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Executive Summary

The purpose of this research is to add new insights regarding the benefits and drawbacks of
usingalternativeintersections with threphase traffic signals compared to other intersection
designs and to develop a technical guideline to help designers and policymakers in
transportation understand when and where to use-fin@ssntersectiordesigns.

At four-phase conventional intersections where traffic demand is near or above capacity,
alternativeintersectionsconsistently improve performancdntersectiondesigns with twe

phase traffic signals such as reduced conflict intersections (RCI, also called R@thTand
superstreet) result in shorter travel times, fewer crashes, and better pedestrian service in North
Carolina (NC). However, retrofits to designs with tpliase signals may hbeegatively
impactful and unpopular. Higher minor street denh lack of precedent, and complaints (from
neighbors, business owners, politicians, media, etc.) are among the possible obstacles for
constructing twephase designs in many locations. In other words, while-phase
intersections perform very well at maintersections, designers might not be able to select
those designs for some projects. On the other hand, intersections witiplthssesignals

might provide some of the twphase design advantages while also providing more direct
movements and alleviag some public concerns.

This study assists Departments of Transportation (DOTs) in addressing the following
guestions(1) At what locations are thrgghase designs most well suited? (2) How much do
they cost, especially compared with other intersections like RCIs? (3) What kind of traffic
control devices are needed? (4) What movement restrictions could cause rootdusion

and violations? (5) How could we minimize those violations? (6) What are the considerations
needed for pedestrian and bicyclist safety? (7) Whal kingeometric and rigkaf-way

(ROW) limitations are faced during construction? (8) What movements are less impactful for
redirecting in different cases? (9) What designs would be most readily accepted by the public?

Current literature omlternativeintersections with threphase signals is limited. Excluding
offset T, partial continuouslow intersections (CFIs), and quadrant intersections, little
information is available on the performance of other tpiggse intersections. Reviewing the
crashmodificationfactors (CMF) Clearinghouse reveals that only a few studies have estimated
CMFs for converting fouphaseconventional intersections to thrphase intersections. These
studies focused on partial GFI This research evaluatebfferent threephase designs to
increase the confidence level in selecting the most appropriate desigierent locations.

To identify benefits and drawbacksd threephase intersectionthe research teaevaluated
threephase designs considering measures of effectiveness (MOE) that include traffic
operations, safety, pedestrian and bicycle performance, public acceptance, and construction
cost. As a part of the evaluation conducteatiree spreadshediased toolgitled public
acceptance scoring system (PASS), conflict point analysis (CPA), and safeigystsattions
(SSI for new alternativgsvere deelopedby the researckeam Our results show that in
appropriate situations, thrgdnase designs will provide significant operations and safety
benefits for all users with fewer impacts compared to-fwase intersectiondesigns.
Therefore, they may be more palatable to stakeholdds#imately, a framework was
developedusing these result®o help decisiormakers and stakeholders improve safety,
operational efficiencypublic acceptanceand cost savingat future intersection projects

NC.
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Chapter 1 Introduction

With regards to safety, intersections are critical components of our national transportation
infrastructure. A major component of intersections are traffic signals, whosgyrdsas

resulted in multiphase control of intersectiods. s i gn a | phase iofwagef i ned
yellow change, and red clearance intervals in a cycle that are assigned to an independent traffic
movement or combi nat i oMUTCD,f2028)r A typicalcstandeodv € me n t
signalized intersection has foartical signal phases per cycle: north/south thru movements,
north/south left turns, east/west thru movements, and eastéftestrns (not necessarily in

that order). Foucritical-phase intersections, while the predominant intersection design in the
United States, incur safety and operational penalties by allowing left turn movements from all
approacheg_uo, 2022.

At four-phase conventional intersections where traffic demand is near or above capacity,
alternative intersections may perform bettentersectiondesigns with twephase traffic
signals such as reduced conflict intersections (RCI, also called REUITn Jand superstreet)
andmedian Uturn (MUT) result in shorter travel times, better pedestrian service, and safety
benefitscompared to conventional desigiieid et al.2014;Jagannathan et a007) These
improvements in performance are achieved by redirectinguiefs at an intersection. With

no left turns at the main intersection, only two signal phases are required: north/south green,
east/west red and north/south red, east/west green. &adjrthese movements decreases
conflict points, or points where traffic flows from different street approaches intéRsidt

and Hummer2020)

However, retrofits to designs with twaritical-phase signals may Imegativelyimpactful and
unpopular with local communities. Higher minor street demand, redirecting too many
movements, lack of precedent, and complaints (from neighbors, business owners, politicians,
media, etc.) are among the possible obstacles to constructinghtge designs in many
locations. In other words, while twghase intersections perform very well at many
intersections, planners might need help sglg¢hose designs for swe projects.

An alternate solution is intersections with thpease signals, which might provide some of
the twephase design advantages while providing more direct movements and alleviating
public concerns. Typically, thremitical-phase intersections redirect minor or major street
left-turns (or thru movements), but not both, like a-pt@se intersection. Since thglease
designs do not redirect all left turns like tpbhase intersections, they require one additional
signal phaséo direct traffic.

As mentioned abovehére has been a growing interest in converting existing conventional
intersections to alternative intersections (also known as innovative and unconventional
designs) in the last two decades (Hughes and Jagannathan, 2009). Past studies have shown
valuable benefits for implementation of alternative intersections such as (Me&ld et. al,

2014; AFOmari et. al, 2020; El Esawey and Sayed, 2011; Bared and Kaisar, 2022; Jagannathan,
2007), continuous flow intersection (CFl, also known as displaced left turn intersection, DLT)
(Hummer and Molan, 2022; Cunningham, 2022; Steyrl,62044), and reduced conflict point
intersection (RCI, also known as RCUT, superstreet, d@nhJ (Mishra and Pulyurtha, 2021,

Molan et. al, 2022; Sun et. al, 2019; Howard et. al, 2022; Molan et. al, 2021; Hummer et. al,
2010; Hummer et. al, 2007; Ott et. al, 2012). While all these alternative intersections have
symmetric geometries, many existing intersections mepee asymmetric traffic conditions

with higher traffic volumes on one or two legsloreover, the available rigidf-way (ROW)



and its restrictions can vary across different intersection approachesther words,
implementing an alternative intersection with symmetric geometric features can be challenging
or costly for state departments of transportation (DOTs) under certain circumstances.
Therefore, more alternative intersection designs need to be introduced to address these
situations.

As a possible solution to the concern mentioned above, combination of alternative intersection
designs (hereafter called combination intersection designs) with different geometric features
on different approaches could be considered to facilitate trafécations at intersection sites

with asymmetric traffic conditions and/or varying ROW on different approachesecent

years, state DOTs such as North Carolina DOT, Virginia DOT, and Alaska DOT have shown
high interests in implementing newer alternadiveich as combination intersection designs
(Hummer, 2020; AKDOTundateditherefore, it is expected to see more of these designs in the
future. Despite this high interest, the current literature on combination intersection designs is
limited to only a few research articles, and many transportation professionals are not yet
familiar with these intersection designs

1.1 Problem Statement

Despite theadvantages of alternative intersection designs with two signal phases, their
implementation can be challenging some locationsvith high side street deman&OW
restrictions, unbalanced traffic demandsr due to objections from local stakeholders,
including neighbors, businesses, and politicians. Therefore, state DOTs might not be able to
consider these alternatives in some circumstances.

1.2 Objective

The objective of thidinal reportis to enable traffic engineers and decision makennake
informed decisions about where thigease intersections could work wellhis objective is
accomplished by informing readers about the safety and operational performance of
intersections with threphase traffic signalsSpecifically, his reportincludes a statef-the

art literature review, data collection, simulation modeling, public acceptance analysis, and
safety analysis of intersections with thigease traffic signals.It also presents condition
diagrams of existing thregghase intersections across the counfrige results of this research

will hopefully assist state DOTSs in their future intersection improvement projects at locations
with potential for new combination intersection designs.

1.3List of Abbreviations
The following abbreviations are utilized throughout the relrieport

AASHTO: American Association of State Highway and Transportation Officials
AADT: Annual Average Daily Traffic
ASCE: American Society of Civil Engineers
B/C: Benefit/Cost

CFI: Continuous Flow Intersection

CMF: Crash Modification Factor

CPA: Conflict Point Analysis

DDI: Diverging Diamond Interchange

DLT: Displaced Left Turn

DOT: Department of Transportation
FHWA: Federal Highway Administration
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FITS: Framework folntersections with Threphase Signals

LOS: Level of Service

MOE: Measure of Effectiveness

MUT: Median UTurn

MUT #1. Median UTurnwith Redirected Lefts Only from thdajor Road
MUT #2 Median UTurnwith Redirected Lefts Only from thdinor Road
MUTCD: Manual on Uniform Traffic Control Devices

NCDOT: North Carolina Department of Transportation

NCHRP: National Cooperative Highway Research Program
PASS:Public Acceptance Scoring System

PDO: Property Damage Only

QR: Quadrant Roadway Intersection

RCI: Reduced Conflict Intersection

REDIRECT L&T (or RLT): Redirect Left and Thru

REDIRECT 2L&T (or R2LT): Redirect Two Lefts and One Thru
ROW: Right-of-Way

SaFID: Safest Feasible Intersection Design

SSAM: Surrogate Safety Assessment Model

SSI: Safe System Intersections

TRB: Transportation Research Board

TRR: Transportation Research Record

V/C: Volume over Capacity
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1.4 List of Definitions

1. At Grade Intersection: When two or more surface streets intersect at grade level.

2. Alternative Intersection: An intersection design where at least one traffic movement
is strategically redirected from a Aconve
reduce conflict points and to improve traffic signal operation and pedestrian
performance at signalized intecdions.

3. Signal Phase A traffic phase is defined as the green, change, and clearance intervals
in a cycle assigned to specified movement(s) of traffic.

4. Crash Modification Factors: A crash modification factor (CMF) is derived from crash
studies related to a particular change made to a site by comparing crashes before and
after the change. A CMF is then used to compute the expected number of afeshes
implementing a similar change on a different road or intersection. This CMF value
allows traffic engineers to estimate the effectiveness of a given countermeasure at a
particular site.

5. Surrogate Safety MeasuresSurrogate measures of safety are indirect measures that
reflect the crash experience of a facility.

6. Combination Design: An intersection design that combines elements of at least two
other intersection designs. Example: CFI/MUT Combo which combines the partial
MUT and partial CFI designs.



Chapter 2 Literature Review

This literature review was developad part of NCDOT Research Project 2ZBin orderto
investigate how to advance the implementation of tpresse intersections and identify some
possible responses to current questions related tepheese intersections, such as: (1) At what
locations are threphase designs most well suited? (2) Howch do they cost, especially
compared with other intersections like RCIs? (3) What kind of traffic control devices are
needed? (4) What movement restrictions could cause motorist confusion and violations? (5)
How could we minimize those violations?6)(What are the considerations needed for
pedestrian and bicyclist safety? (7) What kind of geometric and-afghy (ROW)
limitations are faced during construction? (8) What movements are less impactful for
redirecting in different cases? (9) Whasid@s would be most readily accepted by the public?

Current literature on alternative intersections with tipkase signals is limited, but some of
these questions have been studied more usinghase intersections. The FHWA Displaced

Left Turn(Steyn et al. 2014xhe FHWA Median UTurn (Reid et al. 2014)and the FHWA
Quadrant Roadway (QR) Intersectigteid and Hummer 2020 formational Guides provide
general details, planning techniques and strategies, evaluation methods (for evaluating
operational and safety performance), geometric design guidelines, and principles to be
considered when choosing and implementing CFIl, MBfild quadrant intersections. The
FHWA guidelines also presented construction costs of a few past projects implementing those
designs. According to the information provided, construction costs varied from $1.7M to
$5.1M, from $4.4M to $7.5M, and from $MBto $3.2M for MUTSs, CFls, and quadrants,
respectively, constructed in the 2000s and the 2010s.

Excluding offset T, partial CFls, and QRs, (three tipkase designs with realorld examples
in NC) little information is available on the performance of other tplesse intersections.
Reviewing the Crash Modification Factors (CMF) Clearinghouse tewbat only a few
studies have estimated CMFs for converting foliase conventional intersections to three
phase intersections. These studies focused on partial CFls, and MUTs wjthaseotraffic
signals (no CMF for the thrgghase version, though).

Specific thregphase designs discussed in this literature review are: partial MUT (two versions),
partial CFI, reverse RCI, CFI/MUT combination (combo), thal, offsetT, severphase
signal,redirect left and through (redirect L&T or RLT9nd QR. There are alsdherthree
phasedesignswith no publicationsn the current literatureedirect two left and one through
(redirect 2L&T or R2LT, proposed by one of thathors, Amir Molah and offset threcut
(proposed by Joseph E. HummerJhe design geonmt for each of these intersections is
provided in section 3.1 of thieport

The sources collected in this report are mainly publications and technical reports by the North
Carolina Department of Transportation (NCDOT), National Cooperative Highway Research
Program (NCHRP), Federal Highwaydministration (FHWA), Transportation Research
Board (TRB), Elsevier, American Society of Civil Engineers (ASCE), and other State DOTSs.

2.10verview

This literature review comprises twelve subheadings summarizing works written about
alternative intersections with thr@hase signals. Specific areas of discussion include (a)
design descriptions, (b) traffic operations, (c) safety performance, (d)tpaadgerformance,

(e) public and stakeholder acceptance, and (f) construction costs. These topics are presented



to help readers obtain a full understanding of existing literature on alternative intersections with
three signal phases, and what the study needs are to advangehtéseeéntersections.

The literature reviewed includes journals, reports, articles, proceedings, state DOT documents,
and presentationd he entire list of publicationis presented in the reference section at the end

of this report. This literature review is broken up into two main sections: the performance of
specific thregphase intersection designs (16 studies), and public acceptance of all alternative
intersections (10 studies) as shown in T&hle

Table 2.1 Publication Category

Publication Category Number
ThreePhase Intersection Performan 16
Public Acceptancg of Alternative 10
Intersections
Total 26

2.2 Three-Phase Intersection Performance

This section presentigeraturerelated to the safety, pedestrian, and operational performance
in threephase intersection designs. Tal#€sand2.3 provide a breakdown of the works we
found bythe focus of the study and design typdhethreephase intersectienrespectively.

The main findings of these studies are highlightetismisection(2.2) of this literature review.
Additionally, sectior2.7 provides a consolidated summary of these findings.

Table 2.2 Summary of ThreePhase Intersection Publications by Focus of Stud
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Safety
Performance X X X | X X X | X 7
Operational
Performancg X X | X X | X X | X | X | X 9
Design
Guidelines X X | X X | X | X | X 7
Total 1 1 2 1 1 2 1 1 1 1 2 2 3 3 1|23

*Only unsignalizedffset T intersections



Table 2.3 Summary of ThreePhase Design Publications by Geometric Design

Three Phase
Intersection
Geometric Design

Yang et al. (2023)
Ingle and Gatég2021)
Schroeder et al. (2021)
Cunningham et al. (202
Hummer (2020)

Reid and Hummer (202
Rouphail et al. (2020)
Hummer et al. (2019)
Hughes et al. (2010)
Inman (2009)

Partial MUT"

X| |Cunningham et al. (202
X| |Ahmed et al. (2021)

X| |Qu etal(2021)
x| [Zlatkovic (2015)

Partial CFI

X
X

Reverse RCI

CFI/MUT Combo

X|X|X|X|X|Luo et al. (2022, 2024)

Thru-cut

OffsetT X X

SevenPhase Signa| X

X
Blor Nk ko Total

Quadrant Roadway X X X | X X
Total 1]1]5]1]1]1]1]1]2 1

*Only unsignalized offset T intersections
**With three signal phases

2.2.1MUT Redirect Major (Partial MUT #1) and MUT Redirect Minor (Partial MUT
#2)

2.2.1.1Design Description
There are two versions for the thiglgase MUT. TheMUT redirect major (partiaMUT #1)
redirects only the lefturn traffic from the major road, whiMUT redirect minor (partiaMUT
#2) redirects the lefturn traffic from the minor street. In these designs, except for the
redirected lefturn traffic, all other traffic movements follow conventional routes. Note that a
two-phase MUT redirects all the lgfirn movements to 4&urn crossoers. Figure®.1 and2.3
show the design geometry for both partial MUT configurations.

Node 3

|
Partial |
|
|
|

Figure 2.1 MUT Redirect Major (Partial MUT#1) Design Geometry and Signal Phasirg



In Figure2.1, the routes of lefturn traffic from the major street are shown with red and blue
lines. It should be noted that in Figu2el, as well as in subsequent figures depicting the
geometry of other threghase signal designs, only the redirected movements are illustrated;
conventional traffic movements are not shown. To the best knowledge of the authors, there
are at least three reaforld examples like the concept of MUT #1: one intersection site in
Boise, ID, and two sites in New Orleans, LA. Figur2shows a satellite view of one of the

MUT #1 examples in Boise, ID.
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Figure 2.3 MUT Redirect Minor (Partial MUT#2) Design Geometry and Signal Phasing



Along the same corridor in New Orleans that has a fewwedd examples of the MUT #1
(redirect major Rd)there are also two examples similar to the MUT #2 concept. Figure 2.4
presents a satellite view of one of these MUT #2 examples in New Orleans, LA.

Figure 2.4 MUT Redlrect Minor (Partial MUT#Z) Located at W Napoleon Ave/N
Causeway in New Orleans, LA

2.2.1.2Performance

According to Luo et al. (2024), the partial MUT #1 is advantageous when turning demand is
low, where the through movement could receive longer green indications than in the
conventional design, and the total cyleegth can be effectively reduced due to removing one
of the signal phase®artial MUT designs include 24 conflict points, eight conflict points fewer
than the folegged conventional design.

Pedestrians should experience a safer service applying the riéag 20ethod published in

the NCHRP Report 94gchroeder et gl2021)at both partial MUT #1 and partial MUT #2.

It should be noted that the -2@g method evaluates the expected safety and comfort
pedestrians will experience at a particular intersection. Luo (2022) thatphartial MUT #1
intersections had 2 yellow flags and 10 red flags for pedestrians compared to 14 red flags at a
conventional intersection. This was the lowest number of flags of theghese designs in

that study which also analyzed partial CFI, CFI/MUT combo, revRGI, and thricut.

Luo (2022) also provided the information regarding pedestrian and vehicle travel times
summarized in Tables 2.4 and 2.5, respectively. For both tables, an assumed volume/capacity
ratio of 1.0 was used. Also, high turning conditions were 5,200 totallgsipier hour per lane
(vphpl) with equal turning and through volumes, moderate turning conditions were 5,000 total
vphpl with turning volumes set to 66% of through volumes, and low turning conditions were
4,800 total vphpl with turning volumes set to 50#4hwough volumegLuo 2022) According

to Tables 2.4 and 2.5, partial MUT #1s have the lowest pedestrian travel times of the six
intersections included and provide an improvement in vehicle travel time compared to
conventional intersections as shown in Table(Ru» 2022)



The completed tests statistic in Table 2.5 reflects the percentage of scenarios in which at least 90%
of vehicles successfully reached their intended route destindbprthe time the network
simulation endedLuo 2022) Notably, the conventional design exhibited the longest average
travel times across all the turning ratios and also had the lowest rate of completed tests. This lower
completion rate shows its capacity limitations, particularly when compared withréeedtitical

phase alternative desig(isuo 2022)

Table 2.4 Pedestrian Travel Times for ThreePhase Intersections (Lup2022)

Overall High Turning ModerateTurning Low Turning

Intersection | Travel No. of Travel No. of Travel No. of Travel No. of
Type Time | stopdvehicle| Time | stops/vehicle| Time | stops/vehicle| Time | stops/vehicle

(sec) (sec) (sec) (sec)

Conventional 84 0.46 89 0.47 88 0.46 76 0.45

Partial MUT#1 70 0.8 75 0.92 66 0.92 70 0.74

Partial CFI 107 1.78 106 1.79 107 1.79 110 1.77

MUT/CFI 118 1.13 131 1.15 109 1.13 115 1.07

Reverse RCI 75 1.37 73 1.39 73 1.39 80 1.37

Thru-cut 81 1.28 83 1.29 85 1.29 74 1.27

Table 2.5 Average Vehicle Travel Time Based on VISSIM (Lup2022; Luo et al, 2024)

Overall High Turning Moderate Turning Low Turning
Intersection Type Tr_avel Completed Trg vel Completed Tr.avel Completed Tr_avel Completed
Time Tests (%) Time Tests (%) Time Tests (%) Time Tests (%)
(sec) (sec) (sec) (sec)
FOUF 1 onventional | 301 19 326 4 316 17 292 38
Phase
Partial CFI 176 100 191 100 171 100 164 100
Three MUT/CFI 184 100 207 100 176 100 168 100
Phase Partial MUT#1 192 89 249 67 181 100 166 100
Thru-cut 206 76 242 50 201 79 192 100
Reverse RCI 251 38 N/A 0 241 13 252 100
Two- RCI 176 61 258 17 181 67 168 100
Phase

The partial MUT in Boise, ID, wasonstructedn 2018 at State Street and Veterans Memorial
Parkway (Figure2.2) (Parris 2018) This intersection represents the partial MUT #1 with
redirected traffic from State Street making downstreatards in the median. Given its recent
construction, no longerm studies have yet analyzed the safety or operational benefits of the
intersedbn. Our research team reached out to Idaho DOT for information regarding this
intersection, and they provided ten yearsd wo
as shown in Table2.6 and2.7 . There is only t hafdlevinggtbear s 6 w
redesign of the intersection in 2018, so it is difficult to draw a definitive conclusion about the
effectiveness of the change. However, there appears to be little to no change in the total number

of collisions per year.



Table 2.6 Crash Data Summary for State Street/Veterans Memorial Parkway, Boise, 1D

Year Total Collisions
2012 8
2013 16
2014 16
2015 8
2016 11
2017 16
2018 10
2019 16
2020 8
2021 11

Table 2.7 AADT (veh/day) Data for State Street/Veterans Memorial Parkway, Boise, ID

Street Name AADT (2021)
State Street (East) 27,500
State Street (West) 33,500
Veterans Memorial Pkwy (North) 9,700
Veterans Memorial Pkwy (South) 21,000
Additionally, as mentioned earliethere ardourp ar t i a l MUTG6s constructed

The research team reached out to Louisiana DOT regarding these specific intersections and
receivedmultiple years of crash datar two of themas shown in Table 2.80f note,the authors
do not know wht year thespartial MUTs were implemented.

For these partial MUTs in New Orleans, the predominant crash type-snearashes followed

by sideswipe and angle crashes. Of the total angle crashes at each partial MUT, left turning angle
crashes make up between 22%%. The most common crash satyewas PDO followed by

injury crashes. There were no fatal crashes reported at either location between 2018 and 2023.

The FHWA MUT Informational Guidé2014)focuses solely on twphase MUTSs, but some of

the information covered could be helpful for analyzing tiplkase partial MUTs. For example,

this guide recommends using the same MUTCD standard signage for MUTs that is used for
conventional intersectionp,ut wi th the additi oMay®of @AaNad [Hdofot
Entero signs where appropriate to guide drive
direct towards twegphase MUTs should also be applieald their thregohase equivalents.
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Table 2.8 Crash Data for W Napoleon Ave/N Causeway Blvd and W Napoleon Ave/David

Drive in New Orleans, LA

Crash Severity Crash Type
Angle

Intersection (Date Total Rear | Angle | (Left | Head | Side Fixed

Range) Crashes| Fatal | Injury | PDO| End | (Total) | Turn) On Swipe | Object | Other
N Causeway Blvd

at W Napoleon
Ave (20182023) 200 0 38 162 89 34 10 2 45 8 22
W Napoleon Ave

at David Dr

(20182023) 161 0 36 125 85 41 10 4 20 4 7

2.2.2Partial CFI

2.2.2.1Design Description

The partial CFlincorporates lefturn crossovers at both the major and minor roads, where left
turning traffic crosses over to the Kfand side of the road atsecondaryintersectionlocated

before the main intersectiomhe partial CFl design is particularly advantageous when it comes

to high demand from the major street, where it could operate all through anaraefiovements
simultaneouslyparticularly when the lefiurn crossover is on the major roa@he design does

not have a kurn crossover. This feature allows it to have the same traffic d the main
intersection as the conventional design. Fi@LBeshows a partial CFIThere are multiple options

for sidewalk placement at partial CFls: traditional, midblock, and offseditional crosswalks

are standard pedestrian crossings located at intersections, aligned directly with the roadway.
Midblock crosswalks are placed between intersections to improve pedestrian access and safety.
Offset crosswalks have a staggered desgpuliring pedestrians to cross aagproachat a time,

which enhances visibility and safety.
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Figure 2.5 Partial CFI Design Geometry and Signal Phasing
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2.2.2.2Performance

Partial CFIsmight not be pedestriarfriendly at some intersectionsecause they create long
walking distancesmultiple crossingsthe concept might be confusing for pedestrians, and they
havesix (6) yellow flags and 14 red flags using the-ffly method. In terms of traffic safety,
partial CFls have 30 conflict points, only two conflicts fewer than the conventional design.

New CMFs were developed for the conversion of conventional signalized intersections to CFls in
a recent NCDOT report (Cunningham et al. 2022). The research team chose nineteen CFls across
eight states with four reference intersections for each CFl, howereetreatment sitesvere
dropped due to lack of data or an unexpected situa@dmote, none of the case study sites were

in North Carolina. For each crash type, researchers found that the CMFs were all less than one
with the range being 0.64&%96. Rural CFIs were found to have larger crash reductions than
urban sitesCunningham et al. (2022lso found that implementing CFls resulted in a decrease in
total crashes (12.1%), fatal & injury crashes (13.8%), property damage only crashes (11.8%), angle
crashes (29.4%), and reamnd crashes (12.9%). The researchers exantiveasults for each

crash type and determined that while there was a significant reduction in angle aeddrear
crashes, there was a 10.50% increase in all other crash types combined. Additionally, CFls with
parallel right turns had greater crash reductions than CFls watidatd right turns. The
introduction of skew to CFI design was found to increase the rate of angle crashes.

According to Luo (2022) (Table34 and2.5), partial CFls have an estimated pedestrian travel
time of 107 seconds, and an average simulated vehicle travel time is 176 sédthadgh partial
CFls result in the lowest vehicle travel time among the six intersections stutliegaenal. (2022)
they increase pedestrian travel time by 23 seconds compared to convantensaktions (see
Table25).

Rouphail et al. (2020) found that traditionmddestriarcrossingshad the least number of stops,
and offset had the shortest stopped delay. Midblock performed well when routes started and ended
near the midblock crossing.

Qu et al. (2021) developed a methodology for constructing signal timing at CFls. They suggested
using the following steps:
1. Determine signal phase timing at the main intersection based on traffic volume at
the main intersection.
2. Determine the timing of the signal phase at the minor intersections to meet the
progressiomequirements.
3. Check the following constraints:
a. Greensplitsforlet urning traffic at the cross
should be sufficient for the left turning volume.
b. The green thru phase for the minor intersection should be greater than the
green thru at the main intersection.
4. Adjust signal timing as needed if constraints are not met.

According to Qu et al. (2022), following these steps consistently led to improved performance

over the signal timing optimization software, SYNCHRO (24% reduction in traffic delay, 8.5%
reduction in vehicle travel time, and 28.8% reduction in queue lemgéverage).
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The FHWA DLT Intersection Informational Gui@8teyn et al2014)provides design guidelines

for pavement markings and signage for q@ase CFIs (synonymous with DLT). Specifically,
this guide highlights the need to make drivers aware of the differences in traffic flow from
conventional intersections, namely the cressoportion. Additional signal heads need to be
positioned above the crossover lanes at the intersection in addition to overhead -amounbstl
signs to help drivers navigate the intetget Appropriate lighting should also help reduce driver
errors. While specifically intended for twahase CFIs, these guidelines should be mostly
applicable for thregphase partial CFls.

Inman (2009) concluded that advanced signing ahead of a partial CFl was an important
navigational consideration given the design differences from a conventional intersection. Inman
(2009) also found that signs mounted on the ground were just as effecpvemoting proper
navigation of the partial CRisoverhead signage.

2.2.3Reverse RCI

2.2.3.1Design Description

The reverse RCI redirectke leftturn traffic from the majostreet and through traffic from the
minor street. Figur@.6 shows the geometry of reverse RCI desBgsed on the best knowledge

of the authors, therreat least five reverse RCIs in North Carolina. Figure 2.7 shows one of these
realworld examples in NC.

Reverse
RCI

Figure 2.6 Reverse RCI Design Geometry and Signal Phasing
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Figure 2.7 Reverse RCI at GB Alford nghway/Avent Ferry Road in HoIIy Sprlngs NC

2.2.3.2Performance

According to Luo(2022 andLuo et al.(2024), the extra travel distances required to navigate a
reverse RCI intersection could negatively impact traffic operations. Regarding safety, the design
has 14 conflict points, which is the lowest number among all the-pivase designs included in

this literature review. Good service for pedestrians could also be expected with 4 yellow flags and
10redflagbased on NCHRRO2Bfagnethod 948 6 s

Based on Table®.4 and2.5, estimateghedestrian travel time for reverse RCls is 75 seconds, and
average vehicle travel time is 25&condgLuo, 2022) While reverse RCI has the secdrebt
pedestrian travel time and good pedestrian safety characteristics, it has thevehgéstravel

time of all threephase intersections studied in Luo (2022).

2.2.4Partial CFI/MUT Combo

2.2.4.1Design Description

Thepartial CFI/MUT combo has features of both the partial MUT and partial CFI designs. Major
street lefts in one direction are redirected with a paved "crossover" while the major street lefts in
the opposite direction are redirected with a downstreatritd Based o the best knowledge of

the authors, therareat leastwo full CFI/MUT Combointersectionsn the USA The first isin
Virginia Beach, VA;in whichthe CFI leftturn ramp and the dturn crossover are located on two
separated approaches (therg located on the saniB approach irthe example illustration in
Figure2.8). The second is located airbanks, AKas shown in Figure 2.

As an advantage of the partial CFI/MUT combination, it only requires additionalafigiry

(ROW) on one of the approaches. This should be particularly beneficial in terms of public
acceptance, as no changes are required on three of the intersectiactagpro
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Figure 2.9 Full CFI/MUT Combo at Gaffney Road and Richardson Highway
in Fairbanks, AK
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2.2.4.2Performance

Based on Hummer (2020), tpartial CFI/MUT combo could increase the network's capacity due
to the removal of lefturn/through traffic conflicts in the center of the major road. The design also
reduces the number of conflict points to 27, which is five conflicts fewer than conventional and
partial CFl. Regarding pedestrian safety, this design has 4 yiigsyand 10 red flagbased on
NCHRP Report 9486s (2021) flag method

The CFI/MUT combo has the longest pedestrian travel time of thephes®e designs included in
Tables2.4 and2.5 for all turning conditions, but has the second best vehicle travel time behind the
partial CFI for all turning conditiond_uo et al, 2022)

2.2.5Thru-Cut

2.2.5.1Design Description

Figure2.10shows the geometry of a thaut intersection. The throut design redirects only minor
street through movements, retaining the-fefh lanes for major street approaches. These
redirectedthru movementsvould need to make a-tuirn at the next safe available downstream
location. As shown in Figur2.11, there are at least two existing thout intersections itolly
Springs and CharlottdNorth Carolina. However, it should be noted that the one in Charlotte,
North Carolina has prohibitedmajor street left turn which is unrelated to the tbati concept.

Also, there is oneexamplein Virginia andthreeexamples in Maryland. It should be noted that
Virginia DOT has planned to build seven thowt intersections along U&20. It is expected that

the thrucut intersection could be considered at signalized intersections with low demand on side
street through movements. The tout design should be uquely good for progression systems

on major roads because it can fit along an arterial dlargsvhere andoesnot subtract from the
through progression bands. It should be attributed to the fact that it is probably the only three
phase design that serves one short minor street phase.
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Figure 2.10 Thru -Cut Design Geometry and Signal Phasing
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Flgure 211 Thru-Cut Intersectlons at Village Walk Dr/S Main St, HoIIy Sprlngs NC (Left)
and Arrowood Rd/Arrowpoint Blvd, Charlotte, NC ( Right)

2.2.5.2Performance

Thru-cut intersections have fewer conflict points (24) than a conventional intersection (32).
According to Luo(2022 andLuo et al.(2024), thrucut intersections have one of the lowest
average cycle length€l06 secondsyromparedamong thethreephase designsompared to
conventional intersections (173 seconds). Therefore, thethig expected to have shorter delay

and better progression on the major roads, especially because traffic movements from the minor
roads are involved with only one of the sigraisses (out of three).

According to Luo (2022), thraut designs are towards the middle of thpbase intersections in
terms of pedestrian and vehicle traffic times (3rd and 4th out of 5, respectively). Of note,-the thru
cut design does provide improvements over conventiotetsiection irboth categores

As previously mentioned, VDOT is constringf seven threcut intersectionsn a corridor along
US-220. Theresearch team contacted VDOT about the intersesdiond t hey provi ded
worth crash data (September 2e2022) and AADT data from 2019 for each of the seven
intersections that will eventually be converted to a-tuudesign. While this data (summarized

in Tables2.9 and2.10) does not allow for advanced safety evaluations, it provides insight into
where suitable locations for implememgithru-cut intersections might be based on VDOT plans.
According to Table ®, rearend collisions are the most common collision type on average
throughout the Virginia thrgut corridor followed by angle collisionswWhile an average of 42
total crashes occurred at each of the sevendhtrintersections along U0 from 20172022,
there were no fatal collisionsAdditionally, the average AADT values for k220 and the minor
road for each intersection were 27,143 and 3,851 vehicles per day (velédpgitively.
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Table 2.9 Summary of US220 Thru-Cut Corridor Crash Data (2017-2022

Intersection Total Fatal Rear Angle Head | Side | Fixed | . -
Crashes Crashes End On Swipe | Object
US-220 at Route 61816 Sontag Road 39 0 14 18 1 1 2 3
US-220 at Route 675 Indian Grave Road 53 0 30 11 0 8 2 2
US-220 at Route 679 Buck Mountain Road 47 0 20 17 1 4 2 3
US-220 at Route 697 Wirtz Road 60 0 30 26 0 1 1 2
US-220 at Route 862 Home Deplobwes 41 0 27 11 0 1 1 1
US-220 at Route 1210 Dyer Street 19 0 4 12 0 1 2 0
US-220 at Route 1290 Crossbow Circle 35 0 20 9 2 2 1 1
Average 42 0 21 15 1 3 2 2
Table 2.10 Summary of US220 Thru-Cut Corridor 2019 AADT Data
Intersection US-220 AADT Secondary Road AADT
US-220 at Route 61816 Sontag Road 16,000 3,460
US-220 at Route 675 Indian Grave Road 32,000 5,700
US-220 at Route 679 Buck Mountain Road 32,000 6,700
US-220 at Route 697 Wirtz Road 26,000 3,800
US-220 at Route 862 Home Deplobwes 33,000 3,100
US-220 at Route 1210 Dyer Street 18,000 1,100
US-220 at Route 1290 Crossbhow Circle 33,000 3,100
Average 27,143 3,851

According totheinitial evaluations done by NCDOT, the theut intersection illustrated in Figure

2.11 (left) at SR 1114 (S Main St.) and Village Walk Dr. in North Carolina showed great safety

potential with a 67% reduction total crashes per year and a 61% reduction in injury crashes per

year(Nye 2023) This reduction in crashes occurred despite traffic volumes along SR 1114 more
than doubling during the period of studiowever, the installation of the signal would have led

to some crash reduction by itself (the before condition wassaostopcontroled intersectioi).

2.2.60ffset T Intersections

2.2.6.1Design Description

Figure 2.12 shows the geometry of an offe@ttersection, while Figure 2.13 shows a realrld

example otthe designFor offset intersections, minor street approaches do not align directly and
are instead skewed. Drivers on these approaches can turn right or left. In order to make a thru
movement from the minor leg, left turn followed by a rigimd vice versa depending on the
orientationof minor roads required.

2.2.6.2Performance

Offset T intersections should result in higher safety for both vehicle users and pedestrians due to
having only 18 conflict points and mitigating safety concerns such as the conflict between
pedestrians and the righirn demand. On the other hand, tafiovements coming from minor
streets could experience longer travel distances. Also, the offset T intersection can be considered
as a candidate only in specific geometry configurations with enough ROW.
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Yang et al. (2023) found that offsetersectios consistently performed better than conventional
intersections in terms of average delay time under various simulated traffic volume, time of day,
and surrounding infrastructure conditions.

According to Cunningham et al. (2020), the offsahfersection could reduagashes by halh
comparison to the fodeg intersection because of the fewer number of conflict points. #lso,
almost half of the simulation tests, offSeintersections performed better in terms of reducing
delay compared to conventional design. Fewer angle crashes were predicted afl offset
intersections, especially in locations where both the major and minor roads have low demands.
The researchers recommended speciimizinations of lefright versus righteft and offset
spacing for various scenarios with differing infrastructure/customers being served.

After a metaanalysis, Cunningham et al. (2020) discovered that the offsdeiSection greatly
reduced travel time by a range o6 seconds. Lastly, after a microsimulation modeling, the
study revealed that there was a reduction in traffic delaynsadxdmum queue length by up to
29.7% and 26.9% respectively. Ridett offsetTs were generally found to have shorter queue
lengths. Ingle et al. (2021) found a 35% increase in the number of crashes at rural, unsignalized
offsetT intersections compared to conventiomdkrsectionsn Michigan. Specifically, single
vehicle and reaend crashes increased and angle crashes decreased at unsignalizéd offset
intersections. Overall, the researchers found that converting an unsignalizedT ofifset
conventional intersection would tédsin an estimated CMF of 0.74.

2.2.7SevenPhase Signal

2.2.7.1Design Description

As shown in Figure.14, the sevesphase signal intersection redirects one of the minor through
movements to a 4turn crossover. This design was introduced by Hummer et al. (2019) who
indicated that there are no existing sepbiase signal intersections anywhere. Howevere they

a few thru-cut examples in Maryland (Figur2.15) that could provide guidance in designing
appropriate traffic control devices (TCDs) for the sepbase signal design.
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Figure 2.14 SevenPhase Signal Desigieometry
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2.2.7.2Performance

Possible benefits include higher capacity and shorter travel times at intersections with very low
through traffic demand on one of the minor roads due to reducing one of the phases by only
increasing the travel distance of one movement. No significarty safprovement is expected in
terms of traffic and pedestrians since there will be 28 conflicts with concerns related to pedestrian
vehicle interactions.

Fin
Southbound Right
+ Southbound Through

astbound Left
/ '.

\ \
Figure 2.15 Democracy Boulevard at Fernwood Road, Bethesda, Maryland

In Hummer et al(2019) researchers developed and analyzed the gavase design. To compare

the sevefphase signal to a conventional intersection, the researchers used SYNCHRO modeling
software with the following assumptions for the sepbase signal intersection: thrlsgged
intersection wittaneastwest fourlane major street withanAADT of 30,000 veh/day, and a notth

south minor street with an AADT of 15,000 veh/day. Additionally, this intersection wak.4n a
mile-long corridor which included four other signalizedtarsections. With this framework,
Hummer et al. (2019) fourttiatthe severphase signal had a decrease in delay for all movements
except for the southbound through and right compared to a conventional intersection. A LOS of
D or better was expected for all movements except for eastbound lefts. The travel time for the
northbound through traffic was estimated at nedB§ seconds with only 17 vehicles completing

this movement during peak hour. The optimized cycle length in SYNCHRO was shorter for the
sevenphase (120 seconds) versus the epdfase (145 seconds). Due to this cycle length, some

of the other signals in the network saw increases in delay up to about 7 seconds while others saw
a decrease in delay up to about 6 seconds.

2.2.8Single Quadrant Roadway

2.2.8.1Design Description

This design, as shown in FiguPel6, redirects all left turn®n theminor road An additional
roadway connects a downstream major leg to an upstream minor leg at a secofdggecte
intersection. To make a left from the minor approach, traffic is redir¢éatéek single quadrant
as shownn blue and red lines in Figure 2.16.
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Figure 2.17 Single QR at US340/522 and SK55 in Front Royal, Virginia (Reid et al,, 2020)

The FHWA Quadrant Roadway Intersection Informational Guide (2020) provides guidance
regarding signals and pavement markings. Specifically, they recommend providing adequate
sighage and pavement markings to ensure that drivers are aware of redirected leftduims, an
guide drivers through the intersection. Additionally, bicycle left turns and lighting at conflict
points should also be addressed when designing a quadrant roadway intersection.
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2.2.8.2Performance

According to The FHWA Quadrant Roadway Intersection Informational Guide (2020), the
guadrant (with two signal phases at middle node and three signal phases at the other nodes) is
appropriate for an intersection with two busy roads. The single quadrdshteduce travel times

and increase capacity due to redirecting altt@fh demands. Pedestrians should also feel safer
using a single quadrant intersection compared to the conventional design. However, the design
includes 30 conflict points, which ike highest number among all the thpdese intersections in

this study (partial CFl also has 30 conflicts). In addition, extra ROW is needed for constructing a
single quadrant.

Hughes et al. (2010) provided different design concepts for QRs, including geometric design,
access management, traffic signals, traffic signage and marking, safety, traffic operations, and the
accommodation of nemotorized users in multiple alternativesigns. They state that quadrant
could be a good design both in terms of vehicular traffic operation and pedestrian performance;
however, the possibility of violation of drivers turning left and the extra ROW needed are some of
the main drawbacks of theigdrant design. Overall, Hughes et al. (2010) suggests that QRs could
perform well at intersections with high through volumes and low to moderataneftolumes.

QRs have a smaller footprint at the main intersection than conventional interséRe&uhsnd
Hummer 2020) This narrow roadway footprint is also beneficial for traffic calming and the
prioritization given to through traffic could open the opportunity to reducauh®er of through

lanes. This may seem counterintuitive given the additional connecting road required for this
intersection type. The decrease in overall ROW comes from removing the left turn lanes at the
main intersection.

2.2.9Redirect One Left and Thru (Redirect L&T) from a Minor Road

2.2.9.1Design Description

This design is a derivatioof the severphase signal. However, in addition to redirecting one of
the minor through movements, it also redirects thetleft demand of the same leg to a
downstream kturn crossoverfigure 2.18 illustrates the geometry with routes of through (in black
and blué and left turn demands (in black and red) from NB of major street and signal phasing
diagram for each node.

To the best knowledge of the authors, there are at least threrortchilexamples for the redirect

L&T in Lafayette, LA. Figure 2.19 shows one of these examples. Based on conversations with
the Louisiana DOT (LaDOTD), the three identified redirect L&fersections were implemented

as a part of the US0 widening project (4202-0088) in 2013. Also, not a single complaint had

been made since the new intersection was implemented over ten years ago. Table 2.11 summarizes
the crash data for one year (20@fore and one year after (2013) on this #riike-long corridor.

Table 2.12 also presents crash data for the intersection shown in Figure 2.19 from 2006 to 2015.
Of note, this intersection was converted from a conventional design to redirect L&T in 2013. From
Table 2.12, reaend collisions were the predominant crage followed by angle and side swipe.

Left turn angle crashes made up roughly 28% of all angle crashes. Most crashes were PDO or
injury, but there was one fatal crash in 2013.

23



Redirect

Figure 2.18 Redirect One Left and Thru Design Geometry

Table 2.11 Louisiana RLT Crash Data

Crash Type 2008 2013 Perzz’g:‘é‘gge“i&‘;‘:t'o”
Rear End 247 167 32% Reduction
Side Swap 44 54 23% Increase
Median Openings 47 23 51% Reduction
Total Crash 379 297 22% Reduction

£ W
m idi ia i | l 8

4 e "

Figure 2.19A Satelllte View of aRedlrect L&T Design at thel ntersectlon of UnlverS|ty
Ave/Surrey St and US90 in Lafayette, LA
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Table 2.12 Crash Data for SE Evangeline Thruway/E University Ave in New Orleans, LA

Crash Severity Crash Type
Total Rear Angle Angle Head | Side | Fixed
Year | Crashes Fatal | Injury | PDO End (Total) | (LeftTurn) | On | Swipe | Object | Other
2006 33 0 7 26 11 8 2 0 10 1 3
2007 31 0 5 26 21 4 2 0 2 2 2
2008 20 0 5 15 12 6 3 0 1 1 0
2009 23 0 5 18 19 1 0 0 2 0 1
2010 22 0 5 17 15 2 0 1 4 0 0
2011 23 0 6 17 19 2 2 0 2 0 0
2012 39 0 15 24 21 8 1 0 9 0 1
2013 54 1 7 46 38 7 1 0 6 1 2
2014 29 0 8 21 18 7 2 0 4 0 0
2015 48 0 16 32 27 13 3 0 7 1 0
Total 322 1 79 242 201 58 16 1 47 6 9

It should be noted that the phasing diagram shown in Figure 2.18 allows both major through traffic
movements (EB and WB in Figure 2.18) to have a green light during two of the four total phases.
The phasing diagram in Figure 9 is particularly advantag&oube progression system on the
major road. Based on a field visit done by one of the research team members on September 27,
2023, the same phasing diagram is used at the existing redirect L&T intersection in Lafayette, LA
(shown in Figure 2.19).

Another advantage of the redirect L&T design is that it requires only etvenltrossover. This
makes it an ideal solution for locations with rigtitway (ROW) constraints on one side of the
approach, such as limited space for-#uth crossover or shodistances to adjacent signalized
intersections.Pedestrian safety performance in this design is expected to be better than that of a
conventional intersection. This improvement can be attributed to the reduced number of
pedestriarvehicle conflict pointd 20 in this design compared to 24 in the conventional type.
Additionally, this design eliminates frél®w conflicts, further enhancing pedestrian safety.

2.2.9.2Performance

Other than the information provided by LaDOTD above, there are no other past studies evaluating
the performance of redirect L&T intersections. However, by redirecting one of the mirtormeft
demands, the number of conflict points is reduced to 22oténgial downside of the design is

that itincreases travel distances for two traffic demasaaeing from one minor road

2.3 Existing Three Phase Intersection Examples

As previously discussed throughout section 2.2 of this report, there are multiple examples of three
phase intersections that have already been constmiatehally. Table 2.3 summarizes all of

the currently existing threpghase intersections that are known to the authors as well as AADT and
speed limit datat those locationsNote that Table 2.13 does not include any partial CFlIs, offset

T, and QRIs, as FHWA informational guides and past studies have included a long list of those
intersections. Additionally, there are no réfd examples of the offset thweut, severphaseand
redirect 2L&T designs yet; therefore, they were also excluded from Zdt8e
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Table 2.13 AADT Data and SpeedL imit at Existing I ntersectionswith Three-PhaseSignals

AADT (veh/day)

Speed Limit (mph)

No. Design Major Road Minor Road City State Major Rd | Minor Rd | Major Rd | Minor Rd
North
1 Thru-cut Fernwood Road| Democracy Blvd Bethesda MD 10,198 6.601 35 35
MD-355 North
2 Thru-cut (Rockuville Pike) Edson Lane Bethesda MD 11,198 5,431 35 35
D-45 NA
3 Thru-cut (York Road) Galloway Avenue | Cockeysville | MD 9,899 o 35 25
4 Thru-cut S Main Street Village Walk Dr Holly Springs | NC 25,901 NA 35 10
5 Thru-cut W Arrowood Rd | Arrowpoint Blvd Charlotte NC 22,140 NA 45 35
Christenbury
6 Thru-cut Pkwy Lidl Driveway Concord NC 23,545 NA 45 10
Valley Ave/
7 Thru-cut UsS-220 Southern Lane Roanoke VA 30,000 3,100 NA 25
Redirect
8 L&T W 12 Mile Rd Bunker Hill Dr Troy MI 25,266 NA 45 25
Redirect
9 L&T uUs-90 E University Ave Lafayette LA 61,933 15,901 55 40
Redirect
10 L&T Us-90 E Verot School Rd| Lafayette LA 54,745 17,075 55 NA
Redirect
11 L&T uUs-90 Southpark Rd Lafayette LA 47,529 10,846 55 45
CFI/MUT Airport Richardson
12 | Combination| Way/Gaffney Rd| Hwy/Steese Expwyl  Fairbanks AK 26,100 16,000 35 35
CFI/MUT * Virginia
13 | Combination| Indian River Rd Kempsville Rd Beach VA 54,943 25,039 45 45
14 | Reverse RCI| GB Alford Hwy Avent Ferry Rd | Holly Springs | NC 38,182 16,164 55 35
Grosse pointe|
15 | MUT #1 ** Mack Ave Vernier Rd Woods MI 25,272 23,504 35 35
Veterans Memorial
16 MUT #1 State Street Pkwy Boise ID 33,500 21,000 35 35
17 MUT #1 W Napolean Ave David Dr New Orleans| LA 24,336 NA 35 35
18 MUT #1 W Napolean Ave| Transcontinental Di New Orleans| LA 20,271 NA 35 35
19 MUT #2 W Napolean Ave| N Causeway Blvd| New Orleans| LA 36,537 NA 35 35
20 MUT #2 W Napolean Ave| Clearview Pkwy New Orleans| LA NA NA 35 NA

*DLT and U-turn crossovers are located on two different intersecting roads
*Three of the leftturn movements are redirected (one more than a typical MUT #1)
**NA = Not Available (AADT or speedimit data was not available)

Out of the 20 intersections listed in Table 2.13, the-thutuand redirect L&T have the highest
number of realife examples, with seven and four examples in the US, respectively. According
to Table 2.13, maximum AADTs on major and minor roads of ab®®0® and 11,000 vehicles
per day (veh/day) were identified for the thowt examples. To provide more information on thru
cut examples, Table 2.13 also includes AADT data of the2flb thrucut corridor under
construction. On the other hand, all redire&T intersections in LA were located on a dane
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corridor (US90) with a speed limit of 55 mph and an AADT range between 47,000 and 62,000
veh/day. Based on our discussions with District 5 at Louisiana DOT (LaDOTD), all redirect L&T
intersections have performed very well on-BBsince their implemenian in 2013, resulting in
significant operational and safety benefits on the corridor. This demonstrates the capacity potential
of the redirect L&T design in accommodating high AADTs. Similarly, CFI/MUT combination
intersections should perform very watlhigher AADT rates.

Regarding threphase MUTs and reverse RCIs, AADTSs of up to 38,000 and 23,000 veh/day on
the major and minor roads, respectively, were found in existing examples based on Table 2.13.
Like all thru-cut intersections listed, most of the existing thppaseMUTs and reverse RCI
designs are implemented on fdane roads. Therefore, their performance should also be
acceptable at higher AADTSs if they are implemented o#asir roads.

According to Table 2.13, similar to the FHWA guide for RCIs (FHWA 2014), a maximum AADT

of 25,000 veh/day should be recommended on the minor road in the reverse RCI design. However,
the thrucut, MUT #1 (MUT redirect major), MUT #2 (MUT redirect minoripdapartial CFI/MUT

designs have only one movement at eadiurd crossover, which allows the minor street AADT

to exceed 25,000 vehicles per day. Additionally, the redirect L&T only redirects traffic on one of
the minor streets, potentially resulting igrsficantly higher AADT on the other leg of the minor
street. Further investigations are necessary to identify AADT thresholds.

2.4Unpublished Designs

2.4.1Redirect Two Lefts and a Thru

Using a leftturn ramp and a durn crossover, the design redirects two-tafts (one left from

one minor and one from a major leg) and one minor through to eliminate one of the signal phases.
This is a new design proposed by one of the authors, AmiauMol
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Figure 2.20 Redirect Two Lefts and One Thru Design Geometry
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There are no past studies evaluating the performance of the redirect 2L&T intersection. However,
based on the proposed phasing diagram, one of the major streaisniefand one of the major
through traffic movements would receive a green indicatidwaout of the total threphases.
Therefore, the intersection should have great capacity, even with only eherefine for the
redirected major lefturn movement. It should also improve signal progression on the major street.

This design has 22 conflict points, which is ten fewer than a conventional design, eight fewer than
a partial CFIl, and five fewer than the CFI/MUT combo. Among all the {bin@ese designs
included in this study, only reverse RCI (with 14 conflict poiatsyl offset T (with 18 conflict
points) have fewer conflict points. In terms of pedestrian service, there should be a few concerns
such as a higher number of conflicts between pedestrians andurigidemand on one of the
minor roads; however, the desigimould not result in an inappropriate service for pedestrians.

2.4.20ffset Thru-cut

The offset threcut, proposed by Joseph E. Hummer, is a new version of theuhdesign and

has not been published in past studies. This design enhances pedestrian performance due to the
placement of a crosswalk between minor legs as shown in Fig@tesard 2.22. The difference
between Figure 2.21 and Figure 2.22 is that the design in Figure 2.22 includes channelized right
turns for the minor street approaches to reduce wwoag potential and driver confusion.
Compared to a thraut, the main disadntage of the offset threut design is the potential driver
confusion.
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Figure 2.21 Offset Thru-Cut Design Geometry and Signal Phasim
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This offset thrucut has the same number of conflict points as adhtwat 24 total.Similar to a
thru-cut design,hiis design islsoexpected to provide substantial improvement to travel times in
traffic conditionswith higher turning ratios due to the reduced impact of redirected through
traffic movements from the minor road.

Figure 2.22 An Alternative for Offset Thru-Cut Design Geometry

2.5Public Acceptance

Several past studies hawssessed theublic acceptance of new intersection designs and
roundabouts. Some of these studies are highlighted in Tdébld. However, there is limited
literature focusing specifically on the public acceptance of thhese designs. In other words,
partial CFl should be the only thrplase design included in past studies on public acceptance.
For the purposes of this litetme review, studies on the public acceptance ofthogephase
alternative intersection designs ameluded to provide context for how the public reacted to the
implementation of other alternative intersections.

Several studies showed mixed public perceptions towards alternative intersections. According to
Ott et al. (2015) commuters, residents, and businesses in NC recognized the operational and safety
benefits provided after implementing the new RCI; howevachegroup had its concerns.
Commuters did not feel complete confidence in navigating the intersection. Residents noticed an
increase in travel time. Businesses felt that the new RCI negatively affected their business.

Surveys from Jackson et al. (2014) revealed that, in regard to general knowledge, safety, and
comfort with DDIs (diverging diamond interchange), users generally thought the interchange was
an improvement over the existing facility. Savolainen et al. (Rédihd mixed feelings about
roundabouts through public surveys, with 38.9% strongly opposing roundabout usage, 30.6%
strongly supporting their usage and 52.7% merely finding roundabouts efficient. Pochowski et al.
(2010) found a strong positive corretatibetween the number of roundabouts in the state and the
strength of the roundabout policy in that state.
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Table 2.14 Summary of Alternative Intersection and Roundabout Public Acceptance
Studies by Geometric Design
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MUT X 1
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DDI X X X 3
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Based on surveys conducted in an FHWA project by Adsit et al. (2022) in Indiana, the CFI was
identified as the least accepted design after the DD&hduld be noted that over 40% of the
participants were unfamiliar with the concept of CFls. Conclusions from the surveys include vast
unawareness of the new designs, large doubt in being able to navigate the foreign designs and the
persistence to stick tthe usual designs. Chilukuri et al. (2011) found that, following the
implementation of a DDI, as traffic operation and safety conditions impyaviedh percentage

of the public was satisfied with the innovation.

To attain more public acceptance, Adsit et al. recommended that more outreach efforts be made to
increase awareness, simplification of intersections geometry to reduce confusion and debunking
misconceptions about the new designs. Pochowski and Mge1®) noted that the general
public's negative perception towards roundabouts hinders advanpézinentation,and that

public education should be exerted to minimize oppositions.

Regarding the effects of alternative intersection design on businesses, Barnes et al. (2022) found
that implementing RCIs had no negative effects (and in some cases a minor positive effect) on
economic activity near the intersection. Likewise, Schneidalr €019) foundhatthere was no

proof that RC$ were detrimental to business sales as the average sales improved after the
installation of RClIs despite issues like traffic congestion, construction inconveniences and even
left turn issues being repoden a patron surveyA summary of all of the public acceptance
studies included in this literature review is available in Tablb.2.1

2.6 Construction Costs

The FHWA Displaced Left Turn (2014), the FHWA MedianTurn (2014), and the FHWA
Quadrant Roadway Intersection (2020) Informational Guides presented construction costs of a few
past projects implementing those designs. According to the information grodssction costs

varied from $1.7M to $5.1M, from $4.4M to $7.5M, and from $1.8M to $3.2M for MUTSs, CFls,
and QRs, respectively, constructed in the 2000s and the £&9s et al. 2014; Reid et al. 2014,

Reid and Hummer 2020)
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Table 2.15 Summary of Public Acceptance Studies

Researchers/Yeal Design Methods Used Sample Size Location Results Summary
Barnes North Residents more likely to
RCI Surveys 310 surveys . shop when traffic is
(2022 Carolina | ;
improved
. Age, gender, and
. Roundabouts, Surveys, onling . o .
Adsit (2021) RCI. CFI. DDI| comment boxe 1000 surveys Indiana | education impact public
acceptance
Roundabouts, Interviews in Georaia Multiple meetings led to
Rodgers (2020) | RCI, MUT, public 167 interviews 98, | increased acceptance
X Atlanta
CFl, QR meetings
Raised non Questionnaires Over 500 Concerns about
Schneider (2019) traversable ; c ; ! Louisiana| construction impacts
. andinterviews | questionnaires
medians, RCI
. Businesses are concerne
Ott (2015) RCI Interviews and| 145 Ou.t of 590 Nort.h with access and driver
surveys surveys/interviewg Carolina !
confusion
DDI was considered an
Jackson (2014) DDI Surveys 1,649 surveys - improvement over the
previous interchange
Interviews and 30 Respondents who have
Veneziano (2013] Roundabouts . . Montana | used roundabouts tend t(
surveys surveys/interviews )
view them more favorabl
Respondents fethat
Savolainen (2012] Roundabouts Surveys 11,972 surveys | Michigan roundabouts were less
safethan conventional
intersections
Majority of respondents
. : . . | felt that DDIs increased
Chilukuri (2011) DDI Surveys 53 surveys Missouri safety and traffic
operations
The first fewroundabouts
. Guides and Multiple | installed in an area will
Pochowski (2010) Roundabouts interviews i States | likely meet resistance

from the public

According to Luo et al(2024), the estimated ROW cost for implementing thpbase designs

(converting fousphase intersections to thrphase designs) in California ranged from $5 million

to $10.2 million in residential districts and $43,00 to $99,200 in rural afédmse values are listed

in Table 2.8 which shows thatartial MUT, reverse RCI, and thizut were estimated to cost the

least to implement. CFI/MUT combo and partial CFl were found to be the most expensive.

Table 2.16 Estimated ROW Cost for Replacing a Conventional Intersection in California
(Luo et al., 2024)

ROW Cost ($)
Intersection Type| Extra ROW (sq ft) | Rural Areas | Residential Districts
Partial MUT 48,000 43,000 5,000,000
Partial CFI 99,200 89,000 10,200,000
CFI/MUT Combo 73,600 66,000 7,600,000
Reverse RCI 48,000 43,000 5,000,000
Thru-cut 48,000 43,000 5,000,000
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As mentioned beforéa/DOT is alsoconstructing a corridor of seven theut intersections along
US-220. The cost estimates for the project are highlighted in Bable

Table 2.17 Anticipated Project Costs for Seven Thrucuts on VDOT US220 Corridor

Phase Cost
Preliminary Engineering| $2.4M
Right of Way $3.9M
Construction $9.8M
Total $16.1M

Based on conversations with Alaska DOT, construction cost of the full CFI/MUT combo was about
$20 million, which was a third of the cost estimated for building a DDI at the same location. Some
threephase designs such as redirect two lefts and one th&Tj2ind offset thrucut designs have

not yet been constructed and do not have cost estimates. Regarding geometric and ROW
limitations, the FHWA Quadrant Roadway Informational Guide (2020) provides insight into the
benefits (smaller main intersection) adchwbacks (additional ROW for redirecting loop) of
constructing Quadrant Roadways.

2.7 Literature Review Summary

This section aims to summarittee possible answers found to the nine main questions proposed
in the introduction (and listed in Table 2.18), as well as to highlight other findings of Tioe.
table has been updated at the end of the repafigzt the focus questions addressed by this study
and those that require further research

From a general point of view regarding performance, all thhese intersection types (with the
exception of redirect L&T and redirect 2L&T due to lack of research) were found to improve both
traffic operation and safety improvements over conventionardattions with four legs.
However, a few of the designs such as the partial CFI might create concerns in terms of pedestrian
performance (due to the higher number of flags compared to the conventional design based on the
NCHRPR e p o r t20-Rag théthed)

A few studies address what locations thpbase designs are best suited #martial CFI should

be considered in situations of high demand from the major street. Quadrant roadways also perform
well when both the minor and major legs have high traffic volufResd and Hummer 2020)
According to Luo et al(2024), theMUT redirect major gartial MUT #1) is advantageous in the

case of low or moderate turning demand he partial MUT#1 shouldbe also safer (in terms of
vehicular traffic and pedestrian safety) than the partial CFI due to the ¢ewtict points and

fewer red flags based on the NCHRR p o 20-Flégsnethod. Threut design should be one of

the best alternatives for corridors with shorter intersection spacings due to its good signal
progression performance. The CFI/MUT combo resulted in similar (insignificantly longer) travel
times as the pad CFI; however, it requires a smaller ROW compared to partial CFIs. The reverse
RCI could perform well in urban areas with higher pedestrian volumes. Hummer et al. (2019)
provided seven criteria for where a sex@rase signal could perform well. Thigiudes when

there is an existing thrdegged intersection, a proposal to add a fourth leg to an intersection, and
the through demand from the newly added fourth leg can be accommodated while being redirected
to a downstream urn.
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Table 2.18 Summary of Focus Questions

Any Available Past Studies Related to These Questions|

Partial MUT
Partial CFI
Reverse RCI
Thru-cut
Offset T
SevenPhase
Quadrant
Redirect L&T
Redirect 2L&T

CFI/MUT Combo

Question

At what locations are thrgghase designs most
well suited?

How much do they cost, especially compared
with other intersections like RCIs?

What kind of traffic control devices (pavement
markings, signs, and signals) are needed?

What movement restrictions could cause moto|
confusion and violations?

How could we minimize those violations?

What are the considerations needed for pedes]
and bicyclist safety?

What kind of geometric and rigiof-way (ROW)
limitations are faced during construction?

What movements are less impactful for
redirecting in different cases?

What designs would be most readily accepted
the public?

*Relatively Good* *Limited*, *No Publication*

Regarding construction costs, Luo et @024, foundthatthe ROW costs for converting an
intersection with four phases to five of thglease alternative intersections ranged from $5 million
to $10.2 million in California. According to VDOT, the anticipated cost of construction and right
of way for the US220 tru-cut corridor (seven thraut intersections) is $9.8 million and $3.9
million, respectively. According to multiple FHWA guides, construction costs varied from $1.7M
to $5.1M, from $4.4M to $7.5M, and from $1.8M to $3.2M for MUTSs, CFls, and quadrants,
respectively.

There is minimal literature available regarding specific traffic control devices for-phaese
intersections.Hummer et al. (201%rovided recommendations for the signal timing of seven
phase signal intersections. Additionally, the FHWA Quadrant Roadway, DLT (CFIl), and MUT
Intersection Informational Guides generally recommend providing additional signage, signals, and
pavement maitkgs where appropriate to ensure drivers are aware of redirected left turns,
crossovers, and other noonventional movements. Some of these recommendations should be
also applicable to alternative intersection designs with {ph@se signalsMotorist confusion is
addressed as a precursor to traffic control device implementation in most cases and is included in
the FHWA Quadrant Roadway, DLT, and MUT Intersection Informational Guid&ébe
minimization of motorist violations is also addressed in the FHWA Quadrant Roadway, DLT, and
MUT Intersection Informational Guides when discussing suggested signage and signals.

Several studies address pedestrian and bicyclist safety at intersections, but few specifically address
threephase designs. NCHRP report 948 introduced tH&ag0method to assess pedestrian safety
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at various intersection desigf&chroeder et al. 2021).uo (2022) applied this 20ag method for

partial MUT, partial CFlI, reverse RCI, CFI/MUT combo, and tbut intersectionsandfound

that partial MUT had the lowestumber of flags (concerns) for pedestria®n the other hand,

partial CFI had the highest number of flageid and Hummer (202Cighlight that quadrant
roadway intersections provide some advantages to pedestrians and bicycles like the reduction of
most crossing movements between vehicles and pedestrians. Hummer et al. (2019) addresses some
of the challenges of pedestrian accondatns at sevephase signal intersections such as usually

not having a sidewalk across one of the major legs.

Even though public acceptance of thpase designs should be higher than alternatives with two
phase designs (as drivers became more accustomed to navigating the intersection), there are no
studies citing this yet. In fact, partial CFl is the only thpbase design included in past studies

on public acceptance.
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Chapter 3 Methodology

This section presents the methodology employed to investigateettedits and drawbacks of
threephase alternative intersections. It outlines the data collection process, case study selection,
simulation modeling approach, surrogate safety assessments, and methods used in the public
acceptance assessment, bereefgit aalysis, and the development of a framework for selecting
alternative intersections.

3.1Data Collection and Case Study Selection

To better understartiepossible locations where alternative intersectwoits threephase signals

might work well, theresearch team requested data on alternative intersections from each of the 14
NCDOT Highway Division engineersSpecifically, we requested location data, intersection type,
and any issues/concerns experienced with the alternative intersections within their divison.

data we received included: the locations of RCIs throughout the state of North Carolina, the type
of each RCI, construction date, estimated construction costs, and safety Taitde 3.1
summarizethe data received from NCDOT.

Table 3.1 Summary of Data Received from NCDOT
c

a
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3 2 8 S 2

S = 13} o) = o 4

E15.18,. 2/e5~ | 2222

Sol 20 29 T| =9 o £S5l a¢

8@ 608 2Y ®| S < 50/ &5

Data Source J0loal £EK] wlaal < E Ol O=Z

NCDOT Highway Division 1 X

NCDOT Highway Division 2 X X X

NCDOT Highway Division 3
NCDOT Highway Division 4

X
X
X
X
X

NCDOT Highway Division 5 X X
NCDOT Highway Division 6
NCDOT Highway Division 7 X X
NCDOT Highway Division 8
NCDOT Highway Division 9 X X
NCDOT Highway Division 10
NCDOT Highway Division 11 X X

NCDOT Highway Division 12
NCDOT Highway Division 13

NCDOT Highway Division 14
Dr. Joseph Hummer (statewide NC] X X X

In the next stepthe research team collected AADT and geoimelsta at 160 intersections from

four cities in North Carolina: Raleigh, Cary, Durham, and ChapelAdt#r evaluating these sites,

and with guidance frordr. Hummer from NCDOTregarding ongoing improvement projects at

the siteseight sites wereselected for further evaluationsSix of these sites were included in
simulation modeling, while the other two sites (sites 3 and 6) were considered for the remaining
evaluations, such as pedestrian safety analyEie process of how and why this decision was
made is explained throughout this section.
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As shown below in Tabl8.2 and Figure 3.1the eight preliminary case study sites are located
throughout Wake and Durham counties. These sites were chosen after an evaluation of the existing
intersection conditions based on factors like available -offwtay (ROW) and average annual

daily traffic (AADT) rates. Additionally, the exclusion of the intersection from any future projects

in the North Carolina State Transportation Improvement Program (STIP) was a mandatory
requirement for selection.

Table 3.2 Preliminary List of Case Study Sites

# County EB/WB Road NB/SB Road GPS Coordinateg
1| wake New Bern Avenue " Donald Ross rive | 76.592430070
2|  Wake Chapel Hill Road Trinity Road 3?5??3539621?;
3| Dutham NG54 Dayis Drive 76.862156608
4| Wake Old Wake Forest Road Capital Blvd 3758852)51332(;3
el wake Capital Blvd NB - TrawickDRrgl.eSB Huntleigh 375885?813;??557
6| Wake Capital Blvd Brentwood Road 375885}35?3(?1115(3}6
7 Wake Brier Leaf Ln Brier Creek Parkway 37589225?%5?38
8| Wake NC-55 O'Kelly Chapel Road 3573?332%%;;?%

Figure 3.1 Aerial Photos of Preliminary Case Study Sites (Google Maps)

Table3.3 shows the statistical summary of the data collected on the case study intersection sites,
which have no existing plans for future improvement in Wake and Durham counties. The different
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categories of data displayed in the summary are AADT (veh/day), speed limit (mph) and spacing
to the adjacent signalized intersections (ft).

Table 3.3 Statistical Summary of Preliminary Intersection Sites

Minimum | Maximum Average S. Deviation
Major Street AADT(veh/day) 16,500 75,000 36,714 23,480
Minor Street AADT (veh/day) 670 63,000 17,981 21,308
Major Street Speed Limit (mph) 35 55 44 (Mode = 35) 9.9
Minor Street Speed Limit (mph) 35 45 36 (Mode = 35) 3.54
Spacing to Adjacent Intersection (ft) 850 6,000 2,314 2,089

Following studies done by HummetQ20 and 2021Yhe research team also conducted analysis

to determine the safest feasible intersection design (SaFID) based on total crashes and injury
crashes, pedestrian optimum feasible intersection design (POFID), and bicycle optimum feasible
intersection design (BOFIDYs shown in Tabld.4.

Table 3.4 Study Site SaFID (All Crashes), SaFID (Injury Crashes), POFID, and BOFID

Number of AADT SAFID | SAFID | SAFID | SAFID
Site #| ThruLanes (All | CMF (All | (Injury |[CMF (Injury| POFID | BOFID
Major | Minor | Major Minor |Crashes| Crashes)|Crashes| Crashes)
Unsig. Unsig. TWSC or|Unsig. RCI
1 4 2 23,000 5,000 RCI 0.7 RCI 0.5 Signal | or TWSC
Unsig. Unsig. TWSC or|Unsig.RCI
2 4 2 27,000 5,500 RCI 0.7 RCI 0.5 Signal | or TWSC
Unsig. Unsig. TWSC or|Unsig. RCI
3 4 2 27,500 14,000 RCI 0.7 RCI 0.5 Signal | or TWSC
4 7 3 53,500 25,500 MUT 0.8 MUT 0.7 MUT MUT
5 8 2 | 73000| 9,000 |Sig.RCIl 0.8 MUT 0.7 Boh‘ﬂ’vlﬂ'ﬁ " sig. RCI
6 8 2 | 75000| 10000 |Sig.RCI| 0.8 MUT 0.7 Boh‘ﬂ’vlﬂ'ﬁ " sig. RCI
Unsig. Unsig. TWSC or|Unsig. RCI
7 4 2 25500 NA RCI 0.7 RCI 05 Signal | or TWSC
8 | 6 | 4 |17500| 17000 |sig.Rc| 08 | MUT 0.7 BOMWS$ o sig. RCI
(AUnsig. o0 is short for unsignalized, fASig. o0

S

shor

According to Table3.4, the suitable intersection types (depending on the safety considerations)

included in the recommendations are: unsignalized/signalized RCI, TWSC (two waygsiaip,
MUT (Median UTurn), and Bowtie While the twephase RCI and MUT perform well in terms
of safety, theyxannot beecommended for most case study sitekideddue to ROW restrictions

such as limited space for constructing an approprigigrtcrossover.

Peak hour traffic data counts were provided by NCDOT for most of the case study sites. Where
this data was unavailable, peak hour traffic data was collected doydite research tearRor
those intersection sitede data was collected by hand tallies07:45-08:45 (AM peak), 1130-

12:30 (MD peak), and 180-17:30 (PM peak). All of the traffic volume data for each case study

site is attached as Appendix
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After collecting traffic data, the anticipated traffic for the design year of 2043 was estimated by
developing a linear regression relationship based on the latgsb2@®ADT data For example,

at site 1 the trendline equation of previous AADT data was found to b66/6=7x +15¢567 with

x being the year and y being the AADT value. Using this trendline, the AADT value for 2023 and
2043 were calculated (21.7k and 20.4k, respectialgjte 1which resulted in a growth rate -of
0.3%. Table8.5 shows tle growth rates used at each case studyEite.full process of developing
these growth rates is available in Appen2lix

Table 3.5 Growth RatesUsed at Case Study Sites

Case Study Site Heavy Vehicéeaéggnual Growth
Site 1: Peachtree Ln @ New Bern Ave -0.3%
Site 2: Chapel Hill Rd @ Trinity Rd 1.5%
Site 4: Capital Blvd @ Old Wake Forest F 1.4%
Site 5: Capital Blvd @ Trawick Huntleigh -0.3%
Site 7: Briar Creek @ Briar Leaf 2.3%
Site 8: NC 55 @ O 4.1%

The sixsitesincluded in Table 3.%ere modeledisingTransModeler As mentioned earlierjtes

3 and 6 were nancluded in the simulation modelingrable 3.6 provides the final list of case
study intersections used for simulation modeli@f. note, the same numbering convention was
kept for the final list of study intersections that was used for the preliminary list.

Table 3.6 Final List of Study Intersections
Site # Intersection

1 Peachtree Ln @ New Bern Ave
Chapel Hill Rd @ Trinity Rd

Capital Blvd @ Old Wake Forest R(

Capital Blvd @ TrawickHuntleigh
Briar Creek @ Briar Leaf

NC 55 @ O6Kel I\

O IN|O BN

3.2 Simulation Modeling Approach

As previously noted, there are limited readrld examples of most alternative intersection designs
(and no realvorld examples of theffset thrucut, partial CFI/MUT, sevephaseand the redirect

2L&T designs), so vehicle travel time measurements and historical traffic crash data are
unavailable for conducting analyses, such as befodafter evaluations. Consequently,
simulation modeling was the only viable option for the aesle team to conduct a comprehensive
evaluation under similar geometric feees, traffic characteristics, and driver behaviofsvo
groups of simulation testing were considered: 1) hypothetical modeling using VISSIM, and 2)
modeling case study sites using TransModelBnese simulation packages were used because
TransModeler is the first choice for modeling in North Carolina based on NCDOT policies. On
the other hand, for hypothetical tests, the research team has extensive experience in PTV VISSIM,
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and VISSIM allows modeling pedestrians and obtaining trajectory files needed for surrogate safety
assessmentd he following paragraphs detail the simulation modeling approach used in this study.

3.2.1 Simulation Modeling of Hypothetical Scenariosn VISSIM

The following subsections describe the type and numbdaypbtheticalsimulation scenarios
considered for testing each intersection design, and the various inputs and assumptions needed for
the simulation modeling of hypothetical scenarios using VISSIM.

3.2.1.1Hypothetical Simulation Scenarios

The input traffic volume for the simulation scenarios was determined using critical lane volume
(CLV) calculations, setting the volunte-capacity (V/C) ratios to 0.9 for the conventional
intersection. CLV is a traditional method used by traffic engineersstimate V/C ratios at
signalized intersections and has been widely applied in numerous previous ($iladiet al.,
2022;Molan et al, 2019a;Maji et al., 2013; Molan and Hummer, 2020a; Molan and Hummer,
2020b) The VIC ratio was set to 0.9 to simulate traffic conditions at acageacity level.

All the designs featured two through traffic lanes in each direction on the major street and one
through traffic lane in each direction on the minor street. Also, each approach had one turning lane
per movement on both the major and minor roads. Three turnffig teéios were considered for

each intersection approach: 1) higinning ratio (the turning lanes had 1/2 of the volume of the
through lanes), 2) moderatigrning ratio (the turning lanes had 1/4 of the volume of the through
lanes), and 3) loviurning ratio (the turning lanes had 1/10 of the volume of the through lanes).
These turning traffic ratios were determined based on discussions with North Carolina DOT
experts. Initial simulation tests conducted by the research team also showed that conventional
intersections struggle to handle higher volumes of turning traffic at traffic conditions with V/C=0.9
due to capacity limitations.

Truck traffic was set at 4% of the total traffic in all scenarios. Finally, six different traffic
distributions were considered to account for various balanced and unbalanced (asymmetric) traffic
conditions in the simulation modeling. Tal3l& details these six traffic distributions along with
turning ratios involved in the simulation scenarios.

Table 3.7 Simulation Scenarioslncluded in this Study

Turning Volume Ratios . Tratffic Distributic_)n
Major Street (EB/WB) Minor Street (NB/SB)
Left turn = 0.50 Through = Right turr EB = WB NB = SB
(High Turning Condition) (Equal traffic on EB and WB)| (Equal traffic on NB and SB
Left turn = 0.25 Through = Right turr 0.5 EB =WB NB = 0.5 SB
(Moderate Turning Condition) (Higher traffic onEB) (Higher traffic on SB)
Left turn = 0.10 Through = Right turr 0.5NB =SB
(Low Turning Condition) (Higher traffic on NB)

Note that for the major road directions, eastbound (EB) and westbound (WB) were considered,
while for the minor road directions, northbound (NB) and southbound (SB) were used in all
simulation models. Based on the details provided in TalB)el8 simulation scenarios (3 turning
traffic ratios*6 traffic distributions= 18) were tested per intersection design. In total, 108
simulation scenarios (each was run ten times) were included for the six intersections included in
this research. The inptraffic rarged from 3,360 to 4,480 vehicles per hour (veh/hr), with an
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average of 3,993 veh/hr across the network. Tal@presents the input traffic for each simulation
scenario, as explained above.

Table 3.8 Input Traffic Volume perTraffic Movement {/ehicle perHour) in Each Scenario

EB WB NB SB
\T/gml'r:g/ rost| Left | oo | Right | Left | .| Right| Left | . | Right| Left | | Right Total
Case Turn Turn | Turn Turn | Turn Turn | Turn Turn

1 80 1,520 80 80 1,520 80 40 380 40 40 380 40 | 4,280

Low 2 80 1,520 80 80 1,520 80 20 200 20 40 400 40 | 4,080
Turning 3 80 1,520 80 80 1,520 80 40 400 40 20 200 20 | 4,080
Traffic 4 40 800 40 80 1,600 80 40 380 40 40 380 40 | 3,560
5 40 800 40 80 1,600 80 20 200 20 40 400 40 | 3,360
6 40 800 40 80 1,600 80 40 400 40 20 200 20 | 3,360
7 165 | 1,330 | 165 165 | 1,330 | 165 90 335 90 90 335 90 | 4,350
Moderate 8 165 | 1,330 | 165 165 | 1,330 | 165 50 190 50 95 375 95 | 4,175
Turning 9 165 | 1,330 | 165 165 | 1,330 | 165 95 375 95 50 190 50 |4,175
Traffic 10 90 740 90 180 | 1,500 | 180 85 335 85 85 335 85 | 3,790
11 90 740 90 180 | 1,500 | 180 50 190 50 95 375 95 | 3,635
12 90 740 90 180 | 1,500 | 180 95 375 95 50 190 50 | 3,635
13 280 | 1,120 | 280 280 | 1,120 | 280 140 | 280 140 140 | 280 140 | 4,480
High 14 280 | 1,120 | 280 280 | 1,120 | 280 85 170 85 170 | 335 170 | 4,375
Turning 15 280 | 1,120 | 280 280 | 1,120 | 280 170 | 335 170 85 170 85 | 4,375
Traffic 16 165 665 165 335 | 1,340 | 335 140 | 280 140 140 | 280 140 | 4,125
17 165 665 165 335 | 1,340 | 335 85 170 85 170 | 335 170 | 4,020
18 165 665 165 335 | 1,340 | 335 170 | 335 170 85 170 85 | 4,020

* Thereare two lanes for the through traffic on each approach of the major road

3.2.1.2VISSIM Simulation Modeling

The simulation modeling began with Synchro (version 11) to determine optimal cycle lengths,
signal timings, and signal progression (signal coordination) systems for each simulation scenario.
Key intersection and traffic data, including lane configurations, hourly traffic volumes, speed limit,
and signal phasing information for each intersection were inputted into the software. The software
was then used to calculate the ideal cycle lengthis aotimize the signal timings for each

i nt er sect i gsgnaltimngoptmzdtiondedtare was used to adjust green times, splits,
and offsets. It must be added that the signal timing settings and the phase sequence were also
optimized for each simulation scenariblote thatthe progression considerations were essential

for all alternative designs because they involve signalizing three (four signals at an RCI) different
locations on the major road. Signal offsets were also calculated using vehicle average speed and
U-turn spacing (distance betweenturnandD L T cr ossovers and the midc
default settings were used for ideal saturation flows and lost firhe.maximum and minimum

cycle lengths were set t®dQ sec and 40 sec, respectively, with a minimum green time of 6 sec.
Yellow and red clearance (akd) intervals were set at 4 and 2 sec, respectively, bastgkon
Manual onUniform Traffic Control DevicesqtMUTCD, 2023 p. 708.

Next, the traffic signal data were imported into the microsimulation software VISSIM (version
2023) to model the entire intersection network and calculate average vehicle travel times,
maximum queue lengths, and the average number of stops for each test scenario. To mitigate the
influence of simulation variability, each scenario was run ten times, folpr@ocommendations

from previous studie@-ries et al., 2017; Lee et al., 2024; PTV, 2018)
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In the simulation networks, driver behaviors were modeled with consideration of conflict areas
and priority rules based on typical driving regulations in North Carolilavehicles had speeds

set between 25 mph and 40 mph, with the 85th percentile speed set at 35 mph throughout the
network. Turning traffic movements on approaches were modeled with speeds between 15 mph
and 25 mph, with the 85th percentile speed set at 20 fiyiming speeds at the midpoint of turns

were specifically set to 15 mph, folling real speed data cetited fromFitzpatrick et al(2006)

The right turn and Wurn traffic werealso allowed to make t@rn on thered signal when there

was a 4sec minimum gap for ittach test lasted 75 minutes, including amiBute warmup

period to preload the network with vehicles, followed by 60 minutes of data collection.

The simulation network was configured in a square shape, with each side measuring 5,400 ft in
length. Regarding geometric features, the lane width, fight radius, Uturn (bulbout) radius,

taper length, and length of the storage lane were consistently set at 12 ft, 30 ft, 45 ft, 100 ft, and
400 ft, respectively, for all intersection desigi$ie Uturn crossovers were located 800 ft away
from the middle intersection for all alternative designs except the CFI/MUT coribo.the
CFI/MUT combo and the partial CFI, the distance from the middle intersection tottira @nd
displaced lefturn (DLT) crossvers was approximately 600 fThese spacings were determined
based on recommendations provided in FHWA informational gildesimer et al., 2014; Reid

et al., 2014; Steyn et al., 2014Based ornhe geometric data collected by the research team from

39 U-turn crossovers at RCIs inQ\'the average and modeturn spacings were found to be 940

ft and 820 ft, respectivelyThe average and mode for the bollt radius were both 45 ft.

In total, 1,080 simulation runs (108 scenarios*10 runs per scenario) were conducted for this study.
The average results from the ten tests were selected as the representative outcomes for each
scenario. In addition, the research team employed factorial analysis (analysis of variance,
ANOVA) to ensure that each comparison betwibemtersection designs had a substantial sample

size. This allowedfor statistically significant differences in intersection performance to be
identified using ANOVA at a sigficancelevel of 0.05.

Trajectory files were generated from the simulation software for use in FHWA's surrogate safety
assessment model (SSAM) for safety analysis. SSAM was employed in this study to assess safety
by identifying simulated conflicts, also known as near misseslichkevehicle interactionslt is
important to note that the simulation modeling approach used in this research aligns with several
previous studies that evaluated alternative designs using simytiok et al., 2017Haq et al.
2023;Haq et al., 2022, Haq et al., 2022b; Howard et al., 2023; Lee et al., 2024; A. Molan and
Hummer, 2020a; Molan et al., 20t %Schroeder et al., 2014).

3.2.2Modeling Case Study Sitesn TransModeler

Once the final case study locations were selected, the research team analyzed which alternative
intersection designmmight perform well at each site. Alternative designs were suggested based on
AADT rates, available ROW, and safety considerations. The final suggested treatments chosen
are shown in Table 8. The alternatives and their number of critical phases are listed in the first
two columns of the table. Each site is then identified at the top of the remaining columns, and a
total number of locations for each treatment is suggested. For exampimtbtheow of the table
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shows that a Redirect 2L&T design was selected for only one location (site 4). Each column of
Table 39 shows the possible alternative treatments that are being considered at each location.

Overall, there are 21 suggested alternatives for all the sites displayed in Table 3.9. Among the
threephase intersections listed in the literature review, the offsetefsection, offset thraut,

and single quadrant are the only designs with no ¢adg sites in Table 3.9. It should be noted

that the twephase CFI was not considered in this project because it is an uncommon design due
to its significant cost and ROW requmentfor implementation. Based on the best knowledge of

the author, to datéhere are only a few twphase CFls currently built.

Table 3.9 Alternative Intersections Suggested for Case Study Sg&e

Intersection #
Suggested Alternatives 11 2| 4| 5| 7 | 8| Total
SevenPhase X | X 2
Redirect L&T X | X 2
Thru-cut X X 2
MUT #1 X X | X 3
L'Lrgse MUT #2 X X | x 3
Reverse RCI X 1
CFI X X 2
CFI/MUT Combo X X 2
Redirect 2L&T X 1
Two- RCI X 1
Phase MUT X X 2
Total 8| 2 6 2 1 2 21

Where possible, the NCDOT Congestion Management Simulation Guidelines for TransModeler
was implemented in the creation of the simulation models for this pré@peet.notable exception

is that the signals in this project are all pretimed (NCDOT recommends using actuated timing).
Using pretimed signal control was necessary to allow for proper signal progression throughout
each model.

For each of the six case study intersections, the existing roadway geometry was modeled in
TransModeler.Using this geometry as a baseline, the alternative intersections were modeled to fit
within the available ROW at the case study site whenever posSildemajor road was extended
2,500 feet from the main intersection in both directions and the minor road was extended 1,000
feet from the main intersectionFor consistency, CFl crossovers and mediatuids each
included two lanes with the exceptiontbé U-turn north of the main intersection at site Bhis
decision was madeecausadding another Wurn lane would drastically alter the geometry of the
roadway in a manner that was unrealistic with the existing ROW of the site.

Lane geometry for alternativkesignmodels was kept as close as possible to the existing geometry

while still allowing for the proper function of the alternative intersection desgpme designs
required minimal changes to existing roadway conditions, while others like the CFI required
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multiple new lanes and a channelized right tu@rossovers and {tlrns were modeled within
500-800 feet of the main intersection and were located at existing median breaks where possible.

Traffic volumes were input as individual turning movements at each intersectias.
recommended by the NCDOT simulation guidelines, a warmup period of 15 minutes with 75% of
total traffic volume was used for all of the modeRedirected vehicles were added as additional
volumes to the requisite movements through which they were rediredtezhvy vehicle
percentages were based on the collected traffic data for each study site as shown3rid able

Table 3.10 Heavy Vehicle Percentages at Case Study Sites

Case Study Site Heavy Vehicle Percentage
Site 1: Peachtree Ln @ New Bern Ave 2.0%
Site 2: Chapel Hill Rd @ Trinity Rd 3.5%
Site 4: Capital Blvd @ Old Wake Forest H 4.5%
Site 5: Capital Blvd @ Trawick Huntleigh 4.5%
Site 7: Briar Creek @ Briar Leaf 1.5%
Site 8: NC 55 @ O 2.0%

Free flow speeds weraodeled as the existing speed limit of each site plus 5 mph (Bg.

CFI crossovers and channelized turns were modeled with the same classifications of their
connecting roadwaysTurning delays were set to 10 seconds for right turns, 15 seconds for left
turns, 20 seconds for-tuirns, and 0 seconds for through moveme@isnote, turning movements

were restricted to a single lane (for example a car turning right could only turn into the nearest
receiving lane). Additionally, no right turns on nedre allowed.

Each traffic signal was modeled as-tireed. For models of existing conditions, signal phases
matched the current phasing sequence at the site, but the timing of the phases was based
TransModel er 6s opt i mi z aAlternative intessectiogs uded thesphasingd s e «
sequences provided in Appendkand wer e subsequently optimiz
optimization feature Minimum cycle lengths variedependingpnthe number of phases for each

signal: 120 seconds for four phases, 90 sgsdor three phases, and 60 seconds for two phases.

The maximum cycle length was set to 180 secofdigese restrictions are basalthe NCDOT

simulation guidelines.

All signals were coordinated to allow for maximum signal progressiéor clarity, signal
progression is defined as the ability of a car to proceed through more than one adjacent signalized
intersection without having to stopSignal coordination was accomplished by offsetting the
beginning of the adjacent intersection signal cycles by the amount of time it would take a vehicle
to travel from one intersection to the nexf note, all CFI crossovers and mediasiuons were
signalized in this study.

3.3Surrogate Safety Assessments

The research team opted to use surrogate safety measures to assess safety since the traditional
methods, such as the Highway Safety Manual (H8&ed methodsyerenot usable due to the

low number of existing threphase intersections. HSkhased evaluations requisafficientdata

from existing intersectionsThe following paragraphs describiee surrogate safety assessments
included in this study.
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3.3.1SSAM

FHWA's surrogate safety assessment model (SSWhY employed in thisesearch projedd
assess safety by identifying simulated conflicts, also known as near misses or-wethidke
interactions.In SSAM, a simulated conflict is defined as a situation where two vehicles approach
each other in time and space, posing a collision risk if their movements remain unchanged
(Gettman et al., 2008)SSAM determines the type and frequency of simulated conflicts between
vehicles, based on thresholds for both ttmeollision (TTC) and postncroachment time (PET),
derived from the analysis of imported trajectory files. Thresholds of 1.5 seconds for time to
collision and 5 seconds for pesticroachment time were selected, following recommendations
from previous stdies (Fan et al., 2013; Gettman et al., 2008; Haq et al., 2022; Huang et al., 2013).
It should be mentioned that SSAM was conducted only for hypothetical scebaxdasse
TransModeler does not provide trajectory files needed for SSAM.

3.3.2SSI

TheFHWA has developed an analytical technique and framework for evaluating crossings that is
based on a safe system approach. By emphasizing the prevention of major injuries and fatalities,
the Safe System Intersections (SSI) approach represents a substardrglerdig from
conventional road safety procedures. Its main objective is to create a road environment in which
human error does not result in serious consequences for those using the road. During project
development, this method enables designers to weprdersection safety with the primary goal

of removing traffic fatalities.

A recommended set of SSI scores and a variety of efficacy metrics are the results of applying the
SSI approach. These metrics include the average amount of exposure across different types of
conflict points, the average probability of fatal or seriougrinfor different types of conflict points

which is represented by the average conflict severity, and the average complexity of movements
completed at different conflict locations.

An Excel spreadsheet was developed as a todl ¢ $S& fdr Néw Alternatived in performing

the analysis based on the metrics anBhsed or mul
Framework and Analytical Methodology for Assessing Interseci{@d21) Development of a

tool was essential as the current FHWA mar{@@R1)does not include any of the thrphase
intersections included except partial CFI
principles was evaluated using the SSI scores. For every alternative intersection under
consideration, a score beden 0 and 100 is assigned. Higher scores correlate with improved safety
system performance, which in turn translates into decreased risks of major and severe injuries.
This spreadstet is available as Appendix 5.

There were severéimitations of the SSI spreadsheet tool developed by the research team in this
project First it should be noted thdahe nonmotorized conflict type was not included in the
analysis using the developed spreadsheet tool. Also, all there$t movements were assumed

to have a protected only signal phase during the analysis. It is also important to note that the
FHWA SSI methodloes not consider right turns on red.

3.3.3Conflict Point Analysis (CPA) at Intersections

I n addition to FHWAGs SSI an aahothedpreadshediased r e s e a
tool titled conflict point analysis (CPA) to compare and rank the intersection designs based on 1)
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frequency and types of conflict points, 2) traffic volume involved in conflict points, 3) vehicle
speeds during conflicts, and 4) distribution of traffic volumes conflicting within the netwiex.
literature review conducted included information regarding the total number of conflict points at
each intersection desigi.he following paragraphs providet@le,and a series of conflict point
diagrams to elaborate more on the differences among various intersection designs. However, the
results of the ent&r conflict point analysis (CPA) will bgresentedn the next chapteAlso, the

CPA spreadsheet is available as Apperédix

Table 3.11 shows the number of conflict points at all the intersections incllilectconventional

4-leg intersection has 32 conflict points, comprising 8 diverging, 8 merging, and 16 crossing
points. Based on past studies, there is a strong relationship between the number of conflict points
and crashes at intersections. For examptgeater number of crossing conflict points correlates

with higher crash severity. This summary seeks to provide a comprehensive conflict point analysis
for 14 alternativentersections in comparison to the conventional intersection.

Table 3.11 Number of Conflict Points in Intersections Included

Rank Name/Type Diverging | Merging | Crossing | Total
1 Reverse RCI 6 6 2 14
1 RCI 6 6 2 14
3 Two-phase MUT 6 6 4 16
4 Offset T 6 6 6 18
5 Redirect L&T 7 7 8 22
5 Redirect 2L&T 7 7 8 22
7 MUT #2 8 8 8 24
7 Offset Thrucut 8 8 8 24
7 Thru-cut 8 8 8 24
7 MUT #1 8 8 8 24
11 CFI/MUT Combo 8 8 11 27
12 SevenPhase 8 8 12 28
12 Single Quadrant 9 9 10 28
14 Partial CFI 8 8 14 30
15 Conventional 8 8 16 32

As illustrated in Tabl@.11, all of the alternative intersection designs showed fewer conflict points
than theconventional intersection, especially in terms of crossing conflicts which are the most
severe type of conflicts.

Figures 3.23.16 show the exact location of each of therging, diverging, and crossiegnflict

points for a conventionahtersection and every alternative desigriudedin this project. Among

the alternative intersectionspthreduced conflict intersection (RGihdreverseRCl had the least
overall conflicts of 14 with a reduction in crossing conflicts to only two (2). On the other hand,
partial CFl (continuous flow intersectionad the highest number of conflicts, totaling 30, slightly
lower thanthe conventional desigrMUT redirect major(partial MUT #1) MUT redirect minor
(partial MUT #2) thrucut, offset thrucut, redirect 2L&T (two lefturn and one through
movements), and redirect L&T (left and through) have eight (8) crossing conflict points, which
shows a 50% reduction compared to the conventional intersection.
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3.3.4Flag Method for Pedestrians and Bicycles

The NCHRPReport 948 (2021)eveloped the evaluation technique known as the "20 Design
Flags" to analyze intersection design elemeatmrdingpedestrian and bicyclist safety. This
approach allows designers to improve intersection safety for pedestrians and bicyclists during
project development. By utilizing yellow and red flag thresholds, which consider various factors,

and evaluating the pegntage of flags, this method enables comparison between different
intersection designs. Yel | ow comfor wlile reddlags e s e n t
represent a safety concern for pedestrians and bicyclists.

This sectionpresents thenethodology foevaluating sixteen alternative intersection models using

the 20 Design Flags. Out of the 20 flags outlined in the NCHRP 948 report, thirteen were used for
the pedestrian safety assessment, while. sixte
This resulted in fiftytwo (52) and sixtyfour (64)possible design flags, respectively, considering

all four pedestrian and bicyclist movements for each design 8ageral assumptions were made

during the comletion of this 20 Design Flags assessment:

1. Vehicle Turning Speed: For flag 1 (motor vehicle right turns) and flag 10 (motor vehicle
left turns), the vehicle turning speed was assumed to be less than 20 mph for all the
intersections assessed. Although a speed of more than 20 mph might be expected for free
flow right-turn movements with larger curb radii, most drivers should have speeds below
20 mph on right turns at the eight intersections selected.

2. Assessment of Flag 9 (Undefined Crossing at Intersections)fhe conditions of the
existing crossings for the conventional intersections were maintained for all the proposed
alternative intersections at each assessed site.
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3. Bicyclist Safety Assessmentit was assumed that bicyclists shared the use of paths with
pedestrians at crossings and had a separate bike lartbe analysis, bicycle through
movements from each approach was only considered resulting in 64 flags (16x4).

3.4Public Acceptance at Alternative Intersections

3.4.1Factors Impacting Public Acceptance

The Public Acceptance Scoring System (PASS) at Alternative Intersections aims to assistdecision
makers and designers in comparing alternatives based on expected public accéptandes.to

better understand how to address relevant issues regarding the public acceptance of alternative
intersectionsPASS includes a list of variablesllectedmostly from the currentiterature on

public acceptance dlternative designs Thesevariables were categorizedto three groups

driver confusion/wrong way potential, business impactd resident discomfqgrand pedestrian

and cyclisdiscomfort Using these categories as a baseline, the researchiggdightedfactors

that impact these categories, and what those specific impaetsThis process was a crucial first

step in developing the PASS system as it allowed us to focus on the main concerns the public has
about alternativintersections

3.4.2Focus Group Meetings

In developing the PASS, the research team had four (4) focus group meetings with experts from
different units of NCDOT to receive feedback on the selection of the appropriate variables from
the list, rank the variables based on their significance to tlhdicpand assignappropriate
weightage to eachThe NCDOTmembersncluded theollowing expertswho weregroupednto

four (4)teamsbased on theirespectivaunits andarea ofexpertise along withthe dates when the
meetings were held (in parenthesis):

Group 1i (April 41, 2024)
1 Dr. Joe Hummer, Traffic Management Unit.
1 Mr. Clarence B. Bunting, Congestion Management Unit.
1 Mr. Nicholas C. Lineberger, Congestion Management Unit.
1 Mr. Michael P. Reese, Congestion Management Unit.
Group 2i (April 12, 2024)
1 Ms. Michelle H. Gaddy, Construction Unit.
1 Mr. David Olson, Congestion Unit.
1 Ms. Renee B. Roach, Signing and Delineation Unit.
Group 3i (April 15™, 2024)
1 Mrs. Tatia L. White, State Roadway Design Engineer.
1 Mr. Mike Lindgren, Roadway Design Unit.
1 Mr. David Clodgo, Roadway Design Unit.
1 Mr. Jordan Woodard, Design Development & Support Group Lead.
Group 4i (April 17, 2024)
1 Mr. Jamille Robbins, Public Involvement, Community Studies & Visualization Unit.
1 Ms. Diane Wilson, Public Involvement, Community Studies & Visualization Unit.

Eight questionsvere askedo the NCDOT expertsduring these meetings These questions

promptedthe experts to identify from a list of variables that could impact wraag potential,
user comfort, and businesss Additionally, experts were asked to suggest the renuatlusion
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of variables deemed unnecessary or important additions to the list. Moreover, experts were asked
to assign weiglstto the listed variablesyith each designated a colaoed, brown, andyellow) to
signify their importance.

3.4.3Public Acceptance Scoring System (PASS) for Alternative Intersections

Using the factors discussed with the experts from NCDOT, the research team developed a
spreadsheet that compares and ranks alternative designs based on estimated public acceptance.
Drawing from past studies and literature reviews, this spreadsheet®L@weaiables influencing

public acceptance, categorized into measurable and binary variables, each assigned a color (Red,
Brown, and Yellow) to denote differences. Measurable variables are quantifiable, while binary
variables rely on engineering jugigent. PASS focuses on user perceptions of new altersative
rather than safety and operational performance, highlighting its significance in understanding
public sentiment towards thesgersectiordesigns This spreadsheet is available as Appeuddix

3.5Benefit over Cost (B/C) Analysis

The research team met with Dr. Hummer on JARe2024 to discuss the best approach for
estimating ROW costsDuring this conversation, it was agreed upon that the NCDOT standard
value of $12.75 per hour of travel time reduction was an acceptable value to use for this analysis.
The research team walksoprovided withcontact information for the NCDOT ROW uniBased

on discussion with NCDOT ROW unit, it wagated that ROW costs are extremely site specific
and difficult to assess without a professioappraiser. Ultimately, a simple solution of using
recent real estate sales near the case studysitesecommended liie NCDOT ROW unit

Using the guidance provided NCDOT ROW unit the research team analyzén@ values of

adjacent properties using the real estate website Zillow. Five adjacent properties were selected for
each case study intersection and the average cost per acre was calculated. This value was then
compared to the estimated amount of costings from the travel time reductions of every
alternative design that was simulated at each case study site. These results are shown in Section
4.5 of this report.

Of note, for the cost portion of this analysis, only ROW and travel time savings were considered.
The following cost consideration were not considered in this analysis:
T Construction costs
o Pavement
o Striping
o Temporary increase in travel times due to closed lanes
o Business impacts
o Project delays
1 Installation of signals, signs, and barrierslagwn in the condition diagrams

3.6 Framework for Selecting Alternative Intersections

Ultimately, based on the results of the study, the research team prepared a framework to guide
state DOTSs, including NCDOT, in implementation of new alternative intersections in future
intersection improvement projectd.his framework combines all of the elements of this report

into a methodology for selecting the best alternative designs for a given intersectien.
development of this framework was the ultimate objective of this research project.
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Chapter 4 Results and Discussion

This chapter elaborates on the results of the study and proposes a framework (guideline) for the
future implementation of alternative intersections with thmeecal-phase traffic signals

4.1 Traffic Operational Analysis
As the firstpart ofchapter 4traffic operatioal analysis conducted on hypothetisaknarios and
case study sitas presented in the following sections.

4.1.1Hypothetical Simulation Scenarios

4.1.1.1Traffic Signal Optimization

Table4.1displays the average cycle length estimated from signal optimiz&tiote that single
guadrant anaffset T intersections were not included in the simulation modelsitere are
available reports regarding their traffic operatioRgifl andHummer 2020 Cunningham et al.

2021) The signal optimization analysis results (Tadld) indicated that the sevephase
intersection design had the longest average cycle length. This is primarily due to the presence of
all four leftturn movements at the middle intersection and the minimal redirection of traffic (only
one minor through moweent is redirected from the middle intersection). Moreover, the redirected
through movement (NB through our study now turns right at the middle intersection,igfh
decreases saturation flow since turning movements have lower saturation flow rates than through
movements. Therefore, due to the strong relationship between cycle length and saturation flow, a
longer cycle length is expected for the sepbase designompared to a conventional design.

Table 4.1 The AverageCycle L ength (sec) on théNetworks for Various Turning Cases

Turning Cases
Intersection Type All High Moderate Low
Conventional 98 98 94 103
Redirect L&T 94 90 92 102
SevenPhase 133 125 135 140
Reverse RCI 84 83 85 85
Offset Thrucut 76 75 73 80
Thru-cut 73 70 70 78
MUT #1 82 90 78 78
MUT #2 97 88 95 108
Redirect 2L&T 90 80 90 100
CFI/MUT Combo 60 60 60 60
Partial CFI 60 60 60 60
RCI 73 73 73 73
Two-Phase MUT 66 65 65 68

As expected, the conventional intersection also resulted in a long average cycle length among all
intersection designs. The CFI/MUT and partial CFl intersections demonstrated the shortest
average cycle lengths, a result attributed to their higher capabtigyredirect 2L&T design had
relatively one of the longest cycle lengths among all tplesse designs. This can be explained
three possiblevays 1) it has a conventional lefirn route on the major road, 2) each minor leg

has its own signal phase siny all three traffic (left, tough, and right) demands in one phase,

and 3) one of the minor through movements is converted to a right turn at the middle intersection,
which reduces the saturation flow on that minor leg. Despite the longer cycle lengths, the impact
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on traffic operations on the major road at redirect 2L&T should be minimal, as two of the major
critical movements receive green indications during two phases.

The twaphase MUT design had the shortest average cycle length among all the intersections
studiedother than the CFJsas it has two phases with no laftn movements at the middle
intersection. In contrast, MUT #2 had the longest cycle length among theotiase alternative
intersections. This is likely because its third signal phase is accommodating all traffindte

(left turns, right turns, and through movements) from the minor road. Consequently, the green
time needed for this signal phase welatively longer than other thrgdhase designs.

Table4.2presents the average green over cycle length (g/cl) ratios for each node based on all tests
included. Note that the yellow intervals are included in the green intervals. The partial MUT and
RCI designs exhibited the highest g/cl ratios for through trafficche major road, which is
expected since both designs have two signal phases at the middle intersection. In contrast, the
other alternative designs and the conventional design have three and four signal phases,
respectively, at the middle traffic sigha

Table 4.2 The average green over cycle length (g/cl) ratios of traffic signals based on Synchro

Western . . Eastern
Middle Intersection
Crossovef Crossover

Thru Cross Major Road (EB/WB) Minor Road (NB/SB) Thru Cross
Traffic over Left | Thru | Right | Left | Thru | Right | Traffic over

Intersection Type

Conventional - - 0.14 | 043 | 043 | 0.10 | 0.24 | 0.24 - -
Redirect L&T - - 0.24 | 051 | 0.62 | 0.232 | 0.23% | 0.30 0.63 0.33
SevenPhase - - 0.17 | 042 | 050 | 0.25 | 0.212 | 0.27 0.65 0.28
Reverse RCI 0.52 0.44 | NAP | 055 | FFe® 0.12 NA 0.25 0.60 0.36
Offset Thrucut 0.59 034 | 0.24 | 0583 | 0.53 | 0.13 NA 0.24 0.64 0.29
Thru-cut 0.57 0.36 0.30 | 0.50 | 0.62 | 0.13 NA 0.30 0.63 0.30
MUT #1 0.66 0.29 NA 040 | 0.65 | 0.26 | 0.28 | 0.28 0.74 0.20
MUT #2 0.76 0.20 0.23 | 0.47 | 0.47 NA 0.25 | 0.48 0.80 0.16

Redirect 2L&T 0.71 024 | 058 | 045 | 035 | 0.25 | 0.25 | 0.25¢ 0.53 0.42

CFI/MUT Combo | 0.58f 0.30 NA [0.39¢| 028 | 0.16 | 0.36 | 0.369 | 0.62 0.35

Partial CFI 0.58 0.30 NA | 0.39¢| 0.16 | 0.16 | 0.36 FF 0.56 0.37

RCI 0.54 0.41 0.40 | 0.54 | 0.54 NA NA 0.40 0.58 0.37

Two-Phase MUT 0.59 0.35 NA 0.59 | 0.59 NA 0.35 | 0.35 0.68 0.26

The g/¢ ratios (yellow interval is also included in green) are based on all the 18 scenarios included (wittngll
cases)

aThe ratios are based on only one minor street (the same movements have been redirected on the other side)
bNot Applicable (tharaffic movement has been redirected)

¢ Crossover will be the traffic on the-turn or the CFI crossover

4 The g/¢ ratio for the redirected lefurn demand on the major road will also be equal to 0.39

¢ FF = Freeflow Traffic Movement

fThe CFI and MUT crossovers were considered as western and eastern crossovers of the CFI/MUT combo

¢ Only on one side of the road (right turns have-fte@ movement on the other side of the road)

The offset threcut desigralsohadone of the highegi/cl ratics for through traffic on the major

road at the middle intersection. This is expected, as through traffic movements on the major road
receive a green signal in two phases in the offsetdtralesign. Additionally, Tablé.2 reveals

that some threphase designs, such BRBJT redirected majorMUT #1) and MUT redirected

minor MUT #2), offer a longer g/cl ratio for through traffic at thetlun crossovers compared to
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the twaphase designs, as they redirect less traffic than thephaee designs to the-turn
crossovers.

When comparing the partial CFl and CFI/MUT combo, both designs showed similar g/cl ratios at
the western DLT crossover and the middle intersection. However, the CFI/MUT combo achieved
higher g/cl ratios for through traffic on the eastern crossover, [pskib to the reduced traffic
demands compared to a partial CFl. Specifically, while the CFI/MUT only involves one major
through and one major left turn at itsthn crossover, the partial CFI accommodates these
demands in addition to one minor righofint NBin our study and one minor left (from SB) at its
eastern DLT crossoveiMoreover, the g/cl ratio for the righiarn lanes on the major road at the
CFI/MUT combo is higher than that of the partial CFI desighis is because there is no conflict
between righturn vehicles and the oncoming ldirn traffic on one side of the major road at the
middle intersection.On the other hand, the partial CFIl provides {itee&v movement for both

minor rightturn demands.

4.1.1.2Traffic Operations Analysis
Table 43 presents average vehicle travel times (sec), maximum queue lengths (feet), and average
number of vehicle stops derived from the simulation modehould be mentioned thall designs
could completeheir simulation tests with similar traffic output as their traffic inptiables 4.4
and4.5 alsodisplaythe results of the ANOVA and the mean travel time differences among all
intersections included in the study.

Table 4.3 Travel Times, Vehicle Stops and Queue Lengths

Turning Cases High Turning Moderate Turning Low Turning Overall
. Ave Max Ave Ave Max Ave Ave Max Ave Ave Max Ave
Intersection Type Tr_avel Queue| Stops Tr.avel Queue | Stops Tr_avel Queue | Stops Tr_avel Queue | Stops
Time Time Time Time

Conventional 220 1,367 | 1.18 168 945 1.00 153 968 0.78 181 1,094 | 0.98
Redirect L&T 174 604 1.45 171 624 0.97 175 861 1.61 173 696 1.42
SevenPhase 198 1525 | 1.77 193 1,542 | 1.78 212 1,556 | 2.23 201 1,541 | 1.92
Reverse RCI 166 531 0.60 161 371 0.40 155 405 0.41 161 436 0.47
Offset Thrucut 161 360 0.72 154 393 0.60 155 391 0.59 156 381 0.63
Thru-cut 159 607 0.62 157 517 0.64 157 552 0.66 158 558 0.64
MUT #1 163 652 0.63 156 538 0.61 149 377 0.62 156 522 0.62
MUT #2 186 908 1.46 174 898 1.19 172 817 0.94 177 874 1.20
Redirect 2L&T 161 1,426 | 1.36 159 1,296 | 1.37 161 1,334 | 1.28 160 1,335 | 1.33
CFI/MUT Combo 159 938 0.83 142 459 0.64 145 965 0.76 149 787 0.74
CFlI 162 1,127 | 0.96 141 665 0.80 156 1,419 1.01 153 1,070 | 0.92

RCI 162 783 0.91 156 544 0.73 152 329 0.64 156 549 0.72
Two-Phase MUT 174 865 1.30 160 675 0.98 150 499 0.78 162 680 1.02

Bold represents the insignificant travel time differences in comparison with the conventional design at the 0.05 level

According to Tables 4.3, 4.4, and 4.5, overall, all alternative designs resulted in shorter travel times
than the conventional intersection, except for the sphase design. Mean travel time differences

were also found to be insignificant for MUT #2 amdlirect L&T compared to the conventional

intersection. However, both these designs resulted in shorter travel times than the conventional
design in high turning traffic conditions.
conventional intersectiowas found to be similar to alternative designs (and better than a few of
them) in lowturning conditions, it is not a promising intersection design in traffic conditions with
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higher turning ratios. Regarding the average number of stops, some alternative designs resulted
in a higher number of stops than the conventional intersection, possibly due to having one or two
additional traffic signals compared to the conventional desig

Table 4.4 Travel Time Differences and the Results of ANOVA for Conventional, Reverse
RCI, Offset Thru-Cut, Thru -cut, and MUT Redirect Major (Partial MUT#1)

. Mean . Mean
Inte_lfseguon C\(I)vr?p?rﬁs‘ Difference F P Value Inte;segnon C&Tpﬁrﬁsl Difference F P Value
yp (sec/veh) yp (seclveh)
ng';e"t 7.2 0.853 | 0.358 Thru-cut 1.6 2.196 | 0.142
Seven -20.7 8.927 | 0.003 MUT #1 0.4 0.165 | 0.685
Phase
R%"glrse 19.6 8.126 | 0.005 MUT #2 212 | 207.089| <0.001
Offset Redirect
Thiseut 24.3 1152 | 0001 | geeeiThre | oL&T 4.9 19.197 | <0.001
Cut
Thru-cut 22.7 10.098 | 0.002 CFIMUT 7.4 23.978 | <0.001
Combo
MUT #1 24.6 11.817 | <0.001 CFI 3.3 4.015 | 0.048
Conventional| MUT #2 3.1 0.095 | 0.758 RCI 0.2 0.025 | 0.873
Redirect Two-
19.4 8.006 | 0.006 Phase 5.3 6.267 | 0.014
2L&T
MUT
CFUMUT | 31 7 | 20.397 | <0.001 MUT #1 2 3.204 | 0077
Combo
CFI 27.6 13.798 | <0.001 MUT #2 -19.6 | 184.679| <0.001
Redirect
RCI 24.1 11.309 | 0.001 oL &1 a2 7.844 | 0.006
Two-
Phase 189 | 7.316 | 0008 | thpeur | MUt 9 34.02 | <0.001
Combo
MUT
Offset 47 11.201 | 0.001 CFI 5 4518 | 0.037
Thru-cut
Thru-cut 3 4.078 | 0.047 RCI 1.4 2226 | 0.14
Two-
MUT #1 5.1 9.204 | 0.003 Phase 3.7 2.709 | 0.104
MUT
MUT #2 -16.6 | 113.903| <0.001 MUT #2 216 | 166.951| <0.001
Redirect Redirect
Reverse RCI| ", o= 0.2 0.039 | 0.842 oL g1 5.2 13.166 | < 0.001
ngmbf 12 41.395 | <0.001 C'C:(')/n'\fgg 7 17.682 | <0.001
MUT #1
CFI 8 8.229 | 0.005 CFI 3 1.495 | 0.225
RCI 45 8.429 | 0.004 RCI 0.6 0.243 | 0.623
Two- Two-
Phase -0.7 0.127 3.977 Phase -5.7 6.308 0.014
MUT MUT

Bold represents the insignificant travel time differences in comparison with the conventional design at the 0.05 level
Travel time reductions (compared to the other designs) are highlighted in gray
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Table 4.5 Travel Time Differences and the Results of ANOVA for SevefPhase, Redirect

L&T, Redirect 2L&T, CFI/MUT Combo, Partial MUT#2, CFI, and RCI

Intersection| Compares Mean Intersection| Compares Mean
Tvoe Wipt h Difference F P Value Tvpe Wip'[ h Difference F P Value
yp (sec/veh) yp (seclveh)
Reverse | 403 | 245.366| <0.001 CFR/MUT 122 | 48.434 | <0.001
RCI Combo
Offset 45 3143 | <0.001| Redirect CFI 8.2 9.363 | 0.003
Thru-cut ' : ZeLér_‘l?c ' . .
Thru-cut 433 | 296.896| <0.001 RCI 47 13.282 | <0.001
MUT #1 453 | 291.933| <0.001 TW&'S;“"‘SG 0.5 0062 | 0.802
MUT #2 23.7 71.496 | < 0.001 CFI 4 3.041 | 0.085
SevenPhase Rzel_dgTeCI 401 | 257.333 <0.001| ir RCI -0.76 | 22.874 | <0.001
} Combination "
CFI/MUT Two-Phase
Combo 52.3 324.79 | <0.001 MUT 2127 | 30.754 | <0.001
CFI 483 | 250.246| <0.001 RCI o 2.285 | 0.135
CFI :
RCI 44.8 300.22 | <0.001 TWI\CI’IS?ase 8.7 7.662 | 0.007
Two-
Phase 39.6 | 189.786| <0.001 RCI Two-Phase| o, 5.362 | 0.023
MUT
MUT
Seven Redirect
e 279 | 121.322| <0.001 oL g1 16.3 | 130.181| <0.001
Reverse | 154 | 146.307] <0.001 CR/MUT 286 | 194.027| <0.001
RCI Combo
Offset 171 | 424.285| <0.001| MUT#2 CFI 245 | 84.598 | <0.001
Thru-cut
Thru-cut 155 | 392.786| < 0.001 RCI 21 182.4 | <0.001
MUT #1 17.4 | 230.744| <0.001 TW&'S;“"‘S‘* 159 | 63.805 | <0.001
Redirect
L&T MUT #2 4.1 7.9686 | 0.006
Redirect
oLaT 122 | 210.225| <0.001
CFUMUT | 55 | 212701 <0.001
Combo
CFI 20.4 73.405 | <0.001
RCI 16.9 | 302.015| <0.001
Two-
Phase 11.7 53.964 | <0.001
MUT

Bold represents the insignificant travel time differences in comparison with the conventional design at the 0.05 level

Travel time reductions (compared to the other designs) are highlighted in gray

Tables4.3, 4.4, and 4.8how thatthe CFI/MUT combo and partial CRiadthe best travel time

performance, resulting in significantly shorter average travel times than all other intersection
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designs at a 0.05 confidence level. Furthermore, the CFI/MUT combo performed slightly better
than the partial CFI in terms of maximum queue lengths and the average number off B®ps.
superior performance of the partial CFl aligns with previous studies (Hummer and Molan, 2022;
Steyn et al., 2014) which indicated that CFls generally have one of the highest capacity levels
among all existing intersection designs. For the CFI/MUnlmm, several factors may contribute

to its performance being on par withetipartial CFl, including: 1) similar V/Qvolume over
capacity)r at i os at nodes, 2) hi gher g/ cl ratio fo
compared to partial CFl, 3) smoother flow at the diverging point between through anotieft
traffic on one side of the major road (WBaanr study, and 4) the lefturn traffic on one side of

the minor road (SB iour study would have one signal fewer on their route compared to a partial
CFl.

In addition to CFI/MUT comband partial CFElfour otherthreephase designs (MUT #1, offset
thru-cut, thrucut, and reverse RCI) not only performed similarly to the-plase designs (RCI

and the twephase MUT) in low and moderate turning cases, but they also exhibited better travel
time performance and shartgueues than the twghase MUT in higkurning traffic conditions.

The following paragraphs elaborate on the possible reasons behind the identified traffic
performance results for thrgdhase intersection design.

Overall, CFI/MUT combo, partial CFl, offset thawt, thrucut, MUT redirect major MUT #1),

and RCI demonstrated the best performance among all intersection designs considered. Following
them, redirect 2L&T, reverse RCI and tpbase MUT resulted in the secebest traffic
performance, but with (statistically significantly) longer travel tincesnpared to the top
performers. The initial hypothesis in this research assumed thaptiese designs would yield

some of the benefits of twohase designsThey did, butwe did not anticipate that thrgghase
designs might deliver similar or even better benefits than thghase MUT. Hence, the potential

of threephase designs was found to be greater than expddeed .section will elaborate more on

these possible reasons for the excellent performance ofgghese designs.

4.1.1.3Possible Reasons for thBotential of Three-phase Designs

This section will elaborate on some possible reasons forhitje potentialof threephase
intersections. Since the geometric features and -afiimay (ROW) sizes of partial CFls,
CFI/MUT combinationsre different from other alternative designs, the research team has divided
the discussions into two groups in this section: 1) intersections with etynltrossovers, and

2) Partial CFIl and CFI/MUT @mbination

Group 1: Intersections with only Hurn crossovers
Possible reasons for the high potentialtiod first group ¢ffset thrucut, thrucut, MUT #1J)
include:

a. U-turn crossovers are the critical nodes in-phase designs. Thus, reducingudn demands
can improve network performance.

b. At two-phase intersections, there is a traffebetween eliminating an additional signal phase
and the increased travel distances for a larger portion of redirected traffic. Ultimately, both
factors can yield similar network benefits in some traffic saesa
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c. Previous studiefHummer and Molan 2022)ave also shown that twghase designs (such as
the twophase MUT) may not perform well at locations with high turning traffic demands.

d. Traffic signal performance in some thyglease intersections, (such as thutand offset thru
cut designswere found to be similar to those in tpbase designs.

Further explanationsf eachof thesepossible reas@areprovidedin the following paragraphs:

a. U-turn crossovers are the critical nodes in twtase designs; thus, reducing -turn
demands can improve network performance:

Table4.6 shows V/C ratios estimated using the CLV methd@ble 4.6 shows that while two

phase designs have relatively low V/C ratios at the middle signals, their critical node is the eastern

U-turn crossover. For example, under higming conditions, the twphase MUT had a V/C

ratio of about 0.64, equivaileto a level of service (LOS) of Maji 2013} but its V/C ratio at the

eastern kturn crossover was 0.81 (LOS=D). In contrast, MUT #1 had V/C ratios of 0.69 (LOS=B)

and 0.72 (LOS=C) at the middand Uturn nodes.

Table 4.6 Volume to Capacity (V/C) Ratios at Different Signals for Various Turning Cases

Turning Cases
Intersection High Moderate Low Overall

Type West | Main East | West | Main East | West | Main East | West | Main East
Signal | Signal | Signal | Signal | Signal | Signal | Signal | Signal | Signal | Signal | Signal | Signal

Conventional | NA 2 0.90 NA NA 0.90 NA NA 0.90 NA NA 0.90° NA

Redirect L&T NA 0.61 0.82 NA 0.67 0.79 NA 0.74 0.76 NA 0.67 0.79

SevenPhase | NA 0.82 0.74 NA 0.81 0.74 NA 0.80 0.74 NA 0.81 0.74

Reverse RCI| 0.77 0.73 0.88 0.70 0.71 0.82 0.65 0.69 0.78 0.71 0.71 0.83

Offset

0.58 0.78 0.74 0.59 0.73 0.74 0.60 0.70 0.74 0.59 0.74 0.74
Thru-cut

Thru-cut 0.58 0.78 0.74 0.59 0.73 0.74 0.60 0.70 0.74 0.59 0.74 0.74

MUT #1 0.61 0.69 0.72 0.51 0.73 0.63 0.45 0.76 0.57 0.52 0.73 0.64

MUT #2 0.50 0.73 0.74 0.45 0.76 0.64 0.42 0.78 0.58 0.46 0.76 0.66

RzeLdg"r?Ct 080 | 079 | 075 | 068 | 079 | 069 | 060 | 078 | 065 | 069 | 078 | 0.69
CFUMUT 1 es | 067 | 054 | 059 | 072 | 047 | 056 | 076 | 043 | 060 | 072 | 048

Combination®
CFI 065 | 067 | 059 | 059 | 072 | 050 | 056 | 076 | 0.44 | 060 | 072 | 051

0.55 0.58 0.61 0.58
d

RCI 066 [— o> 0.82 | 0.64 — 7o 079 | 0.68 — == 076 | 0.64 — | 079
TW&'S;‘ase 069 | 064 | 080 | 056 | 068 | 068 | 047 | 072 | 060 | 057 | 068 | 0.69

aNot Applicable (The design does not have thauth)

bBoldrepresents the maximusyC ratio of the intersection designs for variousitng cases
¢The CFI crossover was considered as the West Signal, while tine is the East Signal
4RCI has two traffic signals in the middle of its network (Overall, RCI has four tsifitals)
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A similar trend can be seen in Table 4.2 for g/cl ratios:fivase designs provide the highest g/cl
ratios on the major road at the middle intersection, but most pivese designs have higher g/cl
ratios for through traffic at #urn crossovers than twghase designs. This indicates that-<two
phase designs might direct too much traffic teuths when it is not necessary to do so given the
acceptable performance at their middle intersections. Converselyptiase designs likelUT
redirect major MUT #1) can reduce demand atturn crossovers, leading to a better balance of
traffic distribution across the network. The higher portion of redirected traffic gbinvase MUT
intersections could also be a possible reason for the higher number of stops dotopare
conventional and five of the alternative designs.

b. At two-phase designs, there is a tradéf between eliminating an additional signal phase
and the increased travel distances for a larger portion of redirected traffic:
An analysis oftravel times per traffic movement revealed a traffebetween the benefits of

removing an additional phase (reducing from three phases to two) and the extra travel time (and

distance) required for a larger portion of redirected traffic. To explore uhisef, Figure 4.
compares the travel time performance of the-phase MUT andAUT redirect major MUT #1),

while Figure 42 presents vehicle travel times per traffic movement on both major and minor roads

atintersectionstudied.
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90 90
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Left Turn on the Major Road  Through Traffic on the Major Road  Right Turn on the Major Road Left Turn on the Minor Road  Through Traffic on the Minor Road  Right Turn on the Minor Road
m Conventional B Redirect L&T M Seven-phase M Reverse RCI W Offset Thru-cut W Conventional B Redirect L&T M Seven-phase H Reverse RCI W Offset Thru-cut
EThru-cut BMUT #1 B MUT #2 WRCI W Two-Phase MUT W Thru-cut BMUT #1 B MUT#2 BRCI W Two-Phase MUT
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Figure 4.1 Vehicle Travel Times perTraffic Movement
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Figure 4.2 Travel Time Comparison BetweenTwo-Phase MUT andThree-Phase MUT#1
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c. Two-phase designs may not perform watllocations with high turning traffic demand
Regarding the third possible reason, previous studies have shown concernsgbasedUT
intersections at locations with higher turning traffic demands (Howard et. al, B0&8ner and
Molan, 2022; Bared and Kaisar,@). For example, Hummer and Molan (2022), found that a
left-turn to through traffic (L/T) ratio of 0.5 was the threshold for satisfactory performance in a
full MUT. At higher L/T ratios, they found similar travel times and V/C ratios to those of
conventonal intersections for full MUTs Similar to the results shown in Table 4.3, Bared and
Kaisar(2002)observed significant travel time savings at{@ase MUT intersections compared

to conventional designs when left turns made wW2Q% of the entering traffic.

Thus, the longer travel times estimated for4ptmse MUTs under high turning conditions in Table
4.3 should be expected. On the other hand, somehis®e intersections might have a higher
threshold for the L/T ratio (due to less traffic redirected4imrns), as they also resulted in lower
V/C ratios in higher turning conditions based on Table 4.6.

d. Traffic signal performance in some threphase intersections is similar to those in typbase
design

Based on Tables 4.1 and 4.2, some tipiegse designs, such as Hout and offset thrcut,

showed similar cycle lengths and grdercycle length (g/cl) ratios to twphase designs, with

only minor differences. Therefore, eliminating an additional pteasenvert a threphase design

to a twoephase design might not yield significant benefits. Additionally, the removal of one phase

in two-phase designs might only offer minor progression improvements compared-totind

offset thrucut designs.

Group 2:Partial CFl and CFI/MUT Combination

The superior performance of the partial CFI aligns with previous studies (Hummafcdaual
2022;Steyn et al2014) which indicated that CFls generally have one of the highest capacity levels
among all existing intersection designAt a partial CFl, ote thatnone of the redirected traffic
movements would experience longer travel distances compared to a conventional intersection.
Possible reasons for the high potential of the CFI/MUT combirsitnaiude:

a. Similar V/C (volume over capacity) ratios at nodes,

b. Higher g/cl ratio for through traffic at one thie CFI/MUT nodes compared to partial CFl,

c. Smoother flow at the diverging point between through anetileft traffic on one side of
the major road (WB in our study), and

d. The leftturn traffic on one side of the minor road (SB in our study) would have one signal
fewer on their route compared to a partial CFI.

The CFI/MUT combination exhibits similar V/C ratios to a partial CFl at two nodes, with slightly
lower V/C ratios at another node (east signal). Due to geometric similarities between the
intersection designs, both experience identical V/C ratios at tlséermeand middle signals.
However, the partial CFl accommodates higher traffic demands at its eastern traffic signal
compared to the 4&urn crossover of the CFI/MUT design. Therefore, the traffic signal at the
CFI/MUT's U-turn could offer greater advantesyfor major traffic flows than the partial CFI's
eastern traffic signal. This observation is also supported by ZF&hhich indicates that major
traffic experiences a higher g/cl ratio at the same node compared to the partial CFI configuration.
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Another potential reason for the similar travel time performances between the CFI/MUT combo
and partial CFI designs could be attributed to a taftieclated to leftturn traffic from one side

of the major road (WB left iour study. At a partial CFI, the WB lefturn traffic might benefit

from a shorter travel distance of approximately 1,200 ft compared to the Wairlkefat a
CFI/MUT combo. This should be the primary advantage of partial CFls compared to CFI/MUT
combo designsHowever, at the CFI/MU combo design, the point where WB aftn traffic

diverges from through traffic occurs over a longer distance compared to a partial CFl. This
divergence happens at the same location as the raised median at a partial CFl, as illustrated in
Figure4.3.

Figure4.3 exemplifies this unique feature of CFI/MUT combo designs, where the WHuteft

traffic has approximately 400 ft of storage length before and 600 ft after the middle intersection,
similar to several MUTSs across the US. Therefore, the total storagk feny¥B leftturn traffic
amounts to about 1,000 ft, which is 600 ft longer than the storage length at a partial CFI (400 ft).
Consequently, smoother driving behaviors with fewer-emnge challenges could be expected

at a CFI/MUT combo due to the lomigdistance available for the diverging point between WB
left-turn and through traffic movements compared to a partial CFl.

Note that the unique feature of the CFI/MUT cornabald providebenefits for WB through traffic,
resulting in shorter average travel times compared to WB through traffic at a partiesgddially

due to reducing the possibility of spillback the left turn lanes At a CFI/MUT combo, WB
through traffic experiences smoother flow at the diverging point with WBtUett traffic.
Moreover, WB through traffic can reach the middle intersection without being impacted by any
traffic signals on the right sidef the network. In contrast, at a partial CFl, the eastern traffic
signal can still affect WB through traffic vehicles before they reach the middle intersection,
especially when WB lefturn queues exceed the 4fadt storage length and block one of th& W
through traffic lanes.

As the last possible reason for the similar travel times of the CFI/MUT combo and partial CFl, the
left-turn traffic on one of the minor legs (SBdar study would encounter one fewer traffic signal

on their route compared to a partial CFl. This should be added in favor of the CFI/MUT combo
to the tradeoff explained above.
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4.1.1.4Three-phase Intersection Designs with Some Potential

Compared to thentersectionancluded in the previous section (offset tmut, thrucut, MUT
redirect major MUT #1), partial CFI, and CFI/MUT combopther thregphase designsdverse
RCI, redirect L&T, MUT #2, sevephaseredirect 2L&T) showedewer advantagesHowever,
each of these designs coulddmrantageous some traffic conditions. This sectiamms to show
some potential of these intersection designs: reverse RCI, redirect L&T, MUT #2;deas)
redirect 2L&T.

According to Tables.8 and4.5, the redirect 2L&T design emerged as a promising alternative for
conventional intersections, demonstrating a similar overall travel time performance to partial
MUT. However, it resulted in longer queues antlighernumber of stops possibly due to its
higher average cycle length as well as higher number of traffic signals on a few of its vehicle
routes. For example, the redirected-teitn traffic from one minor leg (NB in our study) would
face four traffic signalswhich is the highest number of signals on a route among all designs
included.

The redirect 2L&TO6s p eotheradesiges witheT rangps partiabG@FI super
and CFI/MUT combq. This finding could be attributed to the fact that migpothetical
simulation scenarios considered in our study had lower turning ratios than 25% (of the total
through demand). Table3thighlights that the travel time performance of the redirect 2L&T
intersection is morgositiveunder highturning conditions. It ranked ame ofthe best in travel

time performance for higturning traffic in Table 48, while it showedne ofthe longest travel

times among all designs in leturning scenarios.

One reason for t he r e-umingcontitio@slsd&sludicgie sgoat phasingi a |
diagram. The leftturn demand on one side of the major road (EB lefiunstudy receives a

green indication during two out of three phases. In addition, both majtudefinovements do

not experience any extra travel distance compared to a conventional intersection. Moreover, its
average cycle length decreases as the turnirffictratio increases, as shown in Tablel
Therefore, the redirect 2L& design could possibly outperform all other intersection designs
included in the study under even higher turning traffic ratios.

Furthermore, the unique signal phasing diagram of the redirect 2L&T allows one of the through
demands (WB through iour study and one of the left turns (EB in our study) on the major road

to receive a green indication in two phases. This feature could be particularly advantageous during
traffic conditions with significantly higher demands on one side of the major road. Also, the
redirect 2L&T could provide significant signal progressi@mefits due to its feature on networks

with adjacent signalized intersections. To explore this further, YabBlpresents average travel

times estimated for each test, categorized into balanced and unbalanced traffic distribution on the
major roadBasedon Table 4.7, redirect 2L&T is the only intersection design which wdrkéer

during unbalanced traffic conditiscompared to balanced traffic conditipmsth shorter travel

times than designs such as the partial @&highlightedn gray:.
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Table 4.7 Average Vehicle Travel Time (sec)

Tuming Traffic Distributions | Redirect| CFI/MUT (.?::frsit Thru- | Seven | Reverse| Redirectf MUT | MUT | Partial RCI ngss-e Conventional
Ratios i i 2L&T Combo cut Phase| RCI L&T #1 #2 CFI
Major Rd | Minor Rd cut MUT
EB=WB NB=SB 162 149 157 160 | 222 158 175 150 | 182 | 149 | 153 | 150 148
EB=WB | NB=0.5SB| 162 150 153 | 155 | 224 154 171 150 | 174 | 149 | 150 | 150 148
TLIIrOnvivng EB=WB | 0.5NB=SB| 162 149 152 153 | 223 153 173 149 | 174 | 149 | 150 | 150 149
Traffic | EB=0.5WB| NB=SB 161 139 159 | 160 | 206 159 176 149 | 174 | 163 | 154 | 150 154
EB=0.5WB | NB=0.5SB| 159 139 155 | 156 | 200 153 173 150 | 171 | 164 | 152 | 149 155
EB=0.5WB | 0.5NB=SB| 159 137 153 | 154 | 200 151 183 148 | 173 | 163 | 152 | 149 156
EB=WB NB=SB 162 142 155 | 160 | 179 162 169 155 | 182 | 140 | 156 | 149 160
EB=WB | NB=0.5SB| 160 143 154 | 158 | 198 162 173 156 | 181 | 141 | 154 | 159 163
'\ﬁfrﬁf‘irnase EB=WB | 0.5NB=SB| 160 141 151 154 198 162 168 154 | 181 | 139 | 154 | 159 161
Traffic | EB=0.5WB| NB=SB 156 142 157 160 | 192 162 174 156 | 185 | 139 | 159 | 159 171
EB=0.5WB | NB=0.5SB| 156 142 156 | 158 | 196 158 174 157 | 180 | 143 | 158 | 160 174
EB=0.5WB| 0.5NB=SB| 156 141 153 | 154 | 196 155 173 155 | 180 | 142 | 158 | 159 176
EB=WB NB=SB 169 150 162 161 | 181 163 170 160 | 183 | 146 | 159 | 159 174
EB=WB | NB=0.5SB| 165 150 161 163 | 182 167 168 162 | 185 | 147 | 160 | 173 178
T:'rigif:]g EB=WB | 0.5NB=SB| 165 147 157 157 | 182 164 172 159 | 185 | 144 | 160 | 174 179
Traffic | EB=0.5WB| NB=SB 157 160 162 161 | 211 174 176 165 | 203 | 180 | 163 | 174 244
EB=0.5WB | NB=0.5SB| 154 172 161 157 | 217 162 171 164 | 203 | 180 | 164 | 169 257
EB=0.5WB | 0.5NB=SB| 154 168 156 | 161 | 217 159 179 167 | 202 | 176 | 164 | 173 288
Ave for Balanced Traffic (EB=WB) | 163 147 156 | 158 | 199 161 171 155 | 181 | 145 | 155| 161 173
Ave for Unbalanced Traffic 157 149 157 | 158 | 204 | 159 175 | 157 | 186 | 161 | 158 | 161 161

(EB=0.5WB)
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The performance of the sevphase intersection was rgreat likely due to longer cycle lengths
compared to the conventional design. Specifically, the presence of all foturtefiraffic
movements at the middle intersection prevented the complete removal of the fourth phase.
Conversely, the sevgrhase desig(along with all alternative designs) could lead to significantly
shorter travel times than the conventional design in scenarios with high turning volumes (and
notably lower redirected throughaffic on one of the legs). Therefore, from a traffic operations
standpoint, it is advisable to consider the sevease design as an alternative at conventional
intersections under conditions of: 1) high turning volumes, and 2) substantially lower through
traffic on one of the minor legs.

Overall, MUT #2(redirect minoiRd) and the redirect L&T designs could lead to slightly shorter
travel times than the conventional design; however, significantly better travel time performance
was observed compared to the conventional design only irttnigimg conditions. This finding

is reflected in the cycle lengths shown in Table 4.1, where MUT #2 and redirect L&T exhibited
shorter cycle lengths than the conventional design specifically undertunighg traffic
conditions. Therefore, signal performance advantages might not becsighifompared to a
conventional design in lower turning traffic conditions. For example, in a conventional design,
through traffic demands on the major road would encounter red intervals spanning three phases at
the middle intersection. However, two tiese signal phases are relatively short when left turn
demands receive a green indication during low and moderate turning traffic conditions. In
contrast, at the middle intersection of MUT #2, through traffic demands would stop for a red light
lasting twosignal phases, approximately equivalent to the stop (red) time in the conventional
design due to the high demand involved with its third phase.

It should be mentioned that MUT #hould resultin significantly shorter travel times than
conventional and many dhe threephase designs at intersections wallgnificantly higher
demands for the left turns on the minor road compared to left turtisemajor road. In fact,
MUT redirect minor MUT #2) would functionally perform similar tMUT redirect major fMUT
#1) if the left turn demand is higher on the minor road compared to major road.

Results show that the redirect L&T could be highly advantageous in a network with adjacent
signalized intersections and unbalanced traffic (higher traffic on one side) on the major road. Since
our study did not include adjacent intersections, some bgnefitredirect L&T could be
overlooked, warranting further investigation in future research. For instance, at a redirect L&T,
left-turn demand on one side of the major road can experience perfect progression (without needing
to stop) at the middle interdemn, along with through traffic. This is due to the unique phasing
diagram of the redirect L&T, which allows for such a feature, as is illustrated in Figure 4.4. As
shown in the green boxes in Figure 4.4 -tafn traffic on the westbound (WB) direatiavould

receive a green indication in phase as soon as they arrive at the middle intersection after a 20
second travel time between nodes 1 and 2.

Although the traffic operation benefits of these two somewhat promising designs, MUT #2 and
redirect L&T, were found to bgenerallyless than those of other alternative designs (MUT #1,
thru-cut, offset thrucut, and reverse RCI), they could still offer substantial advantages in terms of
other measures of effectiveness (MOESs) including safety, pedestrian performance, public
acceptanceand rightof-way (ROW) costs compared to other alternatives. For instance, the
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redirect L&T design includes 22 conflict points, fewer than most thhese designs. Also, it
requires extra ROW on only one side of the road, making it an excellent option for locations with
ROW restrictions. Future studies by the authors will addhessesults concerning other MOEs.
Furthermore, as mentioned above, some desgych as redirect L&T, could show improved
traffic performance in simulations involving adjacent traffic signals.
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Figure 4.4 Perfect Progression for Leftturn Demand on One Side of the Major Road at
Redirect L&T

4.1.2TransModeler Analysis of Case Study Sites

This section elaborates dine results using TransModeler simulation modeling ofase study

sites It should be noted thaio adjacent intersections were included in our simulation modeling
because of theumerous assumptionsededbout traffic distributiongto prepare realistic origin
destination tables that requirsiginificantly more traffic data collectipn Therefore the research

team chose to model the case study sites and various alternative intersection designs with only the
main intersegdn included (also includes crossovers antuths when necessary).

Travel time results from simulations are shown in Tables4418. It should be noted that
discussions on the results are summarized in this section (TransModeler Analysis of Case Study
Sites). The previous section (Hypothetical Tests) comprehensively elaborated on the performance
of different intersection designs and pitide reasons for travel time differenceSverall, most
threephase designs had lower travel times when compared to existing conditions. Notably, the
sevenphase design was the only ébiphase intersection in this study that had mixed results
regarding travel times.

Of the eight alternative designs studied at site 1IMU& redirect major partial MUT #1) design

had the lowest average travel time with an average reduction of 9% across all scenarios as shown
in Table 4.8. Théwo-phaseMUT wasanotherdesign withconsiderabléravel time reductions at

site 1 with an average reduction of 8% across all scenarios. -Béase increased travel times at

site 1 by an average of 4% across all scenarios.
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Of note, case study site 1 has some geometric features that are unlike the other case study sites.
At the main intersectigrboth ofthe minor lefts have a shared through/left lane. This means that

the left turn movements from the minor approach are permitted and do not take up an exclusive
signal phaseAlso, site #1 has the lowest traffic volurGelatively a low AADT)among all case

study sitesThismeans that at this particular site, the existing conditions should peréoymvell

when compared to alternative intersections than at other sites.

Table 4.8 Case Study Site 1 New Bern Ave and Peartree Ln
Weighted Average Travel Time (seconds)

Intersection
Type 2023 AM | 2023 MD 2023 PM | 2043 AM 2043 MD 2043 PM Average
Existing 87 87 89 87 87 89 88
SevenPhase 91 91 93 91 90 92 91
Full MUT 81 81 80 81 81 82 81
MUT #1 81 80 79 80 80 81 80
MUT #2 86 86 90 85 86 89 87
RedirectL& T 85 85 87 84 84 86 85
Reverse RCI 87 85 88 87 87 87 87
Thru-cut 84 85 87 85 85 88 86
RCI 81 81 83 82 82 84 82

As shown in Tabld.9, case study site 2 tested g@venphasedesign and the redirect L&T. The
SevenPhase signal performed better at site 2 than site 1 and improved travel time performance in
some instances. Thedirect L&T reduced travel time by an average of 8% across all scenarios.
Relatively low traffic demand on the minor road could be one of the possible reasons for the
superior performance of both alternative designs compared to the conventional design at site 2.

Table 4.9 Case Study Site 2 Chapel Hill R&ind Trinity Rd
Weighted Average Travel Time (seconds)

Intersection
Type 2023 AM | 2023 MD | 2023 PM | 2043 AM | 2043 MD | 2043 PM | Average
Existing 97 95 102 109 99 127 105
SevenPhase 98 91 99 102 97 170 110
Redirect L&T 91 88 94 100 91 117 97

At case study site 4, six different alternative intersections were evaluated as shown hIlable
Over all scenarios, the CFI/MU3G0mbo design had the largest average reduction in travel time at
34%. The martial CFl had the second largest average travel time reduction atN3% redirect
major (p@rtial MUT #1) and full MUT also performed well at site 4 with average travel time
reductions of 21% and 19% respectivel@f note, site 4 had one of the highest heavy vehicle
percentages at 4.5%nd one of the highest total traffic demands among all case study sites
Therefore, the superior performance of alternative designs such ad @gd&itiand CFI/MUT
combo should be due to their higher capacity legefaparedo conventionadesign, especially
during the design year (2043).
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Table 4.10 Case Study Site 4 Capital Blvd and Old Wake Forest Rd
Weighted Average Travel Time (seconds)

Intersection Type | 2023 AM 2023 MD 2023 PM 2043 AM 2043 MD 2043 PM Average
Existing 116 110 115 327 230 320 203
CFI/MUT Combo 103 91 95 139 97 182 118
Full MUT 103 114 105 239 161 180 150
MUT #1 101 109 104 288 142 153 149
MUT #2 123 99 108 282 153 314 180
Partial CFI 100 91 101 115 103 240 125
Redirect 2LT 105 92 102 325 153 207 164

For case study site BIUT redirect majofpartialMUT #1) andMUT redirect minorpartialMUT
#2) were compared tthe existingintersectionas shown in Tabld.11. Unlike at site 4, partial
MUT #2 reduced travel times further than partUT #1 at site 5 with an overall average
reduction of 19% across all scenarios (compared to 12% for pdtdiak#1). This is possibly due
to the larger number of redirected left turns onrthieor roadsthan major roadin other words,
MUT #2 functionally performed similar tMUT #1 at intersections (such as siewith higher
left-turn demands on the major road than minor road.

Table 4.11 Case Study Site 5 Capital Blvd and Trawick Rd
Weighted AverageTravel Time (seconds)

Intersection Type | 2023 AM 2023 MD 2023 PM 2043 AM 2043 MD 2043 PM Average
Existing 139 123 131 139 119 131 130
MUT #1 130 100 115 137 98 109 115
MUT #2 102 103 112 109 100 108 106

At case study site 7, thbru-cut reduced travel times by an average of 30% across all scenarios as
shown in Tablel.12. The reduction in travel time was most significant in future scenarios where
traffic volumes were at their highesDf note, site 7 had the lowest heavy vehicle percentage at
1.5%and thehroughtraffic demand on the minor roadsgnificantlylow. While through traffic
demand on the minor roadiessthan31veh/hrduring peak hoursight turn demand on the minor
road averageabou 300 veh/hr. Therefore,the thru-cut intersection could be one of the best

alternatives at this location.

Table 4.12 Case Study Site 7 Brier Creek Pkwy and Brier Leaf Ln
Weighted Average Travel Time(minutes)

Intersection Type| 2023 AM 2023 MD 2023 PM 2043 AM 2043 MD 2043 PM Average
Existing 118 131 123 212 529 474 264
Thru-cut 115 126 126 114 193 149 137

At case study site 8, the Partial CFI reduced travel times by an average of 24% WDHENHST
Combo reduced travel times by an average of 21% as shown indT#bld he reduction in travel
time was most significant in the 2043 PM scenariovhich the Partial CFI reduced travel times
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by 50%. This is possibly due to the large traffic volumes for this scenario, specifically for major
road left turn movements which are allowed to turn simultaneously at the main intersection with
thepartial CFI design.

In a comparisometweerntravel time performances pfