper, authored by John Sangster and
advisedby Hesham Rakhais titled New Perspectives on Delay and Level of Servitts
contribution to the narrative of the dissgion document is to provide an updated methodology



for the delay service measure, incorporating the necessary adjustments to allow for a unified
approachd analyzing intersections and interchanges, both conventional and alternative

The fourth chapter is under review for the 2016 Transportation Research Board conference
and the Transportation Research Record journal. This paper, authored by John Sadgster a
advisedby Hesham Rakha, is titledalidating Analysis Methods for Alternative Intersections
using Field Data Its contribution to the narrative of the dissertation document is to provide a
validation of the state of the art practice of conducting atpmral analysis of alternative
intersections using traffic microsimulation software.

The fifth chapter was originally presented at the 94th annual meeting of the Transportation
Research Board, in January of 2015. This paper, authored by John Sangsidvisedby
Hesham Rakha and Ahmed-Khisy, is titled Comparative Analysis of the Throuaout,
Roundabout, and Conventional Signalized Intersection Designs. Its contribution to the narrative
of the dissertation is to provide an example of how comparainalysis can be conducted for
intersection designs which are rare in implementationyanmdin the literature.

The sixth chapter was originallpresented at the3% annual meeting of the Transportation
Research Board, in January of 201This paperauthored by John Sangster amvisedby
Hesham Rakha, is titledmplications of CAPX: Operational Limitations of Alternative
Intersections Its contribution to the narrative of the dissertation document is to demonstrate the
capacity analysis methodssed in programs such as GXP and provide some of the
conclusions that are reached using such methods.

The seventrchapter was originally presented at thé' @anual meeting of the Transportation
Research Board, in January of 2012. This paper, authrelbhn Sangster aratlvisedby
Hesham Rakha, is title@ritique of the Critical Sum Method: A Case Study on the Quadrant
Roadway Design Its contribution to the narrative of the dissertation is to raise questions about
the validity of the capacitbasedanalysis methods used for preliminary engineering, in this case
using the case study of a single alternative intersection design.

The eighth chapter was originally presented at tHea8hual meeting of the Transportation
Research Board, in January of180 This paper, authored by John Sangsterauisedby
Hesham Rakhais titled Capacitybased Predictios and Delaypbased Results:CAP-X
Limitations and Suggestions for ImprovementThe analysis in this chapter examines six
intersection geometries uginthe total delay measure discussed in chapter 7, looking for
relationshps between capacity and delay.

Theninth chapter provides summary conclusions for the dissertation docusaemtarizing
thefindings of the individual chapters, and drawing overafictusions from the body of wark

Presenting the flow of the research in visual fornt@RIGURE 1-2 expresses a simplified
view of how thevarious chapterare related
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Chapter 2. Literature Review

Though a relatively new topichére is a growing body of work publishe’aminingalternative
intersections. This chapter provides a review of the current literature on the subjslotrt
discussion is provided on the most common general references used in intersection design and
amalysis. A number of summative documents have been produced on alternative intersections,
which are subsequently called upon throughout the chapter to fill in any gaps in speeific sub
topic areas. A discussion of the motivation for seeking intersectitberaatives is followed bg

section detailing the background of each intersection and interchange geometric design. Having
established the key features of each design, the various methods in the literature for conducting
comparative analysis of them ifen discussed. Finally, a review of the adoption and
implementation history for these designs is conducted.

2.1 Intersection Design and Analysis

The standard reference on the topic of geometric design of roadways is A Policy on Geometric
Design of Highwaysah St r eet s, commonly referred to as
American Association of State Highway and Transportation Professionals (AASHTO), with the
sixth edition published in 2011 being the most curféht The most pertinent sections of the
Green Book appdable to thisresearch is Chapter 19 Intersections, with Chapter I0Grade
Separations and Interchanges reldted lesser degree. This manual provides design guidelines
necessary both to provide safed consistentacilities throughout the United States. Specific
information on intersections includes sight distance calculations, channelization of roadways,
minimum turning radii, design of auxiliary lanes, design of median openings, and provisions for
indirect leftturn movements. Basic functionality is described within the Green Book for a
number of alternative designs, including the jughandle, displacetutaftmedian tturn, and
roundabout. Interchange information includes conventional diamond, cloverleaf, and directional
overpass designs, as well as the less frequently used single point urban interchange (SPUI) and
double roundabout designs.

Whereas theGreen Book provides the guidelines for geometric layout of roadways, the
Manual on Uniform Traffic Control Devices for Streets and Highways (MUTCD) provides
regulations for pavement markings and signage for these fadlifiesThis document serves as
a legal national standard, and is administerethbyFederal Highway Administration (FHWA)
of the United States Department of Transportation (US DOT). The latest version of the MUTCD
is the 2009 editionWhile the signage section of this reference was not extensively utilized, the
pavement marking gualines were used when conducting the geometric design for the
intersections analyzed. An additional use for this manual is the signal warrants it provides,
providing guidance on the magnitude of traffic that should be serviced with signalized control.

Asescondary reference, FHWAG6s Signalized I nte
2004, provides a thorough document bringing together the geometric design of intersections with
the signage and control, as well as safety and operational analysislotegies, and a wide



array of intersection treatmerig§]. Of the standard reference materials, this document provides
both the most information about intersection alternatives, as well as the most thorough and
compelling argument for their use. Unfortunately, the Signalized Intersecfiotie does not
provide a sufficient amount of information on the design and operation of sigvtatd) is
covered in anothédFHWA publication, the Traffic Signal Timing Manual, from 20@3.

One critical component thus far missing from the generalized reference material is the ability
to analyze the operational performance of intersectiotgch is addressed ithe Highway
CapacityManual, a publication of Transportation Research Board, with the most recent copy in
circulation being the 2010 versi¢gh]. The current iteration of the document is separated into
four volumes. The first three volumes are heogy print volumes, with the fourth volume
being an online document allowing for updated content between reledasesfirst volume
addresses concepts including modal analysis, traffic flow and capacity, quality andflevel
service, HCM and alternative analysis tools, as well as the interpretation of results from HCM
and alternative analysis tools. The second velaovers uninterrupted flow facilities, including
freeway facilities, basic freeway segments, freeway weaving segments, freeway merge and
diverge segments, twlane highways, and multilane highways. The third print volume covers
interrupted flow facilities, including urban street facilities, urban street segments, signalized
intersections, twavay and alway stop controlled intersections, roundabouts, interchange ramp
terminals, and pedestrian and bicycle facilities. At this time, there is not accornonadate
within the HCM for alternative intersection designs.

2.2 Alternative Intersections and Interchanges

The first summative report on alternative geometries came from consulting, produced by
Jonathan Reid while working for Parsons Brinckerh@ff. His backgound in alternative
designs came from research conducted obtainin
Hummer, then at North Carolina State University. The report, tithedonventional Arterial
Intersection Design, Management and Operatiotrat&gies covers eight agjrade geometries

and five gradeseparated solutions, as well as focused discussion on the theoretical benefits to
conflict points and signal phasing, and the hurdles needed to be overcome to implement more of
them in the field.

Fol l owing the publication of Reidb0s report,
first federal guide on these designs, the Alternative Intersections/Interchanges: Informational
Report.[4] This document, released in 2010, remains the most comprehensive document on the
topic to date. Going into far more detail, the AIIR docunfentises on the most promising of
the current designs being considered, and includes the displacddriefimedian turn,
restricted crossing-turn, and quadrant roadway intersection designs, as well adiviinging
diamond and displaced lgfirn intechange designs. The document also provides a detailed
multi-objective assessment methodology, which relies on operational analysis from a planning
level tool, the analysis of which takes up much of the following documadditionally, this
documentm&s t he transition in terminology betwee

10



these designs, as the FHWA works to revise the perceptions of practitioners and make these
designs more palatable both in terms of design and psychology.

Though the AIIR and Rd documents represent the first laffgemat reports on these
designs, the first publication in the broad literature can be traced to 1998, with an ITE Journal
publication by Joseph HummdgL0] The Unconventional Lefturn Alternatives for Urban and
Suburban Arterialsarticle provides traffidlow line diagrams, descriptions, and general
advantages and disadvantages for the mediturny restricted crossing-turn, and bowtie
intersectioralternatives, without providing sample operational analysis results.

2.3 Motivation for Seeking Intersection Alternatives

The groundwork that led to the advent of alternative intersections came well in advance of their
adoption within the research communityWorking through the ITE Journal and related
conferences, a practitioner working on the problem of maintaining arterial flow published two
papers on the underlying arguments for the adoption of alternative designs in the late 1980s.
Wit h the d®felrhepAudZ Tecbragues to Reduce Congestion and Increase Capacity

of Streets and Intersections provides the arguments for maintaining arterial flow, and the
subsequent detailed geometric design of the restricted crossingun bei ng @PMrresent e
Kramer is sometimes cited as the progenitor of alternative interse¢8prigl1]

A second, thoughess influential background source for the arguments behind alternative
intersection functionality comes from a nf@s publication in the journal Places, on the
operational benefits of boulevard street configuratighg] Simply titled Another Look at
Boulevards the document provideadditional literature support to those designs requiring
significant median spaces, such as the mediamruand restricted crossingturn designs.

2.4 Intersection Geometrics

The atgrade designs considerad subsequent chaptemclude theconventional signalized
intersection, roundabout, mediasiurn, restricted crossingturn, displaced lefturn, jughandle,
and quadrant roadway

2.4.1 Standard Intersections

Intersetion geometries which may be considered standard or typical include unsignalized and
signalized conventional intersections, as well as roundabouts. The inclusion of the roundabout
geometry with this group is a function of its broad adoption domesticalypth researchers and
practitioners over the course of the previous twenty years.

2.4.1.1 Conventional Intersection

Unsignalized intersections include the junction of three or more approaches at which there may
be stopcontrol, yieldcontrol, or no control whatever. The signalization of a junction is
carefully controlled, often justified by the signal warrants from the MUTCD, and must the
recommendation must be accompanied by an engineering report that includes a safety
assessment of the locatidgid] The design of the junction in practice comes from al@oation
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of guidance provided by the Green Book, MUTCD, and the required geometry of the turning
radius of the design vehicle chosen by the engineer. There is quite a bit of guidance in the
literature on the design of conventional intersections whichuiside the purview of this
document. Two studies potentially of note, given the requirements of alternative geometric
designs, involve guidance on the design of auxiliary lanes at interse¢1i8j$14|

2.4.1.2 Modern Roundabout

The modern roundabout design may be the most often asked about topic when lay people are
introduced to traffic engineers. Though the design has been relatively slow to catch on
domestical, it has long been a popular dgsichoice in Europe. The origin of the modern
roundabout design and its transition from the older traffic circle format is well documgrikd.

[16] The late 1990s provided the surge in research publications for the modern roundabout
design domestically, which subsequently led to the boom in its construction by practitioners.
[17], [18]

With geometric design and signhage standards becoming more uniform across the country,
operational analysis of these designs has been shifting, as the driving public becomes more used
to them and adgtsits own behavior[19], [20] Many communities have experienced finsind
how initial public rejection of the design option has become widespread embrace of its benefits.
[21] As with other conventional designs, many researchers have moved past understanding its
operational parameters, and are now exploring the design with amudtl perspetive,
including pedestrian functionality and environmental impd28], [23]

2.4.2 Alternative Intersections
Signalized intersectionbave beeron our surface transportation network since the 1800k,
alternatives to the conventional signalized intersection have beents develop, and even
slower to be embraced. The recent widespread adoption of roundabouts as a viable intersection
alternative within the United States suggests that there may be support within the transportation
engineering community to embrace a &ridelection of options in intersection design.

Alternative intersections are a class of intersections which is generally designed to increase
capacity and safety by reducing and separating the number of theoretical -pakickonflict
points. By rerouhg vehicles through alternate paths, these designs are able to reduce the
number of signal phases at an intersection to increase arterial throughput. A corresponding
negative impact is experienced as additional travel time for the rerouted vehiclesmo¥$he
comprehensive report to date on the topic of
Alternative Intersections/Interchanges Informational Report (AUR)

2.4.2.1 Jughandle

The jughandle intersection design has been popular as an arterial intersection solution within the
state of New Jersey since the 1960s. It featuresigihthand exit of lefturning traffic, with
facilities provided for this traffic movement to subsequently join the traffic flow on the minor
approaches. The FHWA Techbrief on the design provides an effective summary of its operation,
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including diagrans of three types of typical installations as specified by the New Jersey
Department of Transportation (NJDOT)24] Beyond its inclusion in comparative analysis
papers, liere is not a great deal of additional litera on the designHowever because of the

length of time these designs have been implemented, safety data is more accessible for them than
for other alternative design5] A sample jughandle implementation produced by the author is
provided n FIGURE 2-1.

FIGURE 2-1 Sample jughandle geometry

2.4.2.2 Median U-turn

The median durn, similar to the jughandle design, was a popular local solution for arterial
traffic flow in the 1960s, in this case in the suburbs of Detroit, Michigan. Compartte
jughandle design, the mediarturn has been written about far more extensively in the literature,
including two FHWA Techbrief documentg6], [27] This design functions along boulevard
streets with wide medians, by prohibiting &ftn movements at the main junction, and fogci
left-turning vehicles to proceed through the intersection to a downstream lbcation. A
sample median-turn geometry produced by the author is providedlBURE 2-2.

The operational effects of the mediastuan, in comparison to its equivalentrorentional
alternative, have been repeatedly reported upon, at least in terms of sensitivity ajzdjisis.
[33] From a design perspective, a number of different aspects have been examined including:
the overall desigri34]; the application of loons at directional crossovi@s]; the optimal
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location of theof median dturn opening[36]; and guidelines on the design of raised medians
[37].

FIGURE 2-2 Sample median-turn geometry

2.4.2.3 Restricted Crossing urn

The restricted crossingturn (sometimes called thetyrn design, or the superstreet)amore
recentaddition to the alternative intersectitamily, first prgposed by Kramer in the lag0s.[3]

As with the jughandle and mediarturn designs, thEHWA Techbrief ortherestricted crossing
u-turn seves as an effective and concise summary of its functiondB®] Similar in
configuration to the median-trn, this design permits the main approach -tigfhing
movements, but instead prohibits all {aftn and through movements from the minor
approaches, forcingllavehicles from the minor approach to make a rinh onto the major
roadway and make use of the downstreairn bay, as neededd sample restricted crossing u
turn geometry produced by the author is providedlBURE 2-3.

With the North Carolina Qmartment of Transportation (NCDOT) serving as a primary advocate
for the implementation of this design, a number of arterials have been constructed using this
control method in recent years. Along with the implementation of the design has been a number
of studies regarding both their operation, as well as lessons learned in their implementation.
[39]i1[44] The research on this design has been more prawieeted, and perhaps more
practical, tharpredecessothe median turn intersection.
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FIGURE 2-3 Sanple restricted crossingturn geometry

2.4.2.4 Displaced Lefiturn

Another family of intersection designs are related to the displacedutaft(DLT), with
variations referred to as the contius flow intersection (CFkhe parallel flow intersectigrand

the crossover displaced lgftrn intersection This family of designs has been attributed to
Francisco Mer, who patented thdesign in 1991[45] A succinct and effective summary is
provided again by an FHWA Techbridfi6] Effectively, this design crosses the {aftning

traffic to the other side of the opposing through traffic at some location upstred® toatn
intersection location; allowing both the through movement and théuleiing movement to
proceed concurrently from both sides of an arterial. This design is particularly effective when a
high demand volume of lefurning vehicles is present, duthat the demand for through and
left-turning vehicles is approximately the same in terms of vehicles per lane per hour. The
literature is fairly extensive in analyzing the DLT/CFI family of designs, including a few
overview articleg47]i [50], a number of operational analysis artidle$]i [56], and even a few
articles exploring the traffic control design including signals, signage, and pavement markings at
these location§s7]i [59]. Additional measures of effectiveness have beeestigated for this
family of designg60], with particular attention paid to pedestrian accommodaftit]s[62], as

well as safety and environmental perspecsjé3]. A sample displaced leftrn geometry
produced by the author is providedRIGURE 2-4.
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FIGURE 2-4 Sample displaced leturn geometry

2.4.2.5 QuadrantRoadway

First published in 200(64], the Quadrant Roadway intersection design developed by Jonathan
Reid achieves the goals of an alternative intersection: increasing safety and arterial throughput
by separating conflict points and reducing the number of kgrases. A unique aspect of the
guadrant roadway design is that the three signalized intersections operate with a single controller,
with each of the three signals sharing a thpkase split phasing planA sample quadrant
roadway geometry produced the author is provided IRIGURE 2-5.

FIGURE 2-5 Sample quadrant roadway geometry
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2.4.2.6 Other RoadwayDesigns

A few other designs in the alternative intersection category have garnered some attention. The
split intersection serves as a prelude to adgrseparated junction, and has been used with
limited success to gain more throughput in the stesrh [65]i [67]. On a smaller scalehe
doublewide design provides additional throughput for an arterial facing a flow constraint at a
signalized intersectiori68]. For junctions with a -intersection the continuous green
intersection has shown promise, and been implemented in a number of locations, including the
greater Miami area in Florid&9]i [71].

2.5 Interchange Geometries
Subsequent chapters are focused primarily egrade intersection alternatives, although the
diverging diamond intersection plays a rolanaltiple chapters

2.5.1 Conventional Interchanges

There are a number of standard interchange designs used forsgpattated conditions,
depending on the scale ottlraffic being processed. The most common gemparated design

is the conventional diamondterchange, which allows for uninterrupted flow on the limited
access roadway, with efamps upstream of the crossover andramps downstream of the
crossover, creating the diamond shape for which it is named. In cases where large volumes of
left-turns moving from the highway onto the side streets are present, a single point urban
interchange may be selected, which allows the junction to operate as one largehdsee
signalized intersection, avoiding the presence of queued vehicles on/under tlee hadger
volumes may dictate the use of a partiat full-cloverleaf design, allowing uninterrupted
movements on some or all of the turning movements at the junction. For the highest flowrate
conditions when two or more highways meet, a directionaréhtange is used that provides
high-speed and higkiolume transitions from one roadway to another.

2.5.2 Alternative Interchanges

When successful, new interchange geometries have come from a desuerdome aset of

specific constraints ohigh levels of codict between demand volume3o date the only
interchange geometry that has been embraced is the diverging diamond interchange, sometimes
called the double crossover diamond, though a few other designs have been proposed.

2.5.2.1 Double Crossovebiamond Intercharge

Originally proposed in 2003, the diverging diamond interchange represents the newest and most
successful alternative geometj§7], [72] An overview is provided yet again through an FHWA
Techbrief.[2] Essentially, this design cress traffic over on either side of an interchange
overpass, with traffic in both directions moving along the-heftd side of the road over/under

the bridge, to be brought back to the right side of the road at the downstream signal. The benefit
of this cnfiguration is that lefturning vehicles are then allowed to move without interruption,
removing the need for auxiliary turn lanes across the over/underpass. A sample diverging
diamond roadway geometry produced by the author is providelGidRE 2-6.
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With the first of these designs being installed in 2009 in Springfield, Missouri, many subsequent
locations have been installed in a short time. A great deal of interest has been placed on these
designs both within the research and practitioner communikiesvever, due to the lack of time

that has passed since this design was embraced, the majority of the literature is on the operational
analysis of the geometry, with little yet in the way of maltiective analysiq.73]i [78]

FIGURE 2-6 Sample diverging diamond interchange geometry

2.5.2.2 OtherlInterchangeDesigns

A number of other gradseparated designs have been proposed that fall into the alternative
geometry category. TEnhdisplaced lefturn design has been proposed for use in a grade
separated condition, but to the authofhes know
required span on the bridge to accommodate all of the auxiliary lanes along with the required
median space between opposing directions of traffic would become cost prohibitive. A-double
roundabout design, sometimes in a&ap shape with the-turn capability removed, has been
proposed and implemented in a small number of da&¢s An iteration of this design called the
W-interchange includes rigionly movements onto and off of ramps, providimgurn bays
downstream similar to a mediaAwrn desigr{79]. Addressing the issue of access for managed
lanes (HOV/HOT) on the interior of a freeway, the dsydtem urban interchange design
introduces a network of ramps, bridges, and signals that allow access to the freeway
simultaneously to either the managed lanes in the middle or the regular lanes on the right side
[80]. Lastly, the folded interchange design was proposed as a potential solution for
reconstruction of cloverleaf interchanges in failure, as aeftsttive alternatie to a directional
interchangg81].
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2.6 Comparative Analysis

At the heart of any decision to select a particular gegimietr a proposed facility is the
understanding that the chosen design will work bettn the other options. olrecommend a

new design, with the potential liability that comes along with that decision, engineers must have
very high confidence in the ogaional performance of a given design. To this end, much of the
research conducted on new or proposed intersection and interchange designs is of the
comparative analysis nature.

The mindset of comparative analysis in research is significantly differemt the process
conducted in practice for design. The practitioner is given a specific site condition, and a
specific set of demand volumes which they are trying to accommodate. The engineer then can
apply any design typdesiredto the given problem, gwing each design with additional through
and auxiliary lanes until the desired level of service is met for the location. Given a set of
equally performing design alternatives, the practitioner may then choose which design to move
forward with based on @eparate set oparameters, such as cost, site constraints, safety
considerations, etcln contrast, the researcher is working with a featurelessit@mnandstars
by defining a set of Aequi val ent d geonfetries
approach lanes, costs approximately the same, etc. The researcher theraseeety of
volume combinations which may identify patterns in the performance of a given ,das@n
applies each volume scenario to each equivalent geometry, identifgitegng of failure and
success to determine the relative performance of each design. The researcher may identify the
Abest o design as the one which exhibited the
while the practitioner works with a seft designs that are all successful for the given problem at
hand, and identifies a fiwinnero based on a nu
the wishes of the client.

There are some national standards published on guidelines for condcotmgarative
analysis of intersection geometries, and these guidelines appear to have evolved from the early
comparative analysis research on unconventional intersections conducted by Joseph Hummer
and his research gro{@2], [83].

2.6.1 Operational Analysis

When analyzing the operations of traffic on a road network, two commahodse of
understanding the functionality of a facility are to examine the delay experienced by drivers at
the location, or the capacity of the roadway in comparison to the corresponding demand
experienced.

Delay is the standard by which specific intersaddi are typically deemed to be adequate or
in failure. Usually provided in units of seconds per vehidlepeasures the amount of additional
time that a given vehicle will take to travel from point A to point B, in comparison to if there had
been no trdic control at a location, and no other vehicles on the rd@alculating the average
delay manuallyis a fairly rigorous process, and it is standard practice to rely on software
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packages to generate these values, based on equations generated fromaiedeacorporated
into the HCM.

As an alternative measure of operations, capacity is related to delay but instead refers to the
theoretical volume of traffic that can pass along a roadway, or through an intersection, during a
given period of time. Capayiis usually presented in units of vehicles per hour, or vehicles per
lane per hour. In contrast to calculating average delay, calculations of capacity at an intersection
can be completed quickly without the aid of software, providing a pladeus aralysis of
design sufficiency.

2.6.1.1 Capacitybased Analysis

In the early stages of engineering design, preliminary engineering must generate a rough
assessment of which geometries will solve a given set of site and demand volume constraints.
The culture of pradtioners is saturated with budgets and deadlines, and there is neither the time
nor the desire to fully assess the potential of every design to solve an engineering problem. The
standard method for conducting preliminary engineering for intersectionstanchanges is to
examine measures of the volwtoecapacity ratio for a given solution.

The development of capacibased analysis came from a wish to explain ideas of signal
control and intesection design to lay pe@p[84],[85]. Work has been done to enhance the
critical lane volume analysi86], but the heart of it remains as the undammg theory behind
the Highway Capacity Manual method, and also serves as the currertfstet@ractice basis
for analyzing alternative intersections and interchanges as well. With the release of the AlIR,
FHWA also developed an Alternative InterSe Selection Too[87]. This spreadshedtased
tool applies an automated critical lane analysis procedure to numerous conventional and
alternative intersection designs, and served as the precursor to the subsequent updated tool
produced by FHWA, Capacity Analysis for the Planningwifctions (CAPX.)

CAP-X utilizes the critical sum metho[84] which calculates capacity at an intersection
locationby examining the combination of critical movements at the facilligeidea behind the
calculation is that while a traffic signal servicesery turning movement demand at an
intersection, only some of those demands are governing the signal timing, while the others just
happen to occusimultaneously84]. For example, om commuter route with a high volume of
traffic during the morning peak ithe eastboundirection and a low volume in the westbound,
the light remains green in both directions whie eastbound directioexhibits constant flow
and thewestbounddirection only has a trickle of vehicledter the initial queue dispersal It
would not be possible to increase the capacity at the intersection with additional lanes on the
approach with a low volume, because the higlume approach is governing at the time. The
critical sum method determines which movement is governing at aag gime duing a signal
cycle, and sumthe demands for each sequential critical movement, determining a total value for
the demand at the intersectionumts of vehicles per hour per lane (veHiir).

The CARX software assesses six different intersgctesigns and five different interchange
designs. The intersection designs included are the conventional signalized intersection, the
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guadrant roadway design, the displacedtiafh design, the restricteztossing tturn design, the
median dturn desig, and the roundabout. The interchange designs include the traditional
diamond interchange, the partial cloverleaf interchange (typg # displaced lefturn
interchange, the doublgrossover diamond interchange, and the single point urban interchange
Because the software allows for differentiation between the primary alignments of the various
designs (easwest or northsouth), in all there are twenty different intersection options and ten
different interchange options.

The first step in conductingnalysis with the CAIX tool is to enter in the orighdestination
demand volumes into the Alnput Wor ksheet . o
movement counts, with additional information provided including the percentage of trucks for
each ofthe four directional approaches, the adjustment factors for saturated floturoisy left
turns, and righturns. The recommended default values for these parameters are 2% trucks, with
adjustment factors of 0.80 forturns, 0.95 for lefturns, and @5 for right turns. The user may
also choose to enter a faildevel value for the Critical Sum, with a default value of 1,600
veh/Inhr.  Comparative analysis within CA®R relies on an assumption that all intersections
reach failure at the same criticalm value, a simplification which may not hold true, given that
a main feature of alternative intersections is the reduction of phases and associdi@e loss

With the turning movement (D) values entered, along with the truck percentages and
saturation flow rate modifications, the next step is to visit each of the alternative designs in turn,
which is computed on its own tab within the spreadsheet. The authors have observed that this
software works well from two different approaches: either a prawcétimay choose to enter an
equivalent number of approach/auxiliary lanes for each design and perform comparative analysis
across fAequal o options, or they may instead
desired level of service is reachedy mpar i ng the relative costs
perform equally well.

With the number of lanes for each turning movement group identified, the input portion of
the CARX software application i s compl et e, and
Wokk sheet , 0 where measur es of rel ati waedde man
summary fashion. These results are based on capacity, and are intended to be predictive only of
which intersections will or will not be in failure, not of which intersectmah out-perform the
others in terms of average intersection delay. Additionally, these values are representative only
of the most critical location at an intersection or interchange, and are not indicating an average
condition across the facility. Regoizing which intersection design options provide promising
results, additional analysis can be performed on a subset of the total designs, resulting in cost
effective alternatives analysis.

2.6.1.2 Delay-based Analysis

While capacity is used for preliminary engering, the average delay per vehicle traversing a

facility is the gold standard for operational analysis, primarily because it serves as the basis for

the level of service determinations made by the Highway Capacity Manual (HCM). The HCM
defines level ofs er vi ce ( LOS) as fNa quantitative stra
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measures that r epr b]sEerd aregsix gradest dgfined for LO®, ramging e . 0
from A to F, which are stratified based on a variety of service measures. The grading scheme is
intended to represent travel er sr@gargi|grpotentmt i on s,
future changes to a roadway facility. While the LOS measure has had many critics over the
years, it continues to see neanversal adoption among practicing engineers, largely for its

ability to describe facility performance to nochaical decision makers. LOS is reported
separately for each mode of travel using a given facilibe analysis is concerned primarily

with automobile LOS at an intersection or interchange facility, which are based on the average
delay experienced per liele as they traverse the location.

Control delay replaced stop delay as the primary service measure for automobile analysis of
intersections in the 1994 update to the 1985 HCM, and is anticipated to remain the primary
service measure for all junction g beyond the current 2010 edition. Control delay is defined
as ANAthe delay brought about by the presence o
of vehicles in advance of an intersection, the stopped time at the intersection approacte, the t
required to progress in the queue, and the time required to accelerate back to the desired speed
[5]. Notably, the control delay excludes delay caused by geometric features, whether from
vehicles slowing to navigate a sharp turn or an indirect route that vehicles must take through the
junction.

The use of control delay without the indlus of geometric components poses server
problems for the analysis of alternative intersections and interchanges, many of which feature the
rerouting of vehicles that causes additional travel time. There are a number of pulsicatio
recommending the apppoate procedurs to conduct comparative analysis of alternative
designs, but universally these procedures rely on ttawel measureg488], [89]. The author
works to address this issue in a subsequent chaptez digbertation documenthere are many
comparative analysis publications on the topic of alternative intersections using travel time
measures from simulation analy$#0]i [99]. While the earliest of these was innovative in its
approach, the majority of these studider little in the way of additiorlansight into either the
analysis of these designs, or the situations in which one would choose one over another.

2.6.2 Multi -Objective Analysis

While the research community has been primarily focused on developing a fully operational
understanding of these dgss, a number of studies in the literature have endeavored to move
beyondthe primary service measures of the design and consider the secondary impacts. In a few
cases, researchers have developed and propos
though the in the opinion of the author these generally boil down to checking for operational
performance and then looking at site constraints and cost to make a dgd8ipii01]. The

list of secondary considerations is generally short, and includes site constraints, safety
considerations, preferential treatment for some-tnovements over others, and cost.

Safdy analysis of alternative designs, and subsequent improvements to the geometric,
signage, and pavement markings for these designs, is perhaps the area in need of the greatest
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growth once operational analysis of them is fully understood. A number okesthdve
previously worked to understand safety at intersectjt@2]i[104], and along arterialgL05],

[106], which may provide the background necessary for tackling the specific issues encountered
at alternative designs. Perhaps the greatest concern with implementingearatisk
intersection design is that of Adriver expect
of the newly encountered design may behave in an unsafe manner. A great deal of work was
done with the diverging diamond design to address coaceith driver expectancy prior to its
installation in 2009, and this work sets a path for future studies on thig2ppiSome overall

safety concern studies have been done looking at alternative intersections as a whole and at
safely implementing these desigii®7], [108] Safety studies on specific geometries remain

rare, but have beeattempted on median crossovers, as well as jughandle dEbyn 09].

Due to the large fogbrints needed by some of these designs, such as the medians required
for the retricted crossing and medianturn designs, site constraints are a primary cause of
disqualifying a given design in an engineering study, however, perhaps because of the limited
need to explain this in more desgpecifidallytargetedr e 6 s
at understanding the site constraints of these geom§itties

The analysis of mukimodal service is trending among both researchers and practitioners,
and a fair amount of interest has been raised in the accommodation for bicycles and pedestrians
on the roadway network. Iaddition to the accommodation of pedestrians at roundabouts,
research in the alternative intersection realm has included the analysis of pedestrians at
continuous flow intersections, which often lack sufficient clearance times for pedestrian
crossingg22], [61], [62].

Returning briefly to the topic of operational analysis, one type of secondary consideration for
these designs is the prioritization of one movement over another. The primary use of the
restricted crossing-turn design within North Carolina hasdn as an access measure along what
the state has defined as AStrategic Transpor
over the service provided to adjacent developments, while still providing access to the roadway
network to those developmentsOther designs in the alternative intersection realm provide
benefits to specific turmovements over others, and may serve as effective solutions where
prioritization can be identified.

Ultimately, the decision to pursue one of these designs may cowre tdocost. In many
cases, these alternative intersection designs feature additional pavement, signalization, signage,
and potentially liability, and are likely to be discounted relative to the conventional alternative
due to cost constraints. However,dases where the conventional solution is not able to address
the projected traffic demands, many of thejetde alternative intersection solutions will be able
to address the problem at a fraction of the cost associated with the construction of éi@oalven
gradeseparated interchange. When faced with trying something new that costs $3 million, or
using the traditional solution that costs $10 million, decisions makers may find themselves
thinking outside of the box.

23



Chapter 3 Operational Measures of Hfectiveness for Alternative
Intersections

Citation for original publication:

Sangter, J. D., & Rakha, H. A.ufder review). New Perspectives on Delay and Level of
Service In Transportation Research Boardti®Annual Meeting of the ([dL5).

Abstract

As the variety of geometric designs of junctions increases, we are presented with an opportunity
to rethink both the way in which we understand the delay caused by these designs, and the way
in which service provided by these designs is perceived. @heing inclusion of the diverging
diamond interchange, the displaced left turn intersection, the meeliam,uand restricted
crossing dturn intersections into the canon of the Highway Capacity Manual creates analysis
problems not previously encountereBome of these designs reroute vehicles through multiple
signalized intersections which are part of a single junction configuration, imparting not just
multiple points of conflict and delay, but also additional travel time.

The purpose of this paper is éaplore the concepts of delay and level of service using field
data from alternative intersections and interchanges. The authors propose a new approach for
junction delay, a service metric that can be universally applied to all intersection and irgerchan
types. Subsequently, the authors revisit the relationship between level of service and delay,
proposing a new approach that scales the gragienes by peakour demand volume uniformly
for all control types.
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3.1 Background

3.1.1 Alternative Intersection and Interchange Geometries

Designs that fall into the category of alternative intersections and interchanges work by rerouting
some of the turning movements made at the junction, often reducing and separating conflict
points, with theoretical benefits to boslafety and mobility. Conflict points represent each
position where the paths of two vehicles cross, with potential collision locations identified as
crossing, merging, or diverging conflicts. Any reduction in the number of potential conflicts,
especial of the most dangerous crossing type, provides proportional benefit to intersection
safety. This reduction in conflict points at these designs often comes with a reduction in the
number of signal phases at the junction, providing a reduction in deflagotayh movements on

the major arterial, while often increasing travel time and travel distance for secondary
movements. Depending on the degree of benefit to the through movement on the major arterial
and the degree of degradation to the secondary masntee overall average delay may be
more or less than that experienced by an equivalent conventional signalized intersection.

The most comprehensive resource at the moment is the Alternative Intersections / Interchanges
Informational Report (AlIR)[4] The primary focus of this document covers the displaced left
turn, median durn, resticted crossing durn, and quadrant roadway intersection designs, as
well as the diverging diamond (also known as the double crossover diamond) interchange. This
report provides detailed information on existing applications, typical geometric desigigaad
locations, as well as potential signal phasing for each design.

3.1.2 Delay and Level of Service

The Highway Capacity Manual defines | evel of
a performance measure or measures that represent quality of isd5}e Thére are six grades
defined for LOS, ranging from A to F, which are sfiatl based on a variety of service
measur es. The grading scheme is intended to
decision making regarding potential future changes to a roadway facility. While the LOS
measure has had many critics over thargeit continues to see naamiversal adoption among
practicing engineers, largely for its ability to describe facility performance to nontechnical
decision makers. LOS is reported separately for each mode of travel using a giveni faodity
analysisis concerned primarily with automobile LOS at an intersection or interchange facility,
which are based on the average delay experienced per vehicle as they traverse the location.

Control delay replaced stop delay as the primary service measure for algoar@bysis of
intersections in the 1994 update to the 1985 HCM, and is anticipated to remain the primary
service measure for all junction types beyond the current 2010 edition. Control delay is defined

as fANthe delay broughtafdba@utcomy rtolhe dpvesenoe am
of vehicles in advance of an intersection, the stopped time at the intersection approach, the time
required to progress in the queue, and the time required to accelerate back to the desired speed.
[5] Notably, the control delay excludes delay caused by geometric features, whether from
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vehiclesslowing to navigate a sharp turn or an indirect route that vehicles must take through the
junction.

The Highway Capacity and Quality of Service
expectation of performance varies at different system elementsuesignalized intersections

versus signalized intersections)o but they al
understand fully the wvariation in traveler pe

edition of the HCM is the first toncorporate LOS methodologies that are based directly on the
results from traveler perceptions of LOS, with the HCQS committee selecting thresholds in cases
where research is not available. The threshold between LOS E and F for intefiaypted
facilities is generally set at the change point between undersaturated and oversaturated flow
conditions, when the demataotcapacity ratio reaches one and perpetual queues begin to form.
The interpretation within HCM 2010 of how delay translates to LOS for atyarientersection

and interchange facilities is shown IMABLE 3-1. Additional information on LOS
interpretation for alternative intersections and interchanges will be forthcoming from NCHRP
Project 03115, but this material is not yet available outofithe HCQS committe¢l115]

TABLE 3-1 Level of service hresholds for HCM 2010, in terms of control delay
(seconds/vehicle)
Level . . : :
Stop-Controlled Signalized | Roundabout | Signalized
of . Roundabout .
. Intersection Intersection | Interchange | Interchange
Service
A 010 x O 10x O 10x O 15x O 1
B 10 < x |Q01% X 10 k5% 163 X0 ¥ 1B X5 x
C 15 < x |Q@525% X 20 X5 % 2B X5 ¥ 3@ X5 x
D 25 < x |@535% % 3B X5 x 3G X5 583 X0 x
E 35 < x |[@55G X 58 X0 x50 &0 486 %5Xx
F 50 < x 50 < x 80 < x 75 <X 120 < x
3.2 Purpose

The purpose of this paper is to reexamine the current standards for calculating delay at
intersections and interchanges, and subsequently to look at how this delay is tramsldéee!

of service (LOS). The authors feel that the current approach to delay and LOS have become
increasingly convoluted, and confusion will only increase with the introduction of alternative
intersection designs. Using field data collected atratere intersection locations, the authors
propose a new measure of junction delay that includes both control delay and geometric delay,
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applied to all intersection and interchange geometries equally. Subsequently, the authors
propose an LOS regime systdimat ties the junction delay service measure to LOS grades,
differentiated by demand volumes and uniformly applied to every type of control condition.

3.3 Data Collection and Reduction

Video data collected at multiple intersection and interchange locationsed to provide
observations of wsitu driver behavior. Travel times for individual vehicles traversing each
facility are generated using observations from the video data.

3.3.1 Field Data Collection

Three alternative designs were chosen for conducting thdy,sincluding the diverging
diamond interchange (DDI), the displaced -teftn intersection (DLT), and the restricted
crossing tturn intersection (RCUT) designs. The DDI selected is located at the junction of
Interstatel5 and West Main Street in Ameain Fork, Utah. The DLT selected is located at the
junction of Eisenhower Boulevard and Madison Street in Loveland, Colorado. The RCUT
selected is located at the intersection of Ocean Highway E. and Ploof Road in Leland, North
Carolina. Field data coliéion was conducted in late May and early June of 2013. Video data
using multiple GoPro cameras was collected, covering both AM and PM peak periods with
simultaneous feeds covering each direction of traffic. In some cases, such as with the DDI
installaton, as many as 12 simultaneous video feeds were collected during two hours each peak
period. On the following pag&IGURE 3-1 provides the geometry for each site analyzed, as
seen in the aerial images. The observed {eak flow rates for the turn moreents (origin
destination pairings) at each respective location are providEABLE 3-2.

TABLE 3-2 Origin-destinationtraffic demands byocation

Northbound Southbound Eastbound Westbound
Left Thru Right Left Thru Right Left Thru Right Left Thru Right
I-15 and SR92 (DDI) 924| x | 556 (464| x | 268 |120| 492| 692 | 368| 756 | 484

Location (Design)

Eisenhower and Madison (DLT) | 52 | 184 | 136 |316| 188| 64 | 80 |1524 40 |132( 780| 340
Ocean Hwy E. and Ploof (RCUT)| 52 | 44 | 72 [192| 32 | 240 |228|1296 84 |100|1500 228
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(c) Junction of Ocean Highway East and Ploof Road, Leland, North Carolina (RCUT)

FIGURE 3-1 Aerial location maps for data collection sites
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3.3.2 Travel Time and Delay from Field Data

Using a combination of the video input feeds and the roadway geometry, a location along each
approach and exit from the junction was chosen as the limits of the network for the sake of travel
time calculations. Time was logged for each vehicle as it crosseithréshold entering the
network, and subsequently as it crossed the corresponding threshold exiting the network, with
the individual travel timesT(Tp) then aggregated by turn movement to determine the mean
(TTo,m) and g percentile travel timesl{lo so) for each origindestination pairing.

The fifth percentile measure was obtained in the absence of a speed study, to be used in lieu of
the 85" percentile speed of freftlowing traffic. However, some movements were observed to
have nounimpededrehicles, & a secondary measure of base travel tiB1El§) was calculated,

using the vehicle path through the network and the associated posted speed limits. The minimum
of the two values is used for calculations involving base travel tBid), as shown in
equaton 3-1.

6"YY I ET "Y¥% JB Y'Y (3-1)

Control delay (d) is then determined for each origiestination pairing as the mean observed
travel time minus the base travel time, as shown in equatn 3

Q Y'Y 0°YY (3-2)
The overall intersection average vehicle delay is calculated by taking the weighted average of
each origindestination pair, as weighted according to the demand volumes for that movement.
This approach for calculating vehicle delay is consistent bdtinthve HCM methodology, and
with the delay calculations performed by microsimulation applications. However, it fails to

provide an adequate service measure for alternative intersection geometries, many of which
impart significant additional travel time vehicles through rerouted paths.

3.4 Proposed Analysis Methodology

Alternative intersection designs pose a problem for the standard measure of control delay, that is,
the amount of time in seconds that a particular vehicle is delayed from completingatsitrav

to crossing through a junction. Microsimulation calculates the control delay for a vehicle as the
cumulative difference between the expected velocity and the experienced velocity as it traverses
a network. In the case of alternative intersectitims,vehicle may encounter additional travel
distance without incurring additional control delay, so long as the desired velocity is met along
the stretch. The current recommended practice is to createstrpalinetworks and compare

the average totaldwel time per vehicle as the output. The authors propose tying the travel time
metric back to the delay metric by defining a base condition independent of geometry, with each
origin-destination point is equidistant from the centroid of the intersect®lacing a circle
centered at the middle of the junction, the radius would be approximately equal to the minimum
distance required to reach the limits of intersection influence on all approaches. In the absence
of any intersection control, all twelve ongdestination pairs would then travel the same
distance, equal to the diameter of the circle defined. By assigning the desired free flow speed on
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each approach to be equal to that of the upstream roadway, a theoretical base travel time can then
be readilydetermined for each-0 pairing, entirely independent of any base roadway condition
at the site.

3.4.1 Component Validation Results

The authors denote two theoretical base travel times relative to the radius of influence defined,
which are the vehiclpath trael time from the radiusBTTg), and the proposed nodie-centroid

base travel timeBTTy). The difference between these two values for each given turn movement
provides the geometric component of the delay, as provided in eq@ion

Q O0YY oYY (3-3)
One consequence of universally adopting a geometric delay component will be some rather
drastic shifts in individual turmovement delays at interchange facilities. There will be
significant increases in lefurn delgs, and significant decreases in rigitn delays, often
returning negative delay values for rightn movements. This may raise issues for practitioners

working with constraints on individual ttimovement LOS, but it more accurately represents
the impact of each design alternative on experienced travel times.

Ideally, the entry and exit points used in reducing the field data would be located at the radius
points selected as the theoretical limits of intersection influence. However, as field data
collection predated the development of this approach, the camera locations chosen require
different entry/exit points to be selected. As a result, an adjustment fa¢tpm(as introduced

to the travel time data to convert the observed travel times, sé&ffingqual to the difference
between the base travel time for vehicle paths from the raBili&) and the base travel time
observed BTTo) for each origirdestination pair. The adjusted individual travel timEE], are

equal to the observed travel tiniETo) plus the appropriate origidestination pair adjustment
(TTa).

The process to generate the new junction delay meadyres (shown inFIGURE 3-2 as a
flowchart. The boxes with grey backgrounds indicate the additional steps implemented to work
with the field data collected, with the grey arrows indicating the change in path to conduct the
analysis if simulation data is being used. Substituting the travel times adjusted for the radius
entry and exit pointsT(Tg) for the observed travel time$Tp) in equation 31 and equation-2

above will provide the adjusted base travel tilB&T,) and control delay componentd:), as

shown in equation-3 and equation-&, below.

6°YY I ET "Y¥ JB Y'Y (3-3)
Q Y'Y 6YY (3-4)

Finally, the junction delay is simply equal to the control delay plus the geometric component of
the delay, as shown in equatio 3

Q Q0 Q (3-5)
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The aggregate average delay per vehicle for the intersection is calculdsthigythe weighted

average of each origidestination pair (turmovement), with the demand volume in the peak
period used for weight.

Video entry- Radius to limits of inter-
exit locations. l section influence. 1

v

r N
rVehicle entry- Calculate: BTTo Calculate: BTTg Calculate: BTTy
exit location

Based on video entry- Based on radius entry- Based on radius entry-exit
and time. TTo exit points, vehicle exit points, vehicle points, distance to the
paths and speed limits. paths, and speed limits. centroid, and speed limits.
\.
=
Adjust observed B Difference in travel time be-
travel times to re- tween observed and radius.

flect radius. FE, ETI BT

TTr = TTo+TT4

I y

o 1 . 4
Agg. travel times: Calculate the BTT for use. Calculate geometric delay.
M TT, d .
can (TTr), an BTTy = min ( BTTg , TTg s ) dg=BTTy- BTTx
5th % (TTr s0s) L
S ‘ l
] N
Convert the travel times to aver- Calculate junction delay.
—p] 28¢ vehicle control delay. —
dj=dc+dg
dc = TTR,M - BTTU
\,

v

FIGURE 3-2 Flow chart to calculate delay using field data and proposed method

Applying this methodology to the theecase study locations yields results as shown in the three
part of TABLE 3-3, provided below. The overall impact of the geometric delay is low for all

three designs, with the DDI losing 3.9 seconds, the DLT losing 0.4 seconds, and the RCUT
gaining 0.7 seonds.
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TABLE 3-3 Measures of travel time and delay by location and turn movement
(@) 1-15 and SR92, Lehi, UT (DDI)

I-15 and SR92 (DDI) Northbound Southbound Eastbound Westbound

Measures of Base Travel Time Left Thru Right Left Thru Right Left Thru Right Left Thru Right
Vehicle Trajectory - BTT(R)
Observed 5th Percentile - TT(R,5%)
Base Travel Time - BTT(U)

Node Method - BTT(N)

10.8 41.2 34.2 21.3 49.6 27.1 26.6

-26.5 6.7 12 -48 127 0.7 -3.3 -39

01 717]099] 245 05047 200|510

Control Delay - d(C) . 7.3 305 49.7 3.0 312 376 24 246
Junction Delay - d(J) . -15.5 29.0 -19.2 37.2 50.9 -1.8 43.9 38.3 -0.9 20.7

(b) Eisenhower and Madison, Loveland, CO (DLT)

Junction Average

Geometric Delay - d(G)
Observed Mean - TT(R,M)

Uninturrupted Flow
Uninturrupted Flow

Eisenhower and Madison (DLT) Northbound Southbound Eastbound Westbound

Measures of Base Travel Time Left Thru Right Left Thru Right Left Thru Right Left Thru Right
Vehicle Trajectory - BTT(R) 22,91 25.6| 22.5|22.9(25.6| 22.5|23.4|22.3| 21.3|24.0| 22.4| 21.0
Observed 5th Percentile - TT(R,5%) 22.2122.3| 20.7|24.9| 27.0| 34.8(49.3(11.0| 19.5|45.3| 31.3( 27.6
Base Travel Time - BTT(U) 222 223 20.7 229 25.6 225 23.4 11.0 19.5 24.0 22.4 21.0

Geometric Delay - d(G) -112 00 -15 -11 00 -15 -06 00 -2.7 0.0 0.1 -3.0 -04

Control Delay - d(C) 45.0 52.9 195 64.0 524 46.9 75.4 315 11.3 60.3 20.1 9.8 28.0
Junction Delay - d(J) 439 529 18.0 629 524 454 748 315 8.6 60.3 20.2 6.8 27.6

(c) Ocean Hwy E. and Ploof Rd, Leland, NC (RCUT)

Junction Average

Ocean Hwy E. and Ploof (RCUT) Northbound Southbound Eastbound Westbound

Measures of Base Travel Time Left Thru Right Left Thru Right Left Thru Right Left Thru Right
Vehicle Trajectory - BTT(R) 43.1| 45.8| 23.7| 42.3| 45.4| 22.6|24.6| 20.4( 23.1 | 16.1| 19.4| 21.8
Observed 5th Percentile - TT(R,5%) | 78.9{107.6 30.1| 95.9| 96.9| 26.928.7| 18.5( 28.3|31.0| 17.0| 23.5
Base Travel Time - BTT(U) 43.1 458 23.7 423 454 22.6 24.6 185 23.1 16.1 17.0 21.8

Junction Average

Geometric Delay - d(G) 18.2 159 -12 174 155 -23 -03 05 -18 -88 -05 -31 0.7

Control Delay - d(C) 83.5 86.2 29.0 89.6 789 279 353 34 6.6 558 121 59 182

Junction Delay - d(J) 101.7102.1 27.8 107.0 94.4 256 35.0 3.9 4.8 47.0 116 28 189
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The negative 3.9 seconds associatéti the DDI interchange is due to very large reductions in
travel time experienced by the rigiorn movements, as the interchange ramp system
significantly cuts down on the physical distance these vehicles travel, effectively traversing one
side of a tlangle instead of two. There are increases to the distance traveled -hyreft
movements, with slight increases to througbvements as well, but these increases are more
than offset by the advantages provided to the 1igiting vehicles. The ultimatunction delay

(dj) measure includes negative values for all of the 1ight movements, with the largest values
that of the southboundght movement at19.2 seconds, and the northbouight movement at

15.5 seconds. These would technically faibithe category of LOS A, being less than or equal
to 15 seconds of delay, though to the authors
predicts or accommodates negative delay measures at a junction.

With a negative 0.4 seconds of geometriagdbr the DLT design, the same problems occur as
with the DDI, but to a lesser degree. In the case of the DLT, none of the individual turn
movements experience a net negative junction delay, with geometric delays b&vaeenl.1

for the left and right-turn movements. For this design, the intended benefit of crossing over the
left-turn movement at an upstream signal is to reduce the amount of loss time per cycle by
reducing the number of phases from four to three, with minimal impact on the vetilthegvel

times.

The RCUT design experiences some of the largest increases ingtrawdrtravel times due to
rerouting of the through and lefirning vehicles from the minor approaches through
downstream durn bays. The component of delay associatgd geometry is estimated to be
between a 15.5 second and 18.2 second increase for these movements. However, the change to
the average delay per vehicle for the overall junction is only an increase of 0.7 seconds, due to
slight advantages in the pathwaf/the major approach leftirning vehicles, and the relatively

small number of vehicles making the fefind throughmovements on the minor approaches.
Based on the observed control delay, the signal timings had already been set to prioritize the
majormovements, with the minestreet left and throughmovements operating in the LOS E
range before the introduction of geometric delay, and LOS F range after its inclusion; this in
comparison to an overall intersection LOS of B in both cases.

3.5 Proposed Level 6 Service Methodology

The introduction of alternative intersection designs to the Highway Capacity Manual may further
convolute the already complex system of LOS thresholds, as previously provida8iit 3-

1. As an alternative, the authors recommend.@$ relationship with junction delay that is
independent of the type of installation, but is instead based on théhpeaklemand volumes.

The authors propose a system tied to a metric similar to the MUTCD signal warrant
methodology, examining the sum thfe demand volumes on the three busiest approaches at a
junction.[7] The sum of the twavay major street volume and the greater of the two volumes
from the side street is approximately 1,500 vehicles/hour for thehpmaksignal warrant, so the
authors have chosen this value as the threshold bethvedmnvolume regime and the mediam

33



volume regime. A preliminary volume of 4,000 vehicles/hour is chosen for the threshold
between the mediwmand highvolume regimes, attempting to identify an approximate
benchmark at which point gradeparation of J@cles becomes necessary. The resulting
updated LOSo-delay threshold volumes are providedliABLE 3-4.

TABLE 3-4 Proposed LOS threshold relationship with peak hour demand volumes

Level Peak Hour Demand Volume
of sum of 3-highest approaches (experiencing inturruption)
Sewvice vol . O 11,5900 < v|ol 4000<wl 0
A 010 x O 10 x O 15
B 10 < x 0O UMD < x PO 26 < x
C 15 < x 0 29 < x O B\BD < x
D 25 < x 0O BB < x O BB < X
E 35 < x P BB < x PO 86 < x (
F 50 < x 80 < x 120 < x

As with much of the work associated with LOS, these delay threstdldsequire significant

studyt o work in driverdéds perceptions. I n spite

provided, the authors wish to provide an argument for this revised system. The existing regime
system creates situations wherecility operation and LOS are not consistent with the
perceptions of the public. Rural interchanges are often provided more for access than for
mobility considerations, with high uninterrupted flow on the highway and minimal volumes from
the local roadway$ these facilities may operate at LOS A for their lifetimes, and a vehicle
traversing them would never accept a delay of nearly a minute. In contrast, a large urban
signalized intersection with three through lanes and three auxiliary turn lanes orppesch
experiences extremely high volumist may never operate at LOS D or better, but vehicles
traversing it are far more likely to accept longetays to move past it. h€ suggestion of the
authorsis that driver perceptions of delay may be as affecd by t he dri ver ds
scope of the problem being solved, as they are by the type of junction they are traversing,
particularly with the broader embrace of alternative intersection geometries into our surface
roadway network.

To investigatethe proposed LOS thresholds further, the relative volume demands at the DDI,
DLT, and RCUT junctions is revisited iRABLE 3-5, with the resulting LOS metric provided
for each. Some of the problems that existed with the previous threshold system rEnaaigh
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the demand volumes at the RCUT installation are with 10% of those experienced at the DDI
location, the DDI is judged by the higlolume measure and the RCUT is judged by the
mediumvolume measure. However, had the nodhd soutkbound through Jgcles on the
highway been taken into account in the calculations, the DDI design would be well above the

threshold chosen.

TABLE 3-5 Origin-destination traffic demands and resulting LOS threshold metric

Northbound Southbound Eastbound Westbound LOS
Location (Design) Volume Measure .
Left Thru Right Left Thru Right Left Thru Right Left Thru Right Metric
115 and SR92  |Origin-Destination |924| x | 556 [464| x | 268 [120| 492| 692 |368| 756 | 484
(DDI) Approach 1480 732 1304 1608 4392
Eisenhowerand  |Ovigin-Destination | 52 | 184| 136 |316| 188| 64 | 80 1524 40 |132| 780| 340
Madison (DLT) | approach 372 568 1644 1252 3464
Ocean Hwy E. and |Origin-Destination | 52 | 44 | 72 |192] 32 | 240|228|129qf 84 |100]1500 228
Ploof (RCUT) Approach 168 464 1608 1828

The DDI is found to be in the higlblume thresbld for LOS, consistent with the HCM 2010
values for signalized interchanges, such that the average junction delay of 20.7 seconds per
vehicle places the observed performance of the facility in the LOS B range in both cases. The
DLT and RCUT designs botfall into the mediurvolume threshold for the proposed L@$S

delay relationship, consistent with the existing signalized intersection regime. The calculated
junction delay of 27.6 seconds for the DLT design places it in LOS C, with the junction delay of
18.9 seconds for the RCUT in the LOS B range. Though it is common in engineering practice to
design facilities to perform at LOS D for the projected design year volumes, these volumes are
estimates of the anticipated demand twenty years after complétiba facility. Since all three

of these facilities were constructed within the past five years, it is theoretically consistent that
their observed performance would be in the LOS B to LOS C range.

3.6 Limitations

The authors acknowledge thatsthesearch idimited in numerous ways. An overall limitation

of the study is the small number of example cases examined, and the lack of conventional
designs (roundabout, signalized intersection, and diamond interchange) included; the data
presented makes use of gaft collected for other purposes, and did not include conventional
designs.

The authors anticipate a fair amount of pushback from the research and practice communities
regarding the generation of negative values for average vehicle delay for a speoiic t
movements. This result represents a large shift in the current approach to vehicle delays, and
may require significant publication and exploration in the way of comparative analysis case
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studies to prove the validity and value in making such a shgerception. The authors feel that
this is a valuable effort to pursue, as the proposed methodology presents-tauthéukbase
travel time condition.

Regarding the proposed L@Breshold methodology, the greatest limitation is perhaps the lack

of participant involvement for the proposed changes. Further research will need to be conducted
including participant perceptions of facility service to validate the ideas presented by the authors,
that intersection size impacts service perceptions at leastasanicontrol type does. Ideally,

this will be accomplished asatveot ep process, first wvalidating
perceptions of delay correlate between field experiences and driving simulator experiences, and
subsequently testing anray of geometry types and sizes using the simulator.

3.7 Conclusions

The development of a geometric component of delay to add to the existing control delay measure
is imperative for the adoption of alternative intersection geometries into our standardsredthod
delay and levebf service analysis. However, the authors are proposing to redefine the new
measure as a junction delay, a unified approach that includes the geometric impacts caused by all
manner of intersection and interchange designs. This methws large impacts to the origin
destination pairings (turn movements) at both alternative intersections and at conventional
interchanges, with large increases to-tafn vehicle travel times and even larger decreases to
right-turn vehicle travel time For the DDI example examined, the resulting average delay per
vehicle was-19.2 seconds for the southboumght movement, and15.5 seconds for the
northbouneright movements. These large negative values were offset by geometric delay
increases to aumber of other movements, but the overall impact of geometry on the travel time
of vehicles at the facility was3.9 seconds. While the inclusion of additional travel time is
essential to not give designs like the restricted crossitignuan unfair adantage from control

delay alone, the universal adoption of this approach may have a large impact on the way travel
time and delay impacts wdh designs are chosen.h& opinion of the authoiis that a unified
approach such as this one would be a positivange for robust analysis of alternatives in
engineering practice.

The methodology proposed by the authors to provide a-tocglay relationship based on
demand volume instead of control type gives a unifying approach that can be applied
consistently taall intersection types currently on the roadway, as well as those designs yet to be
thought of. The method speaks to the fact that intersection sizes can vary greatly within a given
design type, and that drivers perceptions of delay may be influenceacasoymthe scope of the
problem being solved as by the control type being used to solve it. For the DDI, DLT, and
RCUT designs examined using the new methodol
each design each design was judged by were consigtbrthose it would have been judged by
using the existing methodology. However, adopting an LOS regime methodology based on
demand volume would solve a number of inconsistencies in terms of comparative analysis
between a variety of intersection geonesdri The threshold values proposed are based on the
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MUTCD signal warrant approach of considering the busiest three approaches at a junction, with
values set at 1,500 vehicles/hour for the-townedium threshold and 4,000 vehicles/hour for

the mediurto-high threshold. These values were set based on engineering judgement by the
authors, and will require significant participant involvement in future studies to calibrate.
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Chapter 4. Validation of Simulation for Alternative Intersections

Citation for original publication:

Sangter, J. D., & Rakha, H. AufQderreview). Validating Analysis Methods for Alternative
Intersections using Field Datlm Transportation Research Board{fPAnnual Meeting of the (p.
21).

Abstract

Although access to traffic microsimulation software is far from universal within the consulting
engneering industry, this software is currently a necessity for the analysis of alternative
intersection designs. oTmeet client needs, many consultants will attempt to model these designs
using widely accessible macroscopic traffic analysis software, asi@ynchro or HCS. This
paper uses field data from three alternative intersection designs to validate the use of
microsimulation, with comparative analysis also provided from macroscopic software to
demonstrate the degree to which results differ.

Peakperiod field data from three alternative intersections are analyzed herein, including a
diverging diamond interchange, a displacedtigfh intersection, and a restricted crossirFgmn
intersection. Three software applications are used for comparativgsianancluding
INTEGRATION and VISSIM for traffic microsimulation analysis, and the HCM analysis as
generated by Synchro traffic analysis softwaBaimmary findings are that running uncalibrated
analysis with either simulation package resulted in aeelatgrsection delay to within 10
seconds of the observed data for each design, with Hd@3¢d Synchro analysis competitive for
the DDI, nearly 25econds off for the RCUT, and entirely invalid for the DLOntil such a

time as new methodologies for aftative intersection/interchange analysis are implemented
within HCS and Synchro software, it is recommended that alternative intersection analysis be
conducted solely using microsimulation software.
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4.1 Introduction

The simulation of traffic facilities is agssential tool to better understand the functionality of our
transportation surface roadway network. Indeed, the underpinning concepts developed by
Webster that allow traffic engineers to design signal timings come from an early computer
simulation.[116] This simulation allowed Webster to model the relationship between traffic
volumes, signal timings, and the resulting average delay per vehicle experienced at a signalized
intersection. While traffic simulation itself is now based on indiMidiraver behaviors and
variability, the aggregate average delay per vehicle remains the key measure of effectiveness to
determine the level of service provided by a signalized faci[®y. Within municipal
applications of traffic engineering, local and regional laws governing development fees and
approvals are today often based on the reasmce of a proscribed intersection level of service,
imparting great design significance on the average delay measure. While the delay relationships
are weltknown for conventional signalized intersections, mounting pressure on our
transportation infrasticture is forcing the industry to embrace new solutions, despite a lack of
full understanding of their functionality.

As new and innovative facility designs are embraced by the industry, such as the modern
roundabout in the past ten years, our undergtgnaof the relationships between traffic demand,
capacity, and delay have been tested. Research shows that not only does the unsignalized
roundabout geometry result in a very different capaocigelay relationship, but that the
relationship is impactetly the location of the facility, with different behaviors experienced in
different parts of the world19], [117] Partially due to the success of intersection alternatives
like the roundabout, a bevy of newnovative solutions collectively referred to as alternative
intersections and interchanges are garnering greater industry iniéreSbme of these designs

have been embraced either regionally or nationally, at least to a small degree, but many of them
lack field implementation. Predicting their performance in terms of the averageevdalaly
measure is of critical importance in increasing the implementation of these designs in the field.
[114], [118]

Widely used software applications for traffic engineering, such as Synchro or HighwaytZapac
Software (HCS), use macroscopic models generated from observed -capaeiyy
relationships for conventional intersections to predict aggregate delay for a given demand
geometry condition. Traffic microsimulation tools such as VISSIM and INTEGRAT k&) the

other hand, instead examine the travel experience of individual vehicles traversing the road
network defined. Each vehicle is given a desired path and desired speed, and must then navigate
the roadway while hampered by both the signalized itrfretire and the other vehicles on the
road, which impart delay to it. Examining the difference in actual travel time and desired travel
time provides the delay for each individual, and the aggregate results can prowic®wement

and total facility deys. This becomes a critical analysis for alternative designs, many of which
reroute vehicles to travel through multiple coordinated traffic signals as part of the facility.
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Anecdotally, practitioners without access to simulation software packages alteteiative

designs as piecemeal interactions given demand volumes and signal timings on an individual
lane basis, combining multiple delay locations as needed to produce aggregate results. The cost
for procuring the simulation software and training staffuse it may be prohibitive when
compared to the loss in accuracy of avoiding simulation, but there currently exists no literature
on the degree to which these findings are incorrect. The purpose of this paper is to use field data
to assess the validitpf both micre and macroscopic models when applied to alternative
intersection and interchange designs.

4.2 Background

As an investigation of desigevel analysis tools, additional background information must be
provided regarding traffic microsimulation meld, alternative intersection and interchange
geometries, and the potential impact of these designs on their microsimulation analysis.

4.2.1 Traffic Microsimulation Model Calibration

A number of papers from the early 2000s tackle the subject of calibratingsoopio models,

and provide some useful considerations for the current study. Hourdakis et al calibrated models
for a freeway facility focused on volume, speed, and occupancy, attempting to matchtésw

and queues for a highway-eamp. These measure®re found to not be a useful approach for
intersection modeling, where-D demand volumes and travel times are among the most
observable input$119] Looking at a tesbed area of 12 urban intersections in a network, Sacks

et al. used a measure of stiipe per vehicle for calibration, examining individual vehicle events

at each junction rather than tracking vehicles through the netiwotkavel time calculations.

[120] Adding to the difficulty of tracking vehicles through a network, Rakha et al. noted that
there are financial and legal constraints which hamper the use of field1®dth.The reality on

the ground is that practitioners rardigive access to the data necessary for calibration of their
simulation models, often lack the expertise to conduct it, and almost always lack the budget to do
so. As such, the results included within this study seek to ascertain the quality of the various
methodologies using a basic set of assumptions without calibration.

4.2.2 Alternative Intersection and Interchange Geometries

Designs that fall into the category of alternative intersections and interchanges work by rerouting
some of the turning movements maatethe junction, often reducing and separating conflict
points, with theoretical benefits to both safety and mobilionflict points represent each
position where the paths of two vehicles cross, with potential collision locations identified as
crossing merging, or diverging conflicts. Any reduction in the number of potential conflicts,
especially of the most dangerous crossing type, provides proportional benefit to intersection
safety. This reduction in conflict points at these designs often contlesaweduction in the
number of signal phases at the junction, providing a reduction in delay to through movements on
the major arterial, while often increasing travel time and travel distance for secondary
movements. Depending on the degree of benetliddhrough movement on the major arterial
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and the degree of degradation to the secondary movements, the overall average delay may be
more or less than that experienced by an equivalent conventional signalized intersection.

The most comprehensive resoustehe moment is the Alternative Intersections / Interchanges
Informational Report (AlIR)[4] The primary focus of this document covers the displaced left

turn, median durn, restricted crossing-turn, and quadrant roadway intersection designs, as
well as the diverging diamond (also known as the double crossover diamond) interchhisge.

report provides detailed information on existing applications, typical geometric design and signal
locations, as well as potential signal phasing for each design. Recommended procedure to
analysis of these designs is to use a crimaé analysis ethod for preliminary analysis,
following up with comparative microsimulation analysis of preferred alternatives. From a
research perspective, this is essentially the order that the authors have pursued in research
publications.

4.2.3 Analysis of Alternative Geometries

This research is part of an ongoing series of papers by the authors on the operational analysis of
alternative intersections and interchanges. While the majority of the authors recent related
publications are on plannidgvel analysis of theseedigns[122]i [125], additionalwork has
included a comparative analysis study of roundabout and thhalugt designs[126]. This

previous literatre examines lovfidelity estimation analysis methods, validating the results
using the highefidelity simulation tools. However, previous efforts have not specifically
validated the use of simulation software against field data for these designs, ipgothpt

current work.

If an alternative geometry is modeled, the degree to which it is accurate relative to reality is a
function of how closely the simulated behavior of individual drivers matches that observed in the
field. In the case of the modern rmabout, the simulation parameters of note are that of gap
acceptance and followp headway, which can be field verified and calibrated as nefd#d.
Applying this idea to other alternative designs, we may examine if and how the behavior of
drivers changes when traversing them, but ultimately, we mustndegewhether the total
aggregate delay measures are accurate. For the work included herein, the authors are more
interested to validate the baenes analysis methods as an accurate framework for analysis, and
are less interested in the ability of vaosoftware applications to calibrate and match field
conditions for a particular site on a particular day.

4.3 Purpose

Due to the small number of alternative intersection and interchange designs implemented in the
field, and the diverse site constraints exgeced by each implemented facility, it is not at this
time feasible to pursue largeale studies into the operational measures of effectiveness for this
category of design using field data. By validating the aggregate measure of effectiveness from
microgmulation results against observed field data for a few test cases, it is the intention of the
authors to demonstrate that the study of operational performance of alternative intersections can
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be robustly pursued with simulation. As such, the purposei©tudy is to validate the degree

to which traffic microsimulation software packages are able to provide accurate delay estimates
when modeling alternative intersection and interchange designs. Macroscopic software
applications are also used to asséssstate of the practice for traffic engineering. The authors
feel that this effort will be of value both to researchers and practitioners, providing assurance that
comparative analysis conducted on these designs provides reliable results.

4.4 Evaluation Approach

Video data collected at multiple intersection and interchange locations is used to provide
observations of hsitu driver behavior. Signal timings and turnimgvement counts are taken

from the video data for use in generating robust simulatedtiesili Travel times for individual
vehicles traversing each facility are generated using observations from the video data, and the
aggregate travedlme (delay) measures are compared against the equivalent results of simulation.

4.4.1 Field Data Collection

Three alternative designs were chosen for conducting this study, including the diverging
diamond interchange (DDI), the displaced -teftn intersection (DLT), and the restricted
crossing tturn intersection (RCUT) designs. The DDI selected is located autiotign of
Interstatel5 and West Main Street in American Fork, Utah. The DLT selected is located at the
junction of Eisenhower Boulevard and Madison Street in Loveland, Colorado. The RCUT
selected is located at the intersection of Ocean Highway E. lanél Road in Leland, North
Carolina. Field data collection was conducted in late May and early June of 2013. Video data
using multiple GoPro cameras was collected, covering both AM and PM peak periods with
simultaneous feeds covering each direction affit. In some cases, such as with the DDI
installation, as many as 12 simultaneous video feeds were collected during two hours each peak
period. On the following pag&IGURE 4-1 provides the geometry for each site analyzed, as
seen in the aerial images

With each video feed synchronized to the others and tied back to thetioh@ckturning
movement counts in iminute intervals are conducted using the video data. Signal timings,
where possible, are generated from the video feeds with direatflsight to the traffic lights.

When no direct linef-sight is available to the light controlling a given turning movement, the
onset of green is observed using the movements of vehicles at the beginning of queue, assuming
a onesecond offset to account forieker reaction time. The details of the phase diagram,
including partially and fully actuated movements, green extension times, minimum and
maximum green times, cycle lengths, offsets, etc., are generated using a combination of observed
traffic signal behvior, and use of industry best practices such as from the Signal Timing
Handbook.

4.4.2 Analysis Methodology
While the authors do not intend to calibrate the simulation models analyzed herein, they do seek
to represent as accurately as possible the groundcwuthitions as observed in the field. To this
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end, the intersections are modeled as accurately as possible to match the design geometry as seen
in aerial photogrammetry. Traffic demand volumes are observed from video data collected
during the peak perigdvith individual vehicles tracks from entrance to exit through the site to
generate origidestination travel time observations. The video data additionally provides insight

into the signal phasing as applied in the field, with analysis conducted tsing situ signal

phasing and timings, rather than optimized for the specific volume demands observed. By
coordinating the video times from the various feeds, signal offsets can be calculated for those
designs with multiple signalized intersections opatdtom a central master controller.
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FIGURE 4-1 Aerial location maps for data collection sites
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4.4.3 Software Application Parameters and Input

One note that may be of interest to practitioners and researchers is that the authors purposefully
used oubf-dae versions of both VISSIM and Synchro for the results presented herein. The
versions used include release 2.40 of INTEGRATION dating to 2012, release 4.30 of VISSIM
dating to 2007, and version 6 8ynchro dating to 2003. hE understanding of the autbas that

these versions represent the most recent iterations of each program not requiring either a
networked license or an ongoing subscription fee, and as such would be consistent with the
software employed by the majority of practicing engineers fauirigjet constraints.

In defining the separation between model calibration and model creation, the authors choose to
take any readily observable information, such as the roadway geometry, the speed limits, the
signal timings, and the demand volumes, to bg pf the model creation. One note on the
difference between the macroscopic HCM method and simulation is that INTEGRATION and
VISSIM have built in varianceni each simulation run. drcollect a sufficient amount of data,

both simulation software applitan were run for ten seeds of twesitye minutes each, with

fifteen minutes of data used from each run, with vehicles scheduled to enter the network between
five and twenty minutes during the simulation.

The geometric input for Synchro requires a nbd& layout, based on overlaying centerlines of
roadways onto an aerial background image which has been appropriately scaled. The various
designs posed different sets of problems in modeling in thisnlimle format, with the DDI
effectively modeled as a tveork of oneway streets, the DLT looking similar to a pinwheel with

the leftturn bays looking like the blades, and the RCUT looking similar to a diamond
interchange, without a bridge crossing the middle. The key for HCM modeling is to match each
demandflow with the appropriate number of lanes and signal timing, at which point individual
movements may be modeled separately without regard to the overall junction. Signal phasing
and timing must be explicitly dkiyfganeraged., but on

The logic for geometric input in INTEGRATION is similar to that of Synchro, but in this case
there isndt a graphical interface, with the n
defined by which nodes they connect and how ltrey are, a process aided by the use of
overlaying a noddink network on an aerial image in a CADD drafting program. Some of the
designs proved challenging to model while maintaining minimum link lengths, with the
displaced lefturn design requiring aouple of iterations to solve. The desired speed and other
vehicle behavior parameters are set in the link file. For consistency with HCM 2000
recommendations, the basic saturated flow value is set to 1900. Jam density is set to 150 veh/km
to be consignt with VISSIM default values. The authors defined free flow speed and the speed
at capacity, as the posted speed limit and half of this value for each link, respectively, consistent
with prior research findings for arterial driver behavja@27]

The VISSIM input is the most graphicalyiented of the three, with the network defined as a
series of lane segments connected to other lane segmadtsst@bar locations defined
explicitly by location on each lane approach. When defining odgstination flows the
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software highlights the default set of links by which vehicles will traverse to their goal, allowing
users to validate the geometric oecstions. One problem for the analysis of alternative
intersections in this case is that users must first have afulgarealized geometric design
before the simulation can be created. Of the three, the graphical interface of VISSIM makes it
the mostversatile (easiest to use) in dealing with the unconventional lane configurations
encountered with alternative designs. However, this advantage would become a liability in the
case of modeling large networks, where modelling each connection would ®tisaning.

4.5 Research Results

The information provided as research results represents the data obtained both from the observed
field conditions and from the modeling efforts performed for this study. For interpretations on
the data, as well as judgementsl aonclusions drawn, please see the analysis section of the
paper, which follows.

4.5.1 Observed Signal Phasing and Timing

An essential component of modeling the in situ conditions required accurately understanding the
operations of the signalized control beingplemented in the field. In many cases, the traffic
signal lights themselves were visible in the videos. In cases when none of the cameras were able
to view the light, the start of green was used assawend prior to the first movement of
vehicles athe stop bar. The recorded fifteemnute period of data is shown FHGURE 4-2,

with the equivalent primed signal timings shown iRABLE 4-1.
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TABLE 4-1 Pretimedequivalent signal timings

Data Source Cycle Green Yellow Al-Red Green Start
- Southbound Left 39 3 3 4
S| o
% g Eastbound Through | 75 23 3 3 50
a Westbound Through 43 3 3 0
(@)]

.% Northbound Left 41 3 3 4
2[&| Eastbound Through| 90 45 3 3 0
&)

Westbound Through 31 3 3 51
| 2 North/South Left 20 3 3 0
£(e 140

ho O | South/North Through 108 3 3 26
(]

- North/South Left 27 3 3 8
©
81 c | North/South Through 27 3 3 17

f_g_ © 140
= East/West Left 16 3 3 50
&

East/West Through 64 3 3 72
. Eastbound U-turn 10 3 3 0
£l 4 100
2| w | Westbound Through 78 3 3 16
D
| S SB Right / EB Left 21 3 3 31

£ 15 100
@ £ | Westbound Through 67 3 3 58
Ol | NBRight/ W Left 10 3 3 3
o|3 100
2 ¥ | Eastbound Through 78 3 3 19
$12| westbound U-tum 18 3 3 44

0 100
= Eastbound Through 70 3 3 68
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FIGURE 4-2 Observed peak period signal operations for ODIT, and RCUT facilities
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4.5.2 Green Band Progression
By examining the signal phasing of multiple signalized locations within a given design, the
internal greerband progression at the junction may be observed.

For the diverging diamond interchange, it wasrnio that the eastern signal completed 12 cycles,
while the western signal completed 15 cycles, indicating that these two locations are operating
entirely independent from one another. For both signal locations, the cycle lengths themselves
were found to b irregular.

The observed traffic signal and greleand progression information for the DLT northbound and
southbound lefturn movements is shown FIGURE 4-3. In this case, a wetlefined signal
phasing scheme is observed, with considerations for ggsigm for all turning movements
encountering multiple signalized control points.

450
. . (7]
7238m. Northern 5 400
rossover e
297m: Northbound|| £ 350 =, \ \ : \
— = | i H | i
: Stop Bar g 300 ; :I SouttboundLeft: .
~ 232m: Southbound|| 5 l, '; | Penedanine | ':
= Stop Bar g 250 \ i i i i i
[
~190m: Northbound a0 200 , ; . , .
. Stop Bar g 150 i i NorthboundLeft i
{  143m: Southbound|| &9 5 :' e g :'
=y Stop Bar ‘= 100 ' * ’ '
100m: Southern -2 50
Crossover 3
n
~— Om: Baseline 16:45 16148 1651 1654 1657  17:00
Time of Day

FIGURE 4-3 Displaced leftturn green band platoon progression

The observed traffic signal and greleand progression information for the RCUT site are
provided inFIGURE 4-4. In this case, a wellefined signal phasing scheme is observed,
though there are questions about the progression provided by the observed phasing scheme.
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FIGURE 4-4 Restricteccrossingu-turn greenbandplatoonprogression

4.5.3 ObservedPeak Peiod Traffic Volumes
Video data collection at each site included a total of four hours of traffic, covering both two

hours in the AM peak period and two hours in the PM peak period. Due to thedirmgming
process of tracking individual vehicles throutjfe network to obtain origidestination travel

times, it was determined that the fifteen minute period between 4:45 and 5:00 PM would be used
for analysis. Turning movement counts as shownTABLE 4-2 are based on all vehicles
entering the network durg the fifteemminute period recorded, multiplied by four to obtain

hourly flow-rates.

TABLE 4-2 Origin-destinationtraffic demands byocation

Northbound Southbound Eastbound We stbound
Location (Design)

Left Thru Right Left Thru Right Left Thru Right Left Thru Right
I-15 and SR92 (DDI) 924 x | 556 [464| x | 268|120(492| 692 |368| 756 | 484

Eisenhower and Madison (DLT) | 52 | 184 | 136 |316| 188| 64 | 80 |1524 40 |132( 780| 340
Ocean Hwy E. and Ploof (RCUT)| 52 | 44 | 72 [192| 32 | 240 |228|1296 84 |100|1500 228
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4.5.4 Aggregate Travel Time and Delay Measures

Using a combination of the video input feeds and the roadway ggoradocation along each
approach and exit from the junction was chosen as the limits of the network for the sake of travel
time calculations. Time was logged for each vehicle as it crossed the threshold entering the
network, and subsequently as it @ed the corresponding threshold exiting the network, with

the collectedravel times then aggregated by turn movement and by overall intersection. The
aggregate intersection average delay per vehicle for each of the four cases, field observation,
VISSIM, INTEGRATION, and HCM method, are shownT#ABLE 4-3.

The measure of delay for the HCM style report comes directly from the report, and is not
associated with a travéiilme measure. However, the delay values indicated for the observed
field data, VISSIM, ad INTEGRATION results are based on subtracting a base travel time
value from the individual vehicle travel times observed, with the base travel time values being
defined by turn movement. The minimum of two values is taken as the base travel timewalue f
a given turn movement, the first being the theoretical travel time needed to traverse the given
distance at the posted speed limit, and the second beind' ther&ntile travel time observed

from the field data for a vehicle completing the movem&khatever value is determined as the
base travel time for the field data is then applied to the observed travel times from VISSIM and
INTEGRATION simulation to determine their respective delay measures. In this way, it is
possible, and indeed observed,titie fastest vehicles observed both in the field data and in the
simulations result in negative delay values. These negative values represent drivers exceeding
the speed limit, and their values are left intact in calculating the aggregate delay olrservati

TABLE 4-3 Averagedelay pervehicle

Data Source DDI DLT RCUT
Field Data Observation| 24.6 28.5 24.8
VISSIM 28.3 24.6 26.9
INTEGRATION 31.0 33.7 26.9
Synchro (HCM Report) 22.0 158.6 49.5

The observed travel times for the individual tmmovements is shown IRIGURE 4-5 for the

DDI, FIGURE 4-6 for the DLT, andFIGURE 4-7 for the RCUT designs, respectively. The box
plots indicate the mean averagehicle delay with a diamond shape, and use thepbmbdormat

for communicating the distribution of delay experienced by the vehicles in the dataset. The box
plot format shown uses th& &nd 95" percentile values as the whiskers, with th& asd 75’
percentiles as the upper and lower limits of the box itself. A line within the box indicates the
median observed value. The four data sources are shown as black for field data, blue for
VISSIM, red for INTEGRATION, and green for HCM methodology, respely. The values

used to generate the plots are shown to the right, aligned with each box plot.
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FIGURE 4-7 Delay observations for the restricted crossirigm intersection
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4.6 Analysisof Results

4.6.1 Analysis ofSignal Timing and Platoon Progression

The lack of coordination between the eastern and western junctions of the DDI is worth some
discussion. In the majayi of applications for actuated (ngmetimed) signals, the minor
movements are actuated to thmet or skip when lacking demand, with the additional time
provided to the major movement, maintaining a constant cycle length. In this case, it appears as
though both the eastbound and westbound movements are designedotat,gaych that the

cycle itself is allowed to end early transitioning to the next cycle without a consistent offset time
between the two signal locations. On further investigation, wesearthat the northbound left

and the westbound through demand volumes are approximately equal, so neither one can be
prioritized for progression in the westbound direction. Likewise, the demand flowrates at the
western intersection show very similar vadufor the eastbound through and southbound left
volumes, so progression in the eastbound direction cannot be prioritized for one or the other. As
a result, the benefit for providing consistent signal cycle lengths is lost,

At the displaced lefturn intgsection, the decision to provide the majority of the green time (108
seconds) at the crossover locations to the through movements is interesting, as the channelized
right-turn bays ensure that through vehicles only occur at this location during theesastfiev

turn phase and the norlouth through phase (a total of 49 seconds including the clearance
interval between the phases). Vehicles traveling the north/southrefinovements experience

all of their delay in one location, before the crossovigris assumes that the offset of green start
times are set correctly in the field, whiEKGURE 4-3 previously indicated they had been. One
benefit of this decision is that there is no chance of queue spillback from thenelfiays at the

main intersetton back through the crossover, but consequentially, the queue lengths for-the left
turn bays beyond the crossover locations must be significantly longer to not generate their own
spillback effects on the north/south bound approaches.

The restricted crogsy intersection has the greatest potential to provide through progression
when built in series along an arterial. Because the timing of the-sauth disconnect at the
central location of the design, the eastbound and westbound green bands can dvelamdisp
coordinated with adjacent intersections, providing progression concurrently in both directions
along the roadway. The distance between thelstiomt the tturn location and the stelpar at

the main intersection for both the eastbound and westbdalirections for the intersection
observed is approximately 190 meters, a travel time of approximately 9.5 seconds based on the
posted speetimit of 45 miles per hour. However, the observed offsets for start of green during
the peak period are approxately 45 seconds for the westbotthdough movement, and 50
seconds for the eastboutitough movement. As a result, the existing operation of the signal
consistently has the highestlume through movements on the arterial leaving at the start of
green fom the uturn location only to arrive at the main intersection at the end of the green
phase, as indicated FIGURE 4-4, imparting unnecessary delay to these critical movements.
The lack of signal progression in the observed condition will not impacsithulation results,
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because the same signal offsets and progression are maintained for that analysis, but it may
impact the results of the macroscopic analysis, which does not automatically take into account
progression considerations between nodes.

4.6.2 Analysis of Delay Measures

Of great importance when assessing the validity of various analysis methods to model a given
design is to consider the individual turn movement behaviors modeled. In some cases, designers
may be seeking a design with an overall lexfeservice of C or better, but they are constrained

to maintain every individual movement at the junction to a level of service of D or better. An
analysis which correctly predicts the overall average delay, while significantly-esti@ating

some moements and ovesstimating other movements, may appear to be a valid analysis tool

on the surface, but may then unfairly critici
said, comparing the results of the various methods against the obseraestbibehan provide

valuable information for researchers and practitioners on the biases of these tools.

All three analysis methodologies provided sufficiently accurate predictions for the overall
average intersection delay for the DDI design. The obseaverhge delay was 24.6 seconds,

with Synchro predicting the smallest delay at 22.0 seconds, VISSIM predicting 28.3 seconds,
and INTEGRATION predicting 31.0 seconds; consistently in the LOS C range. Examining
some of the details fronFIGURE 4-5, all obsered and predicted movement delays are
operating at LOS D or better, with the vast majority of predicted timings falling into the same
LOS regime as the observed behavior. One observation of note is that the lane utilization on the
east/west through moventenwvas much more evenly distributed in the simulation than it was
observed in the field, which didnot greatly
delays to the observed condition at demand volumes closer to capacity. The authors postulate
that the results of all analysis methods so closely matched the field observations because the
behavior of the DDI design is more like that of two -aveey streets, with the geometric design of

each individual crossing location very closely matching noroedway conditions.

The results provided for the DLT design provide for the most cautionary example of using
macroscopic analysis to predict alternative design behaviors. The datal@®RE 4-6 shows

how the HCM analysis correctly predicted the vehioitags for through movements at the
intersection, but erroneously overestimated thetleft delays to a very high degree, despite
being programed with the exact signal timings observed in the field. As a result, the Synchro
analysis predicted an overallerage delay of 158.6 seconds per vehicle, in contrast to the 28.5
seconds observed. Both of the microsimulation results are within an acceptable margin of error,
with 24.6 seconds for VISSIM and 33.7 seconds for INTEGRATION. The individual turn
movemen predictions from simulation are fairly consistent with the observed values, though
INTEGRATION is predicting northbound and southbound delays that are higher than expected.

The aggregate average delay predicted by the simulation applications of 2&®tlfprwere
very close to the observed delay of 24.8 for the RCUT design, with the HCM methodology
prediction of 49.5 seconds being twice that of the observed condition. Examining the individual

56



movements fronFIGURE 4-7, we see that the observed delay riorthbound and southbound
movements in the field is approximately equal, while the simulated conditions incurs
significantly higher delays on the northbound approach, offset by significantly lower delays on
the southbound approach, this in spite of tlgma timings being taken from the observed
condition. As with the DLT design, the HCM methodology primarily fails on thetueft
movements, with delay estimates of nearly 400 seconds per vehicle for these movements heavily
impacting the aggregate avgea In both cases, an adjustment to the percentage oftgreen
allocated to the turn movements may solve the problem, however, this would require modifying
the field observed inputs to better match the resulting field observed delay, which defeats the
purpose of accurately modeling the design.

4.7 Limitations
The research presented herein is limited in a number of different ways, which may impact the
robustness of the conclusions reached, but which the authors wish to state as known issues.

The designs chorefor review here were carefully chosen, but inweyy represent a definitive
collection of alternative intersection designs. Many additional types of alternative designs, such
as the quadrant roadway, the mediatunma intersection, and others could hdeen included.

Also, the designs shown are not ubiquitous geometries for the design categories they represent,
but instead are individual iterations of a given style of design.

The example locations were chosen specifically because there is ongoimghréseacorporate

them into future versions of the highway capacity manual. While the authors recognize that the
development of macroscopic techniques applied to these designs may reduce the utility of the
research presented herein, we feel that theepotimesearch provides significant contribution at

the present time, and that it may serve as a foundation for future work to examine the validity of
these new procedures.

The fifteenminute peak period analyzed provides a sense of the average delayregukinethe

field, but multiple days of data, with significantly more observations would be preferable given
unlimited budget and unlimited time. As an individual run of a given simulation scenario
provides an indication of the true result, so too doesitldividual pealperiod observation
collected in the field.

The authors previously mentioned the age of the software applications employed for this study.
Whil e we ffeel t hat thereds a valid argument
various software applications, there may be an equally valid argument for conducting the
analysis with ugo-date software. Additionally, the software applications used are in no way
exhaustive of the possible software applications for use in traffic simlati macroscopic
analysis, and incorporating other software applications into the research may provide a more
nuanced understanding of the problems encountered in analyzing these designs.
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4.8 Conclusions

The purpose of this paper as stated is to assessalidggyof micro- and macroscopic tools
currently employed to analyze the operational performance of alternative intersection designs.
Based on the analysis conducted herein, the authors find that microsimulation applications
provide robust results forlalypes of intersection geometries, predicting delay measures for both
average intersection delay and individual toravement delays with sufficient accuracy for
design purposes. The macroscopic HCM methodology was found to accurately predict delays
assaiated with the DDI design, but was unable to predict delays for either the DLT or RCUT
designs. Primary failures for HCM methodology predictions came from theitafmovements

for the atgrade designs, with macroscopic analysis predicting oversatuflat® conditions

when using observed signal timing plans, despite microsimulation accurately modeling these
same movements with identical inputs.

The authors recommend two expansions of the current research. First, the inclusion of additional
alternativeintersection designs, such as the jughandle, the meeiam,uand if possible a field
implementation of the quadrant roadway design. Second, future research should include analysis
of the ongoing research developing HCM methodologies for the DDI, BCT, and median

u-turn designs, once this information is released.
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Abstract

The modern roundabout has become a very popular alternative intersection design within the
United States. As this design becomes a more standard solution ingkegfh European
practice, we are likely to encounter more frequent occurrences of the trabaghintersection,

a related design. This design, while not well documented in the literature, occurs on the
spectrum of alternative intersection designs.

This paper examines the operational aspects of the thadwmit intersection design.
Comparative analysis of overall intersection delay is conducted using the INTEGRATION traffic
microsimulation software package, with data for the conventional intersestitied using the
HCM methodology embedded within the macroscdiEsed Synchro traffic software.
Secondary measures of effectiveness are discussed, including safety, cost, and fuel consumption.

The analysis of this design shows that the threaigbut mg not be successful as a direct
competitor for either the modern roundabout design or for the conventional signalized
intersection. Instead, this design should be considered as-spetiéic solution to achieve
effective safety and access consideratiohere a highvolume arterial intersects with one or
more lowvolume roads, potentially with large skew angles.
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5.1 Introduction

The topic of alternative intersections is becoming one of increasing interest in the United States.
With the ongoing integrain of the modern roundabout design into the transportation
engineering industry, more professionals and researchers are taking note of potential alternatives
to the conventional signalized intersection design. There remain few options for analyzing these
alternatives short of full micrksimulation, which may be preventing these designs from
experiencing more widespread adoption by the industry. A design alternative related to the
modern roundabout is the throughout, which includes a circulatory roadthvisignalized
through lanes bisecting it to allow for greater throughput on a major arterial.

The purpose of this paper is to assess the value of the thatwogih intersection design as an
alternative option to a conventional signalized intersection ddsign operational perspective.
Analysis considers one major arterial crossing with one minor arterial at a-degte angle,
with alternatives including a conventional signalized intersection, a modern roundabout, and a
throughabout intersection degi. Sensitivity analysis is conducted on total volume, percentage
of left-turns on the major arterial, and the volume split between the major and minor arterial.

The primary measures of effectiveness (MOEJraific operationsat intersections include eh
average delay experienced by all vehicles as they traverse a given facility, measured in seconds,
followed by the percentage of potential capacity being utilized. Once operational requirements
are established, secondary measures of effectiveness mywedbeperations and include an
assessment of the safety of a design, access it may or may not provide to adjacent property,
expected cost of construction and maintenance, and fuel consumption experienced by vehicles
traversing it. This paper will focusiprarily on measures of vehicle delay, but will touch upon
other MOEs as the data allows.

5.2 Through-About Geometry

The througka b o u t design, someti mes known as the fl
circulatory road pierced by a major roadway, with tigtolanes crossing through the circulator.

As shown inFIGURE 5-1, traffic in the major roadway maintains through movement using
signalized intersection(s), while all turning movemeintsn the major rodway and all traffic
movements fronthe minor crossig roadwayutilize the circulator This configuration allows the

signal control to operate with twophase signal plarthus reducing lost timeLeft-turns are

prohibited from within the middle section of the through lanes, forcingdefing vehicledrom

the major approach to use the circulator to access their destination.

There are twanentions of the throughboutintersection irrecentliterature. The first is in
the Alternative Intersections and Interchanges Informational Report (MIRand the second
from a TRB conference paper on a proposed new design, the Reduced Clodiisection
(RCI) [128]. The material included in the AlIR references a 2004 report from lowa[$08k
though upon reviewing this source material it was found that ncereferto either the through
about or the hamburger intersection is made ther&he later publication on the RCI provides
more detail on the throughbout design than did the AIIR, but it also lists the lowa publication
as its source material. Furthervienv indicates that the RCI paper combined information
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provided in the AIT R with informatiof29f ound ¢
None of the information provided about the design on the Wikipedia page is referenced to an
external source.

FIGURE 5-1 Examplethroughaboutgeometry

5.2.1 Existing Implementations

Despite a lack of literature on the design, a number of locataist where it has been
implemented. Without citation, some of the literature cites these designs as being popular
solutions in both the United Kingdom and Spain. Within the Urfdedes, there are currently

three examples documented, though the authors believe that all of these designs date from a time
when rotaries were popular, and are not associated with the recent proliferation of the modern
roundabout. The differentiation toeeen the designs is well documented in the current-efate
the-practice document: Roundabouts: An Informational Guide (second ed[t®)) The older

rotary design is differentiated from the modern roundabout by a larger diameter, often in excess
of 300 feet. This large diameter was often set basedeotetigth of weaving section required
between intersection legs, and resulted in higher speeds of travel and greater safety concerns than
its modern counterpart. Modern roundabouts are designed to maintain lower circulating speeds,
with an inscribed diamet between 90 and 180 feet for single lane roundabouts, and 150 to 300
feet for multilane roundabouts. The smaller radii of these designs forardtv slow their
speedto comfortably traverse the curve of the road, with the slower speeds achievadgeduc

61



both the frequency and the severity of crashes at the site. Aerial images of the domestic example
locations can be seen belowRiGURE 5-2. These designs are not true circles, but are oblong

in shape, with locations that include Fairfax, Virginighwva 200/230 foot inscribed diameter,
Everett, Massachusetts with a 400/450 foot inscribed diameter, and Cherry Hill, New Jersey with
a 230/330 foot inscribed diameteiThe diameter dimension along the major artemaly be
governed by the need to providdequate queuing space.

FIGURE 5-2 Existing domestic implenmgations of the throughbout

Aspects that these lations have in common are the intersection of a major arterial with high
through vehicular volumes, and skewed approaches on minor streets. While the Virginia
location features only two minor approaches heavily skewed from the primary arterial, the
Massabusetts location includes three minor approaches and the New Jersey location includes
four. The accommodation of pedestrians and bicyclists are handled differently at each location.
In Fairfax, VA, atgrade crossings are provided in all four directiomsth north-south
movements accommodated on the outer edge of the circulator, andesasnovements
accommodated within the green space. The Everett, MA location accommodates pedestrians and
bicycles with gradeseparated facilities, maintaining traffioroughput. No accommodation is
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provided at the Cherry Hill, NJ location. In general bicycle and pedestrian accommodations are
a sitespecific concern, and the analysis of their interaction is not explored herein.

Information was provided by a traffic eénger working for the city of Fairfax, VA regarding
the history of the throughbout in their cityf130]. The single througlabout intersection located
in Fairfax is the last remaining of a number of different locations that have been reconstructed
over the years due to safatgncerns. Many of these resulted from the initial construction of
rotaries or traffic circles in the 4006s and
years to accommodate growing traffic volumes in the area. Safety concerns arose due to
frequent accidents, largely due to weaving movements with business access points in close
vicinity to the intersection. The remaining location is operating within acceptable mobility and
safety measures, and the cost to reconfigure the junction would natifieql.

5.3 Evaluation Approach

Though a number of the alternative intersection designs are being integrated into future iterations
of the Highway Capacity Manual, currently the two analysis methods available for practitioners
are a planning level capacba s ed anal ysi s uXprogrgm[IBH®wW A dud CAP
traffic microsimulation. Many of these designs exhibit benefits to safety or access, but in
practice tlese become secondary considerations, examined only after capacity and delay
measures are satisfied. The opposite also holds true, that many of these designs have benefits to
mobility but the rightof-way necessary to accommodate large intersection fatépor wide
medians is not always available or cost effective. In evaluating the thatnogh design, our
primary concern will be measures of delay, with secondary measures of effectiveness
investigated as appropriate and available.

5.3.1 Analysis Methodology

Two software applications were employed to validate the findings included in this paper: the
macroscopic based Synchro software, and the microsimulation based INTEGRATION software
package. The standardized methodology from the Highway Capacity MaBadaas used to
validate the findings of microsimulation for the conventional signalized intersection using HCM
2000 methodologies as implemented in Synchro (version 6). oMioulation results are an
amalgamation of numerous simulation runs, varying the random seeds to achieve significant
confidence in the values presented. Each volume/geometry combination was run for
approximately 20 hours of simulated time, resulting i8098onfidence intervals on average
delay of less than +0.5 seconds for undersaturated traffic conditions.

The use of microsimulation software packages provides the opportunity to optimize signal
timings in real time, however, in the interest of obtainbegsistent and repeatable results the
authors developed signal timing schemes for each volume combination and geometry. Ciritical
|l ane analysis was used to develop both the n:
the signal splits for the vanis phase movements, in accordance with the Traffic Signal Timing
Manual[9]. The natural cycle length was rounded to the nearestelsonds, and allowed to
vary between 60 and 140 seconds for the-fihase conventional intersection, and between 40
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and 120 seconds for the typhase througlabout design. Signal timings were treated as pre
timed nonactuated signals, with a constamhitig plan for the duration of the simulation. The
modern roundabout design was analyzed as an unsignalized intersection under yield control.

5.3.2 Measures of Operational Effectiveness

While control delay is the operational standard by which conventionaleotenss are measured
against each other, alternative intersections often include displaced or rerouted vehicle
movements with increased travel length. The preferred methodology used in the literature to
provide comparisons between alternative intersestisrto hold the limits of the network size
standard across each alternative design, and provide comparisons for total trajl tiksethe

delay measure is so critical for transportation engineering practitioners, the authors of this study
chose to define a traffic network with origitestination nodes located equidistant from the
centoid of the intersection. In this case, each design was modeled with start/end points located
0.4 km away from the centroid of the intersection. Setting the desirefldwespeed to 40

km/h (approximately 25 mi/h), each of the twelve origastinationrmovements travels 0.8 km,

with a base theoretical travel time of 72 seconds. Using the average total travel time of vehicles
in the network as the output of simulation, a measure of delay can then be used that incorporates
both control delay as well aggmetric delay for alternative designs.

5.3.3 Selection of Alternative Geometries for Comparison

The analysis conducted herein seeks to identify the potential of the thaibogh intersection

design to serve as an alternative solution to a conventional saphatitersection or a modern
roundabout design. Decisions about inteieacgeometry were mad® provide as equal as
possible a comparison between the alternative designs. A visual representation of the geometries
simulated is shown below FIGURE 5-3.
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(a) Conventional

(b) Roundabout

(c) Throughabout

FIGURE 5-3 Geometry ofa) conventional(b) roundabout, an¢c) throughabout intersections
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5.3.4 Definition of Origin-Destination Demands for Comparative Analysis

Three separate sensitivity ansdg are presented herein. The first set of volume combinations
varies the total volume on all approaches, while holding other factors constant. The second set
varies the percentage of major approach vehicles turning left. The third set varies thiagercen

of total traffic on the major approach. The volume combinations used are based on engineering
judgment.

In conducting sensitivity analysis on the magnitude of volume demands, the total volume on
all approaches ranges from 1,200 vehicles (passengequevalents) to 4,200 vehicles, with a
step size of 600 vehicles. The directional split between the major and minor approaches is
70%/30%. The major approach tumovement demands are split with 25% -keftning
movements, 65% through movements, anth X@htturning movements. The minor approach
turnrmovement demands are split with 15%-keithing movements, 70% through movements,
and 15% righturning movements.

In conducting sensitivity analysis on the percentage otuefiing vehicles, the totalolume
demand on all approaches is held constant at 3,000 vehicles. The minor approach experiences
the same tummovement demand splits for the laftn analysis as it does with the volume
sensitivity analysis. The major approach taravement demand®old rightturning movements
at 10%, while varying the left/through movements as 10%/80%, 20%/70%, 25%/65%, 30%/60%,
and 40%/50%.

In conducting sensitivity analysis on the split between the major and minor approaches, the
total volume demand on all apprb&s is again held constant at 3,000 vehicles. The major and
minor approach turmovement demands experience the same splits as in the volume magnitude
analysis. The split between the major/minor approaches varies as 90%/10%, 80%/20%,
70%/30%, 60%/40%, ah50%/50%.

A summary of the volume scenarios used can be seeARBhE 5-1.
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TABLE 5-1 Volume scenarios used in sensitivity analysigadfvolume magnitudg)b) left-turn
percentage, an@) major/minor split

(a) Volume Magnitude (b) Left-turn Percentge
Total Major _ Minor _ : :
g Volume %- i E f” %. 3 E %_D S| Total Major = Minor =
g olol-lelol-lF e gVolume%ﬁgg%ﬁgg’
| 1,200 [ 70| 25| 65| 10| 30| 15| 70| 15 8 w|ld|lF|lg|lu|d|F|&
= | 1,800 | 70| 25| 65| 10| 30| 15| 70| 15 S| 3000 |70/10/80| 10| 30| 15| 70| 15
€ [ 2400 [ 70] 25| 65| 10| 30| 15] 70] 15 c | 3000 |70|20|70[10[30|15|70] 15
= | 300070 25]65] 10] 30] 15] 70] 15 £ | 3000 |70|25|65|10]|30| 15| 70| 15
> | 3600 | 70| 25] 65| 10| 30| 15[ 70] 15 @ | 3,000 |70|30)|60|10|30|15| 70|15
4,200 | 70| 25| 65| 10| 30| 15| 70| 15 3,000 | 70| 40| 50| 10| 30| 15| 70| 15
¢) Major/Minor Split
= | Tow gajoé E = :,:lmoer E
(%Volume(%gﬁb%’%gﬁg
S [ 3000 | 50| 25| 65| 10] 50| 15] 70| 15
S| 3000 |60|25]65|10[40] 15] 70] 15
g 3,000 | 70| 25| 65| 10| 30| 15| 70| 15
= | 3,000 |80|25|65|10]| 20| 15| 70| 15
3,000 | 90| 25| 65| 10| 10| 15| 70| 15

5.4 Research Results

For the volume combinations examined, in general, the roundabout was found to be the preferred
design, performing significantly better than the other alternatives investigated, with the
conventional intesection displaying slightly better operational performance than the through
about design at higher volumes. Results of the three sensitivity analyses are felIdRES

5-4to0 5-6.

The twolane roundabout alternatiiea FIGURE 5-4 is seen to impart smificantly less
average delay than the other alternatives prior to 3,600 total vehicles on all approaches, after
which the roundaboutdesign experiences oversaturated conditionsThe results of
microsimulation of the conventional signalized intersecti@tk along with the anticipated
results calculated using the macroscopic HCM methodology, but the microsimulation predicts an
average vehicle delay of a few seconds more in each case. At lower volume thresholds, the
throughabout intersection performs glitly better than the conventional signalized intersection,
with equal performance in the mrdnge volumes and increasingly poorer performance in the
high-volume regime.
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FIGURE 5-5 Average delay as a function of percent-tefhing vehicles on major approach

The results shown iRIGURE 5-5 examine the sensitivity of each design to the percentage of
left-turning vehicles. The values displayed at 25%tlafhs on the major appach inFIGURE

5-5 are the base results included at the 3,000 total vehicles IeFEBIBRE 5-4. The findings

of this research indicate that at this level of volume magnitude, the operational effectiveness of
the roundabout design is largely unaffectsdthe percentage of leftirning vehicles. As the
percentage of lefturning vehicles increases, both the conventional signalized intersection and
the througkabout design degrade in operational effectiveness, though the conventional
intersection is seeto be less sensitive to the effects of-tleftning vehicles than is the through
about.
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FIGURE 5-6 Average delay as a function of percentatal volume on major approach

The results shown iIRIGURE 5-6 examine the sensitiyitof each design regardirige degree

to which the major arterial experiences more traffic than the minor artéita.findings of this
research indicate that at this level of volume magnitude, the operational effectiveness of the
roundabout design is largely unaffected by majombr approach split. As the percentage of
traffic on the major approach increases, both the conventional signalized intersection and the
throughabout design improve in operational effectiveness, though the thedggh design
slightly underperforms theonventional signalized intersection, and neither of these designs
comes close to the operational effectiveness of the roundabout.

5.5 Analysis Of Results
Reviewing the three sensitivity analyses for the threalgbut design, there does not appear to be
a niche condition under which this design is preferable, based on the volume combinations tested
herein. Anecdotal evidence suggests that the existing thdadamit intersections in use
domesticallywere constructed as a modification to an existing trafficleiras througivehicle
traffic demands on the main arterial grew too large to be accommodated on the ciftG@jtor
This may suggest that specific volume combinations with high throadiit volume on the
major arterial, and low volume demands on the major approach gumawements and minor
approaches may vyield beneficial results.

While overall average delay experienced by vehicles at the thaumit design appears to
be greater than that of either the roundabout or the conventional signalized intersection, the
reducton from four phases tovb may reap benefits for this design on the average delay of
throughmovement vehicles on the major arterial. There are some cases where access is
necessary for turning movements and minor approaches, but the maintenance opthroogh
the major arterial takes precedence over the overall performance experienced by all vehicles at
the intersection. AssuchR|GURE 5-7seeks t o determine if thereos
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delay experienced by only the major approach threugkement vehicles when examining the
results of the total volume sensitivity analysi¥he results of this througmovement delay
analysis indicate that the advantage of the modern roundabout design tails off as it approaches
capacity before the conventionatersection or the througdibout design, and that the through

about design consistently serves througbvements better than its conventional intersection
counterpart. A question for designers might be the degree to which the through movements on
the mgor arterial might take precedence over the total intersection operations at a given location.
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FIGURE 5-7 Throughmovement delay on major arterial

5.5.1 Secondary Analysis Metrics
Though delay is the primary measure of effectiveness used in the comparipotewfial
improvements for an intersection facility, many other considerations come into play before a
final selection is made. No increase in mobility can be justified if the safety of the roadway
users is compromised by its constructidesigns must @ shown to be as safe as the other
alternatives under consideration. The cost of each alternative may become a governing factor if
the difference is significant; this is particularly true when there is insufficient-ofgivly to
construct a given desigrand additional land must be purchased. Fuel consumption, while a
secondary consideration, is also becoming a common metric for evaluation. A final metric that
becomes importarfor the throughabout designs the number of minor approaches intersecting
at the location, and the relative skew of those approaches.study results lead the authors to
believe that the througabout may serve as an optimal solution in cases where abiigme
major arterial is joined by more than two lawlume approacheand/or those approaches meet
at a highly skewed angle.

One of the primary considerations which must be met when proposing facility improvements
is that the safety of the location must not be compromised by any improvement constructed.
Though the modernoundabout design provides significant safety improvements over the
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conventional signalized intersection design, these improvements are arrived at due to the
reduction in the total number of conflict points encountered by vehicles traversing the facility
[8], and the reduction in severity tlie existing conflicts. The modern roundabout design
features only merging and diverging conflicts, with the majority of incidents involving property
damage with little in the way of injuries or fatalities. The conventional signalized intersection
has hgher rates of accidents, injuries, and fatalities, due to the larger number of conflict points,
and the fact that a number of these conflicts are the most dangerous crossing type of conflicts.
An analysis of the conflict points for the mtiktine designanalyzed in this study can be seen in
FIGURE 5-8. The conventional signalized intersection includes 48 total conflict points, of
which 30 are the mostangerous crossing conflicts. The dlaale roundabout retains 16
crossing conflicts out of a total 82 points of conflict. The througibout design shows a slight
reduction from the conventional signalized intersection, with 40 total conflict points including 28
crossing conflicts.
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Conflict Points Conflict Points Conflict Points | | |
Crossing: 30 Crossing: 16 Crossing: 28
Merging: 12 Merging: 8 Merging: 14
Diverging: 6 Diverging: 8 Diverging: 8

(a) Conventional (b) Roundabout (c) Throughabout

FIGURE 5-8 Conflicts created by (a) conventional signalized, (b) roundabout, and ¢cigtiar
about intersection designs

Four factors impacting cost fdhe alternative designexamined hereinnclude the cost of
purchasingight-of-way, the cost of constructirtge footpgint of the roadway gemetry, the cost

of constructingsignalization and corresponding sensors, and the cost of maintenartbe for
signalization. These factors can be summarized as shown belodBIrE 5-2. Although the
indicator variables shown are ndirectly correlated to the overall cost, they give a clear
indication that rightof-way is an issue for the througibout design at the central intersection
location, and that the modern roundabout design can be expected to incur the lowest total cost for
construction. The total asphalt footprint is measured for a 1 kilometer diameter around the
centroid of the intersection design, and includes a small paved shoulder beyond the edge of the
travelway. These values are not taken to be constant for thesgnde but are based on the
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geometries used in this study and are meant to be indicative of the relative costs that can be
expected.

TABLE 5-2 Cost indi@tors for alternatives analysis

Diameter of  Width of Major ~Width of Minor ~ Total Asphalt Signal

Desi )
esign Central Area (m) Approach (m) Approach (m)  Footprint (m*2) Masts

Conventional Signal

Roundabout

Through-about

Fuel consumption is becoming a more common secondary measurectiveffess, and is likely

to continue increasing in importance along with the cost of energy. The INTEGRATION traffic
microsimulation software package interfaces with theNi€ro fuel consumption model to
provide measures of fuel consumption for theralves analyzefll33]. Making use of the

total volume sensitivity analysi;IGURE 5-9 shows the relate fuel consumption of the
alternative designs for the various volume combinations examiridte results of the fuel
consumption analysis indicate that the modern roundabout outperforms the conventional and
throughabout designs until it approaches capaciand that fuel consumption for the
conventional intersection is consistently better than that for the thatuglt design, though not

to a great degree.
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FIGURE 5-9 Fuel consumption measures from volumagnitude sensitivity analysis
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The existing mplementations of the througtbout design domestically all have minor
approaches with significant skew angles as they meet the major arterial. Two of the three
locations additionally have more than two minor approach spokes at the junction, with the
circulator road providing access to multiple points along the circumference. Combined with the
microsimulation results of delay measures, the existing implementations as previously shown in
FIGURE 5-2 would indicate that this design is useful as a solutiom tonique geometric
condition, and not necessarily useful as a direct competitor to other alternative intersection
designs.

5.6 Limitations of the Current Research

The authors believe that there exist specific conditions under which this design becomes the
preferred choice for construction, but that the conditions necessary for this may be more related
to sitespecific space constraints than superiority in operational analysis. As an example, all of
the domestic implementations of this design exist with lssgew angles on the minor
approaches, and two of the three locations have more than two minor approaches coming
together at the junction. Additionally, there may be a set of ttimiogement volumes which
indicate the througlabout as the appropriate cheifrom an operational perspective, but the
volume combinations tested herein did not include such a scenario.

5.7 Conclusionsand Recommendationdor Future Research

Three sensitivity analyses were conducted for the research presented herein, with a pcisary fo
on the average delay of vehicles. The first analysis on total volume of all approaches indicates
that the roundabout intersection design outperforms the conventional signal and-tdivough
designs up until the roundabout reaches capacity, at which fhe conventional signalized
intersection has a slight advantage over the thralglut design. The second analysis on the
percentage of lefturning vehicles indicates that the throeafiout design is more susceptible to
performance degradation atghi percentages of leftirning vehicles than is the conventional
signalized design, but that the modern roundabout design outperforms both by a significant
margin, and is relatively insensitive to the percentage ofuefing vehicles. The third analgsi

on the major/minor approach split resulted in very similar findings to the sedbedhrough

about design is more susceptible to performance degradation at high levels ehppiraach

traffic volumes than is the conventional signalized design Hattihe modern roundabout design
outperforms both by a significant margin, and is relatively insensitive to higher volumes of
minor-street traffic.

Though the througlabout intersection design was not able to show significant improvements
over the alternates in terms of overall intersection delay, a number of secondary measures of
effectiveness were investigatedtrom a safety perspective the vehipkgh conflicts produced
by the througkabout intersection are anticipated to bepan with those of a cwentional
signalized intersection, with the modern roundabout experiencing significant improvements to
safety over both. From a cost perspective, the conventional signalized intersection is anticipated
to need the least amount of righftway for constration, with the roundabout expected to have

73



the lowest longerm costs due to the lack of signals and corresponding maintenatiee
throughabout intersection requires significantly more rightvay, and is likely to be
considered only on the occasiohretrofitting an existing traffic circle or rotary installation. In

terms of fuel consumption, the vehicle trajectories associated with the roundabout design
provided significant benefits over either the conventional signalized intersection or thenthroug
about design. Finally, it was discussed that a primary benefit of the thatnogh is its ability to

safely accommodate a larger number of minor street approaches than the other designs, as well
as approaches that have large skew angles.

The authors mpose that future analysis of this alternative intersection design may be
conducted using the Monte Carlo method of experiment design, randomly sampling from a wide
variety of volume combinations to seek out the outlier conditions under which this design
outperforms the competing geometriegnfortunately, this type of analysis requires a widely
expanded saif volume combinationto achieve significant variety from the sample population,
with a corresponding increase in computer processing time forctrafirosimulation software.

The potential exists that subgimes of traffic may be pridentified as potentially benefited by
this design, with higher weights provided to volume combinations in this regime when selecting
the random samples.
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Chapter 6. Conclusionsfrom Planning-Level Analysis

Citation for original publication:
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Alternative Intersections. In Transportation Research Board, 93rd Annual Meeting of the (p. 22).

Abstract

Capacity Analysis for the Planning of Junctions (CAPis a planningevel tool for the
comparative analysis of intersectiorsigs developed by the Federal Highway Administration.
This software is freely available to practitioners, but the practical impact of this tool remains
smaller than its potential since it has not been officially documented in the literature, nor has it
been embraced by any of the standards organizations such as the Highway Capacity and Quality
of Service committee.

The research included in this paper seeks to document the formulation of equations for the
critical sum method employed by the tool, and émndnstrate the operational limitations of a
variety of intersection designs as predicted by this software tool. The authors find that the tool,
while requiring validation, provides a highly functional planniegel analysis. In terms of
highest capacityeached before failure conditions are experienced, the roundabout was found to
be the least robust of the designs, with the restricted crosgung performing slightly better,
followed by comparable performance between the conventional signalizeskatian, median
u-turn, and Jughandle designs, with the displacedtdeft design consistently performing the
best. Future research is recommended to validate the comparative analysis of intersections
against the results of a highigtelity analysis métodology.
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6.1 Introduction

Signalized intersectionbave beeron our surface transportation network since the 1800s,
alternatives to the conventional signalized intersection have been slow to develop, and even
slower to be embraced. The recent widegpradoption of roundabouts as a viable intersection
alternative within the United States suggests that there may be support within the transportation
engineering community to embrace a wider selection of options in intersection design.

Alternative intersea@bns are a class of intersections which is generally designed to increase
capacity and safety by reducing and separating the number of theoretical -pakickEonflict
points. By rerouting vehicles through alternate paths, these designs are able & theduc
number of signal phases at an intersection to increase arterial throughput. A corresponding
negative impact is experienced as additional travel time for the rerouted vehicles. The most
comprehensive report to date on the topic of alternative enters i ons i s Feder al
Alternative Intersections/Interchanges Informational Report (Al[R). This document
recognizes the time and money required to accurately model these alternative designs for
comparative analysis, and advocates the application of a simplified capacity analysis to narrow
the field of potential alternatives.

A number of different analysis methodologies have been used in the past for conducting
comparative analysis on these designs. The critical sum method involves an analysis of capacity
and is particularly useful during the planning/preliminary engineering sibgkesign. The
Federal Highway Administration (FHWA) has been providing spreaddfaseid tools for the
analysis of alternative intersections since 2009. Capacity Analysis for Planning of Junctions
(CAP-X) [131] is the current version of the tool (Version 1.2, dated November 2011 used
herein), replacing the Alternative Intersection Selection Tool (AIfBI). As part of the
literature review process for this paper, the authors contaét@dAHequesting information on
publications relating to the CAR tool, and were informed that no formal documentation existed
at this time[134].

6.1.1 Purpose and Scope
The primary purpose of this papeitasexamine implications for afrade intersection design that
result from the analysis of a large set of volume combinations run through the -sttical
methodology utilized by the CAR tool. The analysis herein is confined to-gaade
intersections, t he authorsdé experience is that 1inter
analysis budgets sufficient to simulate alternative designs. Intersection improvement projects
generally do not, relying on algorithmic analysis such as that documentdr iHighway
Capacity Manual5]. While traffic simulation software is proficient at geating comparative
analysis for these alternative designs, algorithmic analysis does not yet incorporate them.
Because the CAK tool is deterministic, a given set of volumes will always yield the same
result for a defined geometric condition. As a resulhay be possible to run a large number of
volume combinations through the application, yielding results related to the performance of each
design, and its relative performance compared to other equivalent designs.
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There remain many questions regardihg validity of the results produced by CA® and
the critical sum method in general. The authors intend to work toward answering these questions
in a future study by conducting cross examination between the results eK@A® the results
of microsimuation. As the results of microsimulation are highly dependent on the quality of the
geometric design, as well as the signal system optimization, careful consideration is going into
the design of this study.

6.1.2 Overview of Traffic Operations Analysis Methodologies

When analyzing the operations of traffic on a road network, two common methods of
understanding the functionality of a facility are to examine the delay experienced by drivers at
the location, or the capacity of the roadway in comparison to thespomding demand
experienced.

Delay is the standard by which specific intersections are typically deemed to be adequate or
in failure. Usually provided in units of seconds per vehidlepeasures the amount of additional
time that a given vehicle will takto travel from point A to point B, in comparison to if there had
been no traffic control at a location, and no other vehicles on the foadulating the average
delay manuallyis a fairly rigorous process, and it is standard practice to rely on seftwa
packages to generate these values, based on equations generated fromaiedeaccnporated
into the HCM.

As an alternative measure of operations, capacity is related to delay but instead refers to the
theoretical volume of traffic that can pass g@roadway, or through an intersection, during a
given period of time. Capacity is usually presented in units of vehicles per hour, or vehicles per
lane per hour. In contrast to calculating average delay, calculations of capacity at an intersection
canbe completed quickly without the aid of software, providing a planlengl analysis of
design sufficiency.

6.1.3 Capacity Analysis for Planning of Junctions(CAP-X)

CAP-X utilizes the critical sum methd84] which calculate capacity at an intersection location

by examining the combination of critical movements at the facilifjhe idea behind the
calculation is that while a traffic signal services every turning movement demand at an
intersection, only some of those demands are governing the signal timingtivehdéhers just
happen to occusimultaneously84]. For example, om commuter route with a high volume of
traffic during the morning peak ithe eastboundirection and a low volume in the westbound,

the light remains green in both directions whie eatbound directiorexhibits constant flow

and thewestbounddirection only has a trickle of vehicledter the initial queue dispersal It

would not be possible to increase the capacity at the intersection with additional lanes on the
approach with a lowolume, because the higlolume approach is governing at the time. The
critical sum method determines which movement is governing at any given timg dwsignal
cycle, and sumthe demands for each sequential critical movement, determining a to&ffealu

the demand at the intersectionumits of vehicles per hour per lane (veHiin).
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The CARX software assesses six different intersection designs and five different interchange
designs. The intersection designs included are the conventional zégnaitersection, the
guadrant roadway design, the displacedtiafh design, the restricteztossing tturn design, the
median dturn design, and the roundabout. The interchange designs include the traditional
diamond interchange, the partial cloverlaaterchange (type A4), the displaced i{eftn
interchange, the doublgrossover diamond interchange, and the single point urban interchange.
Because the software allows for differentiation between the primary alignments of the various
designs (easwestor northsouth), in all there are twenty different intersection options and ten
different interchange options.

The first step in conducting analysis with the GXRool is to enter in the orighdestination
demand volumes i nto t heetakdithenfprm f vahole/Hows tumieg . ©
movement counts, with additional information provided including the percentage of trucks for
each of the four directional approaches, the adjustment factors for saturated flowr, eft
turns, and righturns. The recommended default values for these parameters are 2% trucks, with
adjustment factors of 0.80 forturns, 0.95 for lefturns, and 0.85 for right turns. The user may
also choose to enter a faildevel value for the Critical Sum, with a defaulilve of 1,600
veh/Inhr. Comparative analysis within CAR relies on an assumption that all intersections
reach failure at the same critical sum value, a simplification which may not hold true, given that
a main feature of alternative intersections isrédiction of phases and associated-toss.

With the turning movement (D) values entered, along with the truck percentages and
saturation flow rate modifications, the next step is to visit each of the alternative designs in turn,
which is computed orts own tab within the spreadsheet. The authors have observed that this
software works well from two different approaches: either a practitioner may choose to enter an
equivalent number of approach/auxiliary lanes for each design and perform compaairses a
across fAequal o options, or they may instead
desired | evel of service is reached, compari
perform equally well.

With the number of lanes for each turgimovement group identified, the input portion of
the CARX software application i s compl et e, and
Wor ksheet, 06 where measur es of rel at-todeel dema
summary fashion. These results dased on capacity, and are intended to be predictive only of
which intersections will or will not be in failure, not of which intersection will-petform the
others in terms of average intersection delay. Additionally, these values are represenkative
of the most critical location at an intersection or interchange, and are not indicating an average
condition across the facility. Recognizing which intersection design options provide promising
results, additional analysis can be performed on aeswdshe total designs, resulting in cost
effective alternatives analysis.

6.2 Evaluation Approach
A number of decisions are required from a design of experiments perspective before an
evaluation can be completed. These include: defining a method to gesetsatef Origin
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Destination volumes; selecting alternative geometries for operational analysis and comparison;
validating the equations used within the GXRBoftware program; checking the applicability of
the Critical Sum value as an indicator variabledeerage delay;

6.2.1 Definition of Origin-Destination Demands for Comparative Analysis
A relatively simple method was developed to systematically generate volume combinations for
analysis, as shown iRABLE 6-1.

TABLE 6-1 Generation of @lume combinations foanalysis

Parameter Units | Minimum|Maximum| Step| Values Randomization

Major Street 2-way Volume pceph 600 7000 | 200, 33 -100+[200*Rand(0,1)]
Split Percentage on Major Street % 0.5 0.7 0.05/ 5 |[-0.025+[0.05*Rand(0,1;
Turn Percentage on Major Street % 0.1 0.3 0.05) 5 |-0.025+[0.05*Rand(0,1

Minor Street 2-way Volume pceph 600 6000 |200| 28* | -100+[200*Rand(0,1)]
Split Percentage on Minor Street % 0.5 0.7 0.05f 5 |-0.025+[0.05*Rand(0,1
Turn Percentage on Minor Street % 0.1 0.3 0.05/ 5 |[-0.025+[0.05*Rand(0,1;

To limit theduplication of combinations,-&ay volumes on the minor road were held to levels at
or below the 2vay volume of the major road, reducing the total number of potential volume
combinations to 335,000.

6.2.2 Selection of Alternative Geonetries for Comparison
Analyzing all possible volume combinations against all possible intersection and interchange
designswould generate more information than could be communicated within this. paper
Instead, the authors have chosen to focus on intemsedesigns, looking primarily at the
volume regime where small/simple conventional intersections are beginning to break down,
requiring the construction of additional through and/or auxiliary lafié® specific intersection
designs analyzed include thenventional signalized intersection, the roundabout, the jughandle,
the median durn, the restricted crossingturn, and the displaced leitrn. Three different
sizes of intersection were considered for each of the six designs, with an effort teachke
design an fequivalento opti orfFIGURESHEI1ta6-3aBygi ven
examining horizontally across intersection design size, and vertically across equivalent
alternative designs, an understanding can be reached regardingtiapotatersection
improvements, as design volumes are expected to exceed a given current geometric condition.
Careful consideration was paid to the number of auxiliary turn lanes across design types. In
some cases two designs may not appear to be equivaécause the auxiliary lanes from one
approach have been reallocated astarm bay, or an additional rightirn bay on a different
approach.

79



432 In-m 21,960 m"2 N/A W 22,432 m™2
Auxiliary Impervious Auxiliary Impervious

900 In-m 26,074 m"2
Auxiliary Impervious Auxiliary
(c) Jughandle (1x1)

26,667 m"2
Impervious

934 In-m “ 27167m*2 782 In-m [ 24502 m2

Auxiliary Impervious Auxiliary Impervious
(e) Restricted Crossing (1x1) (f) Displaced Left (1x1)

FIGURE 6-1 Lane configurations for typical intersection desiga$ through (f), as labeled,
with two lane approaches on the major road and oreedpproaches on the minor roads
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| o\

648 In-m

30,529m™2  N/A Wi & 29.852m™2
Impervious Auxiliary Impervious

(b) Roundabout (2x1)

900 In-m
Auxiliary

33,565 m”™2 1,058 In-m

Impervious Auxiliary
(c) Jughandle (2x1)

33,974 m"2
Impervious

934 In-m 34,086 m"2 37,182 m"2
Auxiliary Impervious Auxiliary || Impervious
(e) Restricted Crossing (2x1)

(f) Displaced Left (2x1)

FIGURE 6-2 Lane configurations for typical intersection desiga¥ through (f), as labeled,
with two lane aproaches on the major road and onelapproaches on the minor roads
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39,008 m"2 N/A
Impervious Auxiliary

37,270 m"2
Impervious

1,122 In-m
Auxiliary

41,396 m"2 1,684 In-m 46,141 m"2
Impervious Auxiliary Impervious
(c) Jughandle (2x2) (d) Median Uturn (2x2)

42,658 m"2 48,742 m"2
Auxiliary Impervious Auxiliary | Impervious
(e) Restricted Crossing (2x2) (f) Displaced Left (2x2)

FIGURE 6-3 Lane coffigurations for typical intersection desiga) through (f), as labeled,
with two lane approa@s on the major and minor roads
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A detailed explanation of the geometry of each alternative design is outside of the scope of this
paper, and readers are directet o t he pertinent FHWA fATech Bri
which are both informative and succifigd], [27], [38], [46].

6.2.3 Documentation of Equation Formulations

The purpose of usg capacity analysis instead of delay analysis is that capacity calculations can
be completed at a preliminary design phase, without consideration of specific signal timings.
Because this analysis occurs at a preliminary design stage, the equations used are necessarily
based on the assumptions of the designer, and may vary from analysis to analysis.

In the case of this analysis, the desire for consistency in assumptions amaiigpénate
designs has taken precedence over the desire to be compliant with the formulations presented in
the CARX software program. For each formulation used herein, #i®vlumes used were
taken to be passenger car equivalents per hour, incorpopatiogntage trucks on the freerd.

Relative to saturation flow rate adjustments, turn movement factors of 0.8@uorsy 0.95 for
left-turns, and 0.85 for right turns was used; additionally, a lane utilization factor of 0.95 was
introduced both for mitiple through lanes, and for multiple turn lanes.

The formulation of the conventional signalized intersection assumes that therigbhases
are operating in protected mode, (an assumption common both to critical sum analysis and to the
operations oflternative intersections). Additionally, an assumption is made that the transition
time from opposing lefturn movements to adjacent through movements is allowed td viary
example, while the eastbound left (EBL) and westbound left (WBL) movementssnmed to
begin at the same time, the switch from EBL to westbound through (WBT) is not assumed to
occur concurrently with the switch from WBL to eastbound through (EBT). Based on these
assumptions, the formulations for Critical Sum analysis of corm@itintersections are shown
in equation$-1, 6-2, and6-3, depending on the number of approach lanes being considered, and
the resulting number/combination of lanes available for each movement grouping.

61 "Q0 ™o & -1 8%"Im@u 7" 4 7" IIPUh7 " Fdou %" 4 %" P v
-1 83"Fmdou . "4 . "P@uh. " Frdouv 3" 43" AW U (6-1)
61 QO™ & 06 OO6IBOL 06 cod I bood Y v YO

ou hwod Frdov 0 6 06 NIBo 6OS Kpu O 6 Brdov 00 OYST@BUL 06 Y
06 ¥ vho 6 Brdou "YO "Y'Y6 W& v (6-2)
61 "Q0 ™ & 00 MO6HBoOL OO God HIMB B d Yrgv YO

oL had Frdov 0 6 O6 IR O S P v O 6 Brdov 00 ®YOIBoUL
06 a6 I 6 Mo wd Frdov ho 6 Brdov 0 6 BYOTY "YORB UL 06 bdov (6-3)

The formulation 6 capacity analysis for roundabouts is not based on the simplified critical sum

method, which is calibrated for conventional turning movements, but is instead based on the
equations and parameters presented in the most recent NCHRP report on rourfd&bouts
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These equations are consistent with the approakéntby the CARX software, and can be
found as equatior&4, 6-5, and6-6 for the three sizes of intersection considered, respectively.

61 QoD & PYTED 8 OB D 08 YO8 Wpp OO0 MBI mp Y6 Y
Y60 @80 hod0 08" @d YTpp EIOM0 Tmd 66 YG 80 080 hYsD YSs"Y
Y6 Ypp FIOMND TBITID OGS @60 G60RGE0 06Y0EWpp FOGD M8 Th
06 "YOB8 0 Y8 b (6-4)

61 "Q0™ o & PpYTETH 6 OG0 06 'YOb6 WFpp @O0 MBtmd Y6 Y
YOO w60 hawd D wd"Y wd ' YIcIpp FOW0 Mrnp 66YOSED 060 M"Y D
YO YYS Ypp OO0 I TEXWS Y 060 660 h06006"Y 6 Wpp EN
O®O MrmEX0s YOS 0 "Y6 O (6-5)

61 "Q0™odd & PYTETH 6 ®O60 O6M Tpp FIOOD Mty OY6 Y
YOO W60 hOOT 06 Wpp OO0 MBImmeXY YYS0 w60 hwd

WO HTpp OO0 MINMTNYGO6 YOO O60hwd e w6 YIpp &N

00 MTmEX) 6 YO 6D 060 RYED YO Tpp #IOO0 MBINTY 0O Y @D
060 RAYOT "YOYpp@IOOD MBIMTEXDS Y b 060 h060 06K Tpp En
OM0 MM @6 YO60 YOOhRGOM 06 VWpp@iOOO MrmmeEx0sd YOO O
Y6 0 (6-6)

The formulation of capacity equations for the Jughandle design takes the same set of
assumptions discussefor the conventional intersection equations, and applies them to the
modified geometry for this design. For the three different sizes of Jughandle design analyzed,
the formulations are included herein as equaidn6-8, and6-9, respectively.

6 18 "QaYH DO OOEMO"Y 06 W6 BBV 6O "YE"Y

YO @ oRYOTmdov 060 06 YO 6 H@uhd 6 cO6Bou 00 OY6 "Yod Oho 6 0
06"Y0 6 'YhOS &L YO "Yoob O 6 ¢ind Trdov 06 @O0 6 "YO6 hi"Yd 0 Y6 Y
Y6 'Yh &6 Y 06 Y06 D (6-7)

81 Q0" & 08 @ b GOS8 Mo bod FeFm@ov 0 6 6D 6 Brdov w6 O
Y8 YYS Frap URYS BBy 08 0 06 YO & W@ u D & GOSBou O 6 BYS Y
OB DRG0 06 °YH 8 YAOS M@ L Y8 Y& 0 ) & God Imdov 06 0 6 Y
08 Y8 Y8 "YY8 YRS Y@ v 08 YO8 b (6-8)

61 "Q0O ™o & 0066 06 NI b6 FFmdov 0 6 @ 6 Brdov

DO OWE D "YS FImo biYS N vAY6Touv 0 & 006 0

06 "YcIm@o b 6 ¥ v 6 06 BBov 06 DYE "YOb OXIBo00 60 06"y

06 WcImdovh' 06 Ma@u YO "Yob OFcHdouv i) 6 ¢ d Frdov 0 6 OO 6 "YOO6 Ok
o B YO 0 Y6 TY'YS YcI@ouh w6 Y@ v 06 Y06 (ghmsou (6-9)
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The formulation of capacity equations for the mediaturna design takes the sanset of
assumptions discussed for the conventional intersection equations, and applies them to the
modified geometry for this design. For the three different sizes of mediam wesign
analyzed, the formulations are included herein as equatldn6-11, and6-12, respectively.

61 "Q0O ™o & DOWO MOED 08 YYS!OS'Ywd OIMRphwd D

WO YO O6thowd'Y O6 Om@u 06 SYORYYS 'Y'YS Urrdp &) 6 v 6 'Y (6 6 OF

T vh 060 06"°YO6'Y w60 "YOU@Th w60 wd6"YW6'Y 06006
(6-10)

61 Qo™ o DO OMOBD 06 "YYS WMo 'O6 'Y 6 OF
MPhOéd O6"Y 6 WIBobhwd'Y 06 v 00 GYSHYS 'Y

YO U i) 6 A0 &Y 0 6 @ uh ‘06 0 ‘06 "YOO6 'WcImdouv w6 0 YO Ur@pth w6 0
®O Y @6 YII@ou 06 0 0 6 Uy Tt (6-11)

61 "Q0O ™o & DO O OMO6D 06 YYS HcTBoBO6 'Y wd OF
w60 O6"Y O WIBobhd'Y 06 Om@u 006 SYSTFBo b "Y6 'Y YS o

@ b & Bt 6°Y 6 6 @ vh ‘06 0 ‘06 "YOO 'WcImdouv @6 0 YO TTnsdo i
TMmh ©@60 wd Y wd YIgKou 06 0 6 6 OI¢Tmso Frap Tt (6-12

The formulation of capacity equations for the restricted crosstognudesign takes the same set

of assumptions discussed for the conventional intersection equations, and applies them to the
modified geometry forhis design. For the three different sizes of restricted crosstogiu

design analyzed, the formulations are included herein as equati@®) 6-14, and 6-15,
respectively.

61 "Q0O™QIaw & DO O0MMEBWUL DOLOEYOIEh?E'Y
0 6 "Yr& uh"YS 0 "Y6 "Y'YO Yr@pu @6 Y 060 6 @d Frdov 06 ®O6 Y

Y6 O6 Y YO M@ uh( 60 06°YO O I@u 06 Y'YS Oh 060 006 "YOO8 'Y
W60 YO YYO U@y Th w60 w6 Y ®wOY 0860066 YD 6 U m (6-13

61 QO™ & OD6a 66 06 O®ME Y O 6 T
OB ®6'Y 66 Y@ uh Y6 0 Y6 "YYS Y@ v w6 Y 6 o uid & Gib 6 Umdo v
06 ®06 Y'Y HcTBob'O6 'Y "YS R uh0 60 66"Y0 6 W@puv 06 Y'Y Tk
T@ouh ‘06 0 06 "YOO 'WcImdouv w6 0 Y6 "Y'YS Urm@pmh @60 wd Y w6 YIS
060 066"Y0 6 @ 1 (6-14)

61 "Q0O ™o & DO 6 oBou 06 DWW ™Y O & WIcT
Mob®6'Y 06 Y@ vh"Yd 0 Y6 "YYS Y@ dm@u @6 Y 0 6 eTrdo ufd 6 G 6 IF
oL 06 W06 Y'Y HcHBo 0’06 'Y "Y6 K@ uho 60 06 "Y0 6 WeHnsdo Wnd v
06 "Y'Y6 FcIm@ouh 06 0 06 "YOb6 WImdouv w6 0 Y6 "Y'Y6 T I th w6 0
W6 Y 06 'YICI@ou 060 06 "YD 6 chndo Imd 1t (6-15)
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The formulation of capacity equations for the displacedtigft design takes the same set of
assumptions discussed for the conventional intersection equations, and applies them to the
modified geometry for this design. For theeth different sizes of displaced kfirn design
analyzed, the formulations are included herein as equati@n6-17, and 6-18, respectively.

61 "Q0O ™o & 006 MO0 & GO B OGS "YO YA bro 6 o b 6 Y
W6 Yrgpuv 006 dYSHBov 06 YD 6 W) 6 Brdov YO "YYS N v hO6 Brdov
660 wd"Y YO Yhwd rdou YO 0 06 "YU &Y (6-16)

o1 QO™ & 06 MO0 6 GO Bdo 6O 6 TATo B0 6 Ky beo 6 o

T80 b & “HeFrBo o 6 Yr@pu 0 O Y6HWouv 0 6 YD 6 H@p b 6 Brov Y6 Y
YOW@LhOOH@ouv 060 wd Y "YS YeFmdovhwé Frdov "YS 006 "YU 6 "WeF
TIBW (6-17)

61 "Q0O ™o & 06 WD 6 06 Brdo O 6 Ao BO 6 K@ bro 6 o

T B 6 “HFTBo o 6 Y@y v 0 0 QU 6 Brdo b 6 o b 6 W Y 6 Ao Y S YT
o YO @ hO6Bouv 060 wd Y Y6 Ycrmsovhwd Frdouv Y6 0 06 Y

0 & VcImBovh0 6 Bridov o O Y6 "YOO8 Wermdovh " YéXmdov ‘08 0 0 6 Y

w6 YA¢TT®o v (6-18)

6.2.4 Differences in Equation Formulation with CAP-X

There is currently @ publication or documentation for the CA®software[134], and the
authors would like to caution practitioners using the tool to {sheck their own assumptions
against the equations built into theogram. The authors herein identify a few areas where the
eqguations presented above specifically vary from the formulation used in thX GéflRvare.

The software does not apply an adjustment factor for lane utilization, perhaps with the
exception of mltiple-lane roundabouts where the formulation of the equation comes from an
NCHRP repor{19]. This may be due to an assumption that intersections under analysis will be
operating near capacity, with continuous queues that will impact the standard flow rate reduction
seen from lane utilization. In the coxrtef a conventional signalized intersection with shared
through/rightturn lanes, the software does not apply adjustment factors for saturation flow rate
to turning movements; additionally, the software does not allow variability/overlap in the end
time d opposing leftturn phases. The roundabout analysis in &APalculates the v/c ratio
based on the equations presented, multiplying this ratio by 1600 to generate an equivalent critical
sum value. The authors preferred to use 1800 as the converdimm &scthis is the critical
value assumed when the roundabout equations were genfd@ited’he CARX software does
not provide calculations for Jughandle designs, which is unfortunate given the potential
usefulness of this design within the alternatives toolbox. For the median design, the major
street through flow at the main intersection neglects to include the additional volumes added by
the minorstreet left turn movements which have been rerouted to utilize a downstream u
bay and pass back through the main intersection. For the restnios=ihg tturn design, there
is a typo in the CAFX formulation, where instead of comparing the-lefbvement against the
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opposing right movement at the main intersection, the left movement is compared against the
opposite  righdurn  movement ¥ for exampé, when the authors check
MAX[(WBT+NBL),(WBR+NBT)/0.85 near the beginning of the formulation, the software
instead checkMAX[(WBT+NBL),(EBR+SBT)/0.85]

Some of the difference in equation formulation between the results presented herein and the
results okained from CAPX are due to typos, or differences in conceptual approach to the
intersection functionality. Of concern is that specific differences, such as the adjustment in
saturation flow on turmovements at the conventional intersection and ultiroapacity at the
roundabout, will have significant impacts on the relative performance of those intersections
compared with other designs, and may lead to inappropriate choices in the selection of
alternatives as part of a preliminary engineering effdrt. summary, it is recommended that
practitioners desiring to make use of the CARoftware should perform their own validation
checks, to ensure that the software is interpreting the functionality of the proposed design in the
same way that the designare intending.

6.2.5 Use of the Critical Sum Value as an Indicator Variable for Average Intersection

Delay
With the establishment of formulas to determine the capacity measures for these intersection
designs, it is necessary to confirm that there is correldtedween the measures of capacity
generated and the corresponding expe delay measures.o Bssess this correlation a subset of
400 volume combinations with critical sum measures varying from 200 to 2000-keiere
selected for analysis on the contrenal intersection design, using both the 2x1 approach design,
and the 2x2 approach design. These volume combinations along with the corresponding
intersection geometries were modeled using the Synchro traffic simulation software to generate
equivalent gerage delay measures according to the HCM procedure.

6.2.6 Developgment of Failure Thresholds for a Given Geometry Using the Critical Sum
Method
Because capacity analysis is heavily reliant upon measuring whether or not a given design is in
failure (experiencingversaturated conditions), a main objective of the current research is to
determine where that failure point can be expected to occur for the various intersection designs.
With an exhaustive number of different ways to represent the data, a decisionadasto
follow the example of the signal warrant charts provided within the Manual on Uniform Traffic
Control Devices (MUTCD)[7], an example being signal warrant number 3, the -peak
warrant, found in MUTCD as Figure 4& The xaxis for this chart displays the total volume of
traffic on both appraches at the major road, with thewis displays the higher volume approach
of the two approaches on the minor street, with the distinction between the major and minor
roads being made based on volume. As parameters, these are not directly related to the
generation of the critical sum value, and as such there is necessarily a fair amount of scatter in
the results generated.
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6.3 Research Results

The results of the research effort are presented below. Beginning with an initial assessment of
the feasibility ofusing the critical sum method as an analogous parameter to average intersection
delay, the failure criteria are identified and the failure thresholds are presented for the alternative
geometries analyzed.

6.3.1 Correlation of the Critical Sum Values with Average Intersection Delay

A subset 0”100 out ofthe 335,00Qotal volume combinations was chosen to be validated against
the average intersection delay values generated by the Highway Capacity Méneialolume
combinations selected were chosen at random frmse that generated critical sum measures of
demand between two hundred and two thousand vehiclesAvhen applied to the larger two of

the three conventional intersection designs previously described herein. No data from alternative
intersections w&s used to check validation, as these designs are not at this time integrated into
either the HCM or corresponding software packages.

Viewing the results aFIGURE 6-4 in chart format, the Jaxis presents the critical sum
demand calculated and theayis pesents the corresponding measure of average intersection
delay experienced for the same volume/geometry combination. The first view of the chart
displays the results encountered if saturation {ftate modifications are not applied to the
equations of ta critical sum method, with the second chart displaying the results when these
adjustment factors have been applied. In addition to the rightward shift of the results along the
x-axis, the authors had hypothesized that the application of adjustmens factsaturation flow
rate would reduce the error/variability between the value of demand calculated with the critical
sum method and the value of average intersection delay calculated, but this was not found to be
the case. Using raw volumes, a critisain value of 1500 was found to approximately define
the separation between LOS D and LOS E, while this value shifts to 1600 in the modified case.
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FIGURE 6-4 Correlaton of critical sum values against the average intersection delay expected
for a conventional intersectio(g@) without and(b) with saturation flow rat@adjustments
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6.3.2 Failure Thresholds based on the Critical Sum Method

In applying the demand valsealculaed through tk critical sum method to the ax®f the
MUTCD signal warrants, a great deal of scatter (error) was observed, as there are many
contributing factors to determining the demand value beyonduhenativeapproach volumes
presented on the axes.For example,FIGURE 6-5 demonstrates the range of volume
combinations found to generate results within three ranges of critical sum demand. Values of
demand, in units of vehicles/hour/lane, are assumed to indicate undersaturated conditions
between 1300 ah1500. Values between 1700 and 1900 are assumed to indicate oversaturated
conditions, and values between 1500 and 1700 are assumed to be at or near saturation flow.
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FIGURE 6-5 Sample applications afritical sum to the signal warrant framework, including a
(a) conwentional signalized intersectidi2x1), and ab) restricted cresing uturn intersection
(2x1)

The scatter effect within the data resulted in a prablgth identifying the threshold when the

1600 vehicles/hour/lane value was reached. In working with the data and examining the
information represented, it was found that binning the data into groups with a range of 200
vehicles/hour/lane resulted in aal picture of which volume combinations were reliably above

and below the 1600 value. By optimizing a linear function that minimizes the number of
observations in the 1360600 range that fall above the line, equal to the number of observations

in the 10-1900 range that fall below the line, it was possible to establish a threshold that was
decidedly not less than 1600, and not greater than 1600. The resulting calibrated parameters can
be seen below iMABLE 6-2.
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TABLE 6-2 Equation parameters to geats failure thesholds, with validity measures

Critical Sum Critical Sum
1300 < CS < 1500 1700 < CS < 1900
Violating Observations| Violating Observations
Total Observations Total Observations

Hypothetical x-axis Hypothetical y-axis

Number of lanes Design intercept (2-way flovintercept (1-way flov
on major road) on minor road)

Conventional 101/ 4,057 101/5,821
Roundabout 1707 2050 265/ 1,467 264/ 1,700
Jughandle 3551 1624 835/ 6,263 836/ 8,914
Median U 2523 2816 505/ 4,936 505/ 6,923
Restricted U 2381 1521 209/ 2,871 209/ 4,251

Displaced Left 3150 1693 640/ 5,395 639/7,672
Conventional 5408 1664 233/ 12,503 221/17,619
Roundabout 2986 1288 333/2,864 333/3,241
Jughandle 5239 1696 748/ 12,151 748/17,113
Median U 4448 2717 1,491/ 13,137 1,491/ 17,864
Restricted U 3900 1611 519/ 7,081 519/ 10,109
Displaced Left 7139 1719 1,852/ 18,576 1,852/ 25,244
Conventional 5378 3701 870/ 22,377 870/ 30,152
Roundabout 2860 2251 703/ 4,033 703/ 4,476
Jughandle 4799 3694 3,324/ 17,846 3,324/ 24,008
Median U 4752 3801 3,305/ 17,846 3,305/ 24,008
Restricted U 4458 2822 1,355/ 13,697 1,355/ 18,712
Displaced Left 6018 5905 2,403/ 33,780 2,542/ 43,129

One aproach lane
from each direction.

on the major road,
one approach lane
on the minor road

Two approach lanes

Two aproach lanes
from each direction

The information iINTABLE 6-2, above, provides insight into the formulation of the threshold
equations. The hypotheticalaxis intercept provides the maximum tway volume along the

main roadway approaeb which can be accommodated by a given geometry, assuming that there
is no volume of vehicles entering from the minor roadway. Alternatively, the hypothetig# y
intercept provides the same information, except for the higher of the two minor ags0aih

no volume on the major roadwaylhe remaining two columns in the table serve as measures
both of the scatter inherent in applying this methodology to the given axes, and a check that the
proscribed failure threshold is indeed a valid measuredoh intersection design.

Reviewing this calibrated data in a graphical foffGURE 6-6 demonstrates the calibrated
failure threshold for each of the six alternative designs individually, comparing the thresholds
across sizes of intersection instead abas types. The least robust geometry for each design
represents a typical lane configuration for that design, given that there is only one lane of traffic
on each approach coming to the junction. As a second a lane of traffic on the main roadway is
addel, while the minor street is kept with one lane approaching, the slope of the failure threshold
line is seen to get flatter for each of the designs, as the major roadway becomes a constraining
factor in fewer of the volume combinations. Finally, the failthreshold for the designs that
have two lanes on all approaches can be seen to be generally parallel with the lowest level failure
threshold, but shifted to the right to account for the greater levels of capacity afforded them.
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FIGURE 6-6 Maximum operational thresholds based on tmgical sum method for(a)
conventional signalized intgection, (b) roundabout,(c) jughandle,(d) median uturn, (e)
restricted crossing-turn, and(f) displaced lefturn designs

6.4 Analysis Of Results

While the results provided an understanding of how capacity increases as size increases for each
design, te ultimate goal for the practitioner is comparative analysis between comparable
designs. Relative performance of each design within the same size category is shown in
FIGURE 6-7. The charts indicate the failure threshold of each intersection design, the
combination of major and minor street traffic that is expected to cause the design to enter into
oversaturated conditions. The lines in orange indicate thetpralksignal warrant volumes, and
serves as a ocwff designation below which signalized intecsion designs are not
recommended.
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FIGURE 6-7 Capacity failure thresholds for typical intersectaesigns with(a) one approach
lane from each directioifb) two approach lanes on the major roadway and one approach lane on
the minor roadway, an@) two appoach lanes from each direction
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Generally speaking, for the geometric designs with one approach lane from each direction,
the roundabout was found to hatlee lowest failure threshold, followed by the restricted
crossing tturn, the conventional intersection, the medianm, and the displaced ldftrn, with
the Jughandle intersection design performing the best. The majority of failure thresholds are
roughly parallel, or at least do not cross one another, with the exception of the median u
design, which fails more quickly than the conventional intersection with miaaat traffic
approach volumes below 240 vehicles/hour/lane, and performs betteartiiaother alternative
with minorroad traffic approach volumes above 800 vehicles/hour/lane.

In the case of the intersection designs with two lanes on the major roadway approaches and
one lane on the minor roadway approaches, the results are very,smtiiasome exceptions.
Rather than outperforming all of the other intersections, the Jughandle design is now found to be
functionally equivalent to a conventional intersection from a capacity standpoint. The median u
turn design continues to exhibit lewperformance with low approach volumes on the minor
roadway, and higher performance with higher volumes of minor roadway approach volumes.

With the addition of a second lane on the minor roadway approaches, there is no longer seen
to be any crossing inmstching in performance order among the alternatives. The roundabout
continues to underperform the other intersections. The restricted crossimg design
continues to have the second lowest failure threshold. The Jughandle and rrtediadasigns
are now found to be functionally equivalent in terms of capacity. The conventional signalized
intersection is expected to have the second highest failure threshold of the group, with the
displaced lefturn intersection expected to outlast it by a fairgma

6.5 Limitations of the Current Research

The CAP-X software tool is intended to aid practitioners in the planning stages of a ptoject
help narrow the field of potential alternatives on which to conduct detailed operational analysis.
As such, the simjeity of use for the tool has been intentionally valued over the robustness of its
results. The specific configuration of auxiliary turn lanes for a given design may not result in
optimal functionality for a given set of tttnovement demands. More bdbg questions have

been raised about the usefulness of this caphesed planning tool for the analysis of
alternative designgl35], giventhat the benchmasifor intersection performance have besat

by the industry to bebased on average intersection delay. By rerouting minor vehicle
movements through the intersection, the capacity of the design is nearly always increased, while
the benett in travel times through the intersectjomhen there is a benefis often marginal

This research effort does not seek to corroborate the relative performance predicted in a
comparative analysis against the same results observed from a more rabyss$ &ool such as
microsimulation, but instead seeks to shed light on the very useful pldergigtool that is
CAP-X. There has talate not been any formal publication on the functionality of this software
that the authors are aware of, nor has theeen any documentation until now on the
performance limitations of the various designs, as predicted by its capas#gy analysis
methodology.
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6.6 Conclusionsand Recommendationdor Future Research

Capacitybased software for plannidgvel analysis presgs the potential to be very useful
within a transportation engineering practitio
sum method, sometimes called the critical lane method, is one of the underpinning concepts at
the heart of the HCM sighaed intersections analysis methodology, and in its raw form serves

as a productive first step towards identifying potential alternative design solutions.

A number of discrepancies were identified between the equation formulations presented
within the CARX tool, and the assumptions for signal functionality assumed by the authors
herein. Some of these errors appear to be due to typos in the software, while others are simple
differences in interpretation of the design functionality. The formulationsrgesseithin CAR
X were noted to produce results that are more conservative for the conventional signalized
intersection and roundabout designs, in comparison to the assumptions made herein.
Practitioners areecommendedo continue to use the tool providiebut ensure that the data
being generated is validated against the assumptions of any given intersection geometric design.

The base method was found to be correlated fairly closely against the average delay values
produced by the HCM method, at leastéonventional signalized intersections. The addition of
saturation flow rate adjustment factors for turning lanes was not able to reduce the amount of
error observed in comparing the two measures, but it was observed to shift the correlation to the
right by an appreciable amount. In defining the threshold at which an intersection ceases to
function in an acceptable manner, the saturdimn adjusted critical sum demands exhibited a
transition from LOS D to LOS E at approximately 1600 vehicles/hour/lavith an
approximately equal number of observations below 1600 in LOS E, and above 1600 in LOS D.

The »x and yaxis defined for signal warrants were found to be useful conceptually for
comparative analysis of intersection designs, but there was a gréaif deatter in the data
produced, as these parameters do not take into account a number of factors that are important in
critical sum analysis. The failure thresholds identified represent the point where a given volume
combination has an equal chancdeing above or below the 1600 value.

The slope of the failure thresholds for the geometric designs with one lane on each approach
was observed to be generally parallel to the slope of the failure thresholds for geometric designs
with two lanes on each amach. The condition with two lanes on the major roadway and one
lane on the minor roadway was observed go consistently have a failure threshold with a
shallower slope, indicating the intersections ability to serve higher volumes of-straer
traffic flows, without improvements to service for mirstreet traffic flows.

In examining the comparative analysis of failure thresholds for the various designs, the
roundabout was found to consistently be the least robust, with the restriessthg intersectio
being the secontkast robust. The Jughandle, mediatuun, and conventional intersections are
seen to perform relatively equivalent in terms of capacity failure, while the displacédreft
design is predicted by this method to have the highest.

There remain concerns about the use of capacity measures for comparative analysis of
intersections, but that research remains for another effort to complete.
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Chapter 7. Identifying the disconnect between planning and simulation
analysis

Citation for original publicaon:

Sangster, J. D., & Rakha, H. A. (2012). Critique of the Critical Sum Method: A Case Study on
the Quadrant Roadway Desightansportation Research Board, OBsinual Meeting of the
Washington, D.C.

Abstract

Though there is a growing body of work sanding alternativer unconventional intersection
designs, there is as yet no consensus regarding thepaipe methodology to use for
performing comparative analysis of these designs. The typical softwarecatipps and

measures of effectiveness ddey transportation engineering cuiftants are not well suited to
analyze these designs, which often involve the reroutihgehicle movements. Using the
Quadrant Roadway design as a case study, this papestigstes a variety of analysis
methodologies with particular focus on the Critical SuiMethod which is currently being
supported by theederal Highway Administration.

Based on the case study of the Quadrant Roadway design, the CrititM&hod(CSM) is
found to be an unreliable predictor of het vehicle dey or total travel time. Whilghe
methodology does not require a great deal of time invaginit is unable to provide atcurate
comparative prediction of performance, angsitecommended that CSM may io@appropriate
even for prelimiary analysis. The HCM miebdology can provide indicativesults in terms of
delay, but cannot account for the additab travel time incurred by theerouting of vehicles.
Aggregate results obtained from micrasilation are recommended as #ppropriatdormat for
comparison purposes betweereaiative designs. Although thisethodology is the most time
intensive, until a measure offectiveness is developed whigirovides comparative results
which are predictive of simulatioesults, there is no altgtiveanalysis which is suitable.
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7.1 Introduction

Over thepast 25 years, manglternative intersectionlesigns have been proposed, with the
common goa of increasing capacity and safegnd with lingeringdriver expectancyssues

These designs gendsalfunction by reducing and separating the number of conflict points,
which redu@sthe number of signal phases at an intersedtioncrease arterial throughput, all

while putting drivers into new situations with unexpected movements amdlsmghasing
patterns. ® overcome the | egitimate concern for d
traffic movements, it is important to thoroughly document when and where these designs are
advantageous from a capacity perspective. The study of these alternatiwes dasises the lines

to be blurred between practice and research, operations and theonyanalysseffort itself

requires higHevel microsimulation of unusual trafffow patterns, while the results, in contrast,

must focus on practieeeady measueeof effectiveness if implementation of the design is to be
pursued. A number of different analysis methodologies have been used in the past for
conducting comparative analysis of these designs, though no analysis of the methods themselves
has been condted prior to this paper.

7.2 Unconventional Intersections

Though widespread implementation bfedian U-turn facilities in Michigan andughandle
facilities in New Jersegccurredduring the 1960s, documentation of the decision/design process
from the periodisei t her not availabl e, or does not e X i
known as the superstreet design in I98has beercited as the fgt paper in the modern
literature to examine the benefits of unconventional intersectidgh a focus primarily on
improving congestion on arterials, a number of stidds [89], [93] have endeavored to
compare a great variety of alternatives against each athelentify strong points and wea

points of the designs. FHWA is actiwely supporting the expansion of unconventional
intersections, with a number of TECBtief reports released on various des|ghs[26], [27],

[38], [46], in addition to the seminal Alternative Intersections/Interchanges Informational Report
(AlIR). As many of the unconventionalesigns increase the number of locations where
merging/diverging occur, and some of them reroute vehicles through the intersection multiple
times, it has been established that average travel times through the facility is a better measure of
performance tan the average delay per vehicle experienced at the central intersection node.
Unfortunately, many design projects do not include the budget for an extensive microsimulation
effort, and there exists a need for a {o@mst methodology that is predictive tie more
expensive analysis results. In applying the various analysis tools to unconventional intersections,
it would be ideal to investigate all of the major alternative designs proposed. However, the scope
of this research paper will be limited to aeatudy investigating the Quadrant Roadway design,
chosen because it includes a high level of rerouting of vehicles, which some of the analysis
methodologies do not account for.
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7.2.1 Quadrant Roadway Intersection

First published in 20Q84], the Quadrant Roadway intersection design developed by Jonathan
Reid achieves the goals of an alternative intersection: increasing safety and arterial throughput
by separatingonflict points and reducing the number of signal phases. For the purpose of this
case study, the geometry used by the original study will be replicated for analysis. A unique
aspect of the quadrant roadway design is that the three signalized intessegtgrate with a
single controller, with each of the three signals sharing a-ffirase split phasing plan. Upon
observation of the simulated network, minor modifications were made to the signal phasing. As
there are peculiarities with all of the ungentional designs, conclusions made based on results
from the quadrant roadway design may not be applicable to all other specific intersection
designs.

7.3 Analysis Methodologies

A variety of analysis methodologies are available to investigate signalizedeittens, with

more detailed analysis requiring significant investments in time. Some methodologies can be
computed without the aid of a calculator and only provide a rough estimate of anticipated
operation, while other methodologies require a great déatalibration and validation of
simulation results to provide higfdelity information. A complication encountered when
choosing a method for investigating unconventional intersections is the nature of the designs,
which often modify a single signalizedtersection into a system of coordinated signalized
intersections. To compare the operations of a conventional design against unconventional
alternatives, the increase in the number of intersection nodes invalidates a number of typical
measures of efféiweness (MOES) such as the average delay per vehicle or the v/c ratio for a
given intersection.

7.3.1 Description of the Critical Sum Method

The Critical Sum Method (CSM) provides a basis for conducting capacity analysis at an
intersection given the number gf@oach lanes and the turning movement volumes, irrespective
of signal timing or | ane saturation f[B4w rate
its intent was for the presentation of intersection operation to a layperson without firstrgrovid

a background in traffic engineering. Though not in common use as an analysis tool, there are
some locations, such as Maryl§®@l, where this procedure is used for both planning and design
applications. Recently, the Federal Highway Administration placed its support behind the CSM
in their publication of the Alternative Intersections/Interchanges Information Report (A]IR)
where they advocate use of a Microsoft Excel macro file titled the Alternative Intersections
Selection Tool (AISTL4].

7.3.2 Description of the Highway Capacity Manual Method

The Highway Capacity Manual (HCMJ)132] contains the current industry standard
methodology for analyzing signalizeatersections. Chapter sixteen of the 2000 release of the
HCM provides a detailed methodology for analyzing signalized intersections, including
documentation of the theory behind the methodology and solved example problems applying the
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methodology. The BM methodology relies on a series of worksheets which reference various
tables and appendices throughout the 160+ page chapter, which involves a time consuming
process to work through by hand. In practice, a number of software packages are used which
dupi cate the procedures of the HCM, with Traf
Highway Capacity Software being the two most commonly used within the industry. Analysis
included in this report is conducted on data generated with Synchro (versiord@1)il and is

considered to be equivalent to the results produced directly from the HCM.

7.3.3 Description of the Aggregate Results of Microsimulation Methodology

From the beginning of the modern literature on unconventional inters¢88pnthe argument

has been made that average travel time should be the pi@IE when comparing alternate
designs. In an effort to concurrently increase safety and throughput, unconventional
intersections reduce and separate the number of conflict points, which often results in the
creation of a network of signalized or unsigpadl intersections to replace a single conventional
signalized intersection. By prohibiting specific movements such asutef at the central
intersection, vehicles seeking to make minor movements are forced to reroute with increased
travel times, whi¢ the primary through movements are afforded a greater percentage of green
time, and a subsequent reduction in average travel times. Capacity is increased at the central
intersection, but it is usually done at the expense of the minor movemEakig aholistic

view of the networkin these situationss essentialrather thansimply consideng the delay
experienced at a single node or location.

7.4 Evaluation Approach

The approach of this paper is to examine each methodology in order of increasing dgmplexi
and then examine the durability of each approach relative to the level of effort involved in
completing it. Should a simplistic approach give results that are, on the whole, predictive of the
results given by complex analysis, then this simple apprshould be pursued and tested for
weaknesses. If, on the other hand, the results of simplistic methods are not indicative of the
results obtained from methods requiring high investments in time, then the small amount of time
spent to obtain the initiaksults is wasted, and these methodologies should be either abandoned
or improved to generate better results.

7.4.1 Roadway Geometry andVehicle Routing

As this study is not seeking to calibrate the optimal geometry of the Quadrant Roadway design,
the geometry mposed by Reid will be duplicated for this analysis, as seEIGOWRE 7-1. One

of the important factors to consider when comparing a conventional design against an
unconventional alternative is to ensure that the designs be normalized with equal capacity,
number of lanes per approach to the intersection, to avoid giving one alternative an advantage by
design. In the case of the quadrant roadway, there is an inequality between the conventional
intersection and the main intersection replacing it, whaee leftturn lanes are dropped.
However, the capacity of these lanes is offset by the additional capacity provided by the spur
road. Confirming the fairness of the two designs under consideration, a calculation of
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impervious areas for the two roadway gedries generated for this report shows a value of
43,450 m for the conventional intersection and 46,680far the quadrant roadway, a modest

-~
' North /
~
Not to Scale
“ . — 150m————
ARTERIAL (average design fength)

—wogt

{pbusy ubisap aberone)

13341S SSOHD

ihi

Eastbound Westbound Northbound Southbound
Through Right Left  Through Right Left  Through Right Left  Through Right

Scenario Movements

Arterial and Cross St 1 1 2 2 2 2
Design  Arterial and Quadrant Rd X 2 2 3 3
Cross St and Quadrant Rd 2 1,2 1 1,3
Arterial and Cross St , . 1,4 1,4 2,3 2,3 2,3 2,3
Modified Arterial and Quadrant Rd , 3, 2 2 3,4 3,4
Cross St and Quadrant Rd , X 2 1,2 1 1,3 4

increase of 7%.

FIGURE 7-1 Geometridayoutandsignal phasesf quadrantroadwayintersectiori64]

With the prohibition of lefturns at the intersection of the arterial and the cross street, vehicles
which previously made this movement at the conventional intésetiust be rerouted through

the quadrant roadway. The rerouting of vehicles will follow the patterns sha#GWRE 7-2,

which come directly from Reidds original desi
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Arterial Y4 ‘

Arterial

Cross Street

A) Lefi-Turn Pattern from the Arterial

Cross Street

B) Lefi-Turn Pattern from the Cross Street

FIGURE 7-2 Pattern ofeft turns forquadrantroadwayintersectiorf64]

7.4.2 Network Turning Movement Volumes

When comparing the traffic operations of an unconventional design against its conventional

equivalent, it is important to conduct angparison for a variety of volume regimes.

absence of field collected volume data, it is commonplace to develop a factorial volume input
design which iterates over a number of parameters. A total of 36 volume combinations were
developed for analysj based on the parameters, with a sample of how these parameters vyield

specific turning movement volumes showrnmiBLE 7-1.

TABLE 7-1 Generation ofolumecombinations

(a) Paramiers used tgeneratgurningmovementolumes

Parameter

Major Link Two-Way Volume (vehicles/hr)

Relative % Vol. on Minor Approach
%of Vol. Traveling Eastbound
%of Vol. in Each Turn Lane

(b) Samplgurningmovementvolumes
INTID E-W Street

Arterial Ave

N-S Street

Scn. Major Minor Direction Turn Conventional Intersection

| 20 128001 08 | 065 ]0.2] 1 _J[Aterial ___|Cross Street[364]1092]364]196] 588 | 196 [ 224 ] 672 | 224 224 ] 672 [ 224]

Quadrant Rd

EBL EBT EBR WBL WBT WBR NBL

NBT

NBR SBL SBT

SBR

11 |Arterial Ave

Cross St

1316

784

196

1036

224

896

224

13 [Quadrant Rd

Cross St

364

560

224

896

672

224
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7.4.3 Data Collection for Critical Sum Methodology

The calculatiorof the critical sim for each intersection is performed as a set of equations within

a Microsoft Excel worksheegccording tothe most simplified version dhe methodology as
de<ribed to operate the AI$87], with adjustment factors set to IThis method selects the
highest vehicles/lane value among conflicting movements, summing these values across the
intersection to calculate a maximum demand in terms of vehicles/hour/lane. The critical sum
measure is alogous to the volumt-capacity ratio commonly used as a measure of latent
capacity in practice, though it overlooks differences in the saturation flow rate between lanes.
Generally only the central node of an unconventional intersection design isfanss€&$sM
comparison purposes against its conventional alternative. A concern for the use of the CSM is
the case where turning movements operate under permitted phasing, which is avoided for
unconventional intersections, which are generally considered akemnative only when left

turn volumes are high enough to operate under protected phasing within the signal timing plan.
An advantage of the CSM is its independence of both roadway geometric design and signal
timing plans, which are often unavailable tire planning stages of intersection design. The
direct output in veh/In/hr obtained by the CSM at the main node is used for data analysis herein.

7.4.4 Data Collection for Highway Capacity Manual Methodology

The calculation of HCM results is conducted by us&ynchro (version 6, build 612) traffic

signal coordination software, a product of Trafficware Ltd. Signal phasing is based on
modifications to the design by Reid, with the conventional intersection utilizingdutlyated
uncoordinated signal timingnd the quadrant roadway utilizing a single controller for the three
signalized intersections, with all of the movements in the network accommodated filyaaet

split timing plan. Turning movement volumes for the 36 alternative scenarios are loadéeé into t
network by using the Universal Traffic Data Format (UTDF). Signal optimization is conducted

t hrough Synchrobés internal signal optimizati o
intersection results and the signal timing plans are generateoligh there are many statistics
generated from these reports, only the average vehicle delay per turning movement is used for
data analysis. Prior to the formation of the network geometry for microsimulation analysis the
worstcase volume scenario is idded, with predicted vehicle queue information produced.
Auxiliary turn lanes are made long enough to accommodate the 95% queue length predicted by
Synchro o prevent spillback in the network modeled for microsimulation.

7.4.5 Data Collection for Aggregationof Microsimulation Results Methodology

Both the conventional intersection and the quadrant roadway network are drafted in AutoCAD to
serve as a base for the creation of the VISSIM roadway network. Each of the 36 volume
combinations was simulated for oneun, one run per volume combination. The output from
microsimulation is in the form of aggregate network results. The eastbound and northbound
approaches begin 600m away from the central intersection, with the westbound and southbound
approaches beginnirbOm away from the central intersection, allowing for 450m of seed length
along each approach with the addition of the quadrant roadway into the network. The extent of
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the impact of the signalized intersection on the approaches is 150m from the begfresct
roadway segment, which is predicted by Synchro analysis of the-easmstvolume scenario to
include the 95% queue length on each approach. The average delay and average travel time
output values will be the variables of interest for data analy&tseen captures of the simulation
network for both the conventional and quadrant roadway designs are shBMBURE 7-3.

(a) Conventional Intersection Design (b) Quadrant Roadway Degign

FIGURE 7-3 Screen captures of VISSIM roadway network semioh

7.5 Research Results

Research results are presented primarily in graphical form, with data used to present trends
regarding the changes affected by converting a conventional intersectcuadrant roadway
design. The results of each methodology greesented individually in this section, with
comparative analysis conducted in the Analysis of Results section of this report. In representing
the graphical dat&fIGURES 7-4 to 7-8 show the MOE values of the conventional intersection

on the xaxis, withthe MOE values of quadrant roadway intersection on theig, such that any

data points falling below the 1:1 linear line indicate that the quadrant roadway design performs
best, while data points falling above the 1:1 linear line indicate that the ¢mmaroadway

design performs best, for the given MOE.
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7.5.1 Results from theCritical Sum Methodology

On average, the critical sum methodology predicts that converting a conventional intersection to
a quadrant roadway will result in an increase of around tD%rms of capacity, as seen in
FIGURE 7-4. Examining the results by looking at specific parameters used to generate turning
movement volume scenarios, it is found that the percentage of turning vehicles has the most
statistically significant effect orhé degree to which a quadrant roadway design is predicted to
outperform a conventional design using the critical sum indicator variable. The low turn volume
scenarios, with each turning movement comprising 10% of the upstream link volume (1/8 of the
through volume), are predicted to produce minimal improvements compared with the
improvements associated with the high volume scenarios, where each turning movement
comprises 20% of the upstream link volume (1/3 of the through volume). The coefficient of
detemination for the predictive equation has a value of 0.812, indicating that there is a good deal
of variability about the mean expected value, but that in general the results do indicate a trend
consistent with the formulated equation.
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FIGURE 7-4 Changen critical sum dugo the quadrant roadway design
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7.5.2 Results from theHighway Capacity Manual Methodology

While the results of modeling the network with Synchro provide a great number of statistics, the
primary concern is in comparing the average delay segoon the network, which can be
obtained by summing the individual movement delays at each of the three intersections of the
guadrant roadway design, as seen in an examplABLE 7-2. The primary limitation of this

result is that it disregards the clgann distance traveled for a given origiastination pair.

TABLE 7-2 SampleHighway Capacity Manual method delay calculations
INTID EBL EBT EBR WBL WBT WBR NBL NBT NBR SBL SBT SBR Intersection

20 ¢ 1 614 : 544 :186 ; 924 {463 {243 :87.6 : 526 | 25.7 | 87.6 | 52.6 : 16.9 51.21
62.6 i 579 i1 40.1 | 725 1254 : 113 i59.1 {284 {226 887 382 :249 43.74

12 364 ¢ 8.7 279 1122 21.4 113 21.00
11 21.5 132§ 11.3 21.1 1 153 164 i 12.7 17.90
13 | 32.8 314 3771 73 218 ¢ 23 20.30

A comparison of the average delay experienced across the two networks iSFHEHORE 7-5.

The data indicates that theuafrant roadway reduces average delay in nearly all volume
combinations investigated, with a general trend that the reduction in delay is greater as the
overall delay increases. In contrast to the results predicted by the critical sum method, the HCM
mettod predicts that the reduction in delay is independent of the percentage of turning vehicles.
The coefficient of determination for the predictive equation has a value of 0.764, indicating that
there is a good deal of variability about the mean expectee Maut that in general the results

do indicate a trend consistent with the formulated equation. The single point above 80 seconds
of intersection delay for the conventional intersection appears to be an outlier for the linear
relationship shown, whichndicates that a regime of scenarios at higher volumes should be
added to the analysis to determine whether the advantage of the quadrant roadway continues to
increase as demand exceeds capacity, or whether very high levels of demand overwhelm the
guadrantoadway in ways that the conventional roadway can accommodate.

A comparison of the turmovement delay experienced across the two networks is seen in
FIGURE 7-6. The data indicates that the quadrant roadway reduces average delay in nearly all
volume comhnations investigated, but that it is particularly helpful for through movements, to
the detriment of some lefurn movements. As with the intersection average delay, the
percentage of turning vehicles appears to be independent of the reduction inodelpgcific
turnrmovements. The dispersion pattern of the graph indicates that it may be more difficult to
predict the outcome of a specific design as the demand volumes increase beyond capacity.
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FIGURE 7-5 Change in intersection delay (HCMe toquadrant roadway design

FIGURE 7-6 Change in turrmovement delay (HCM) due to quadrant roadway ahesig
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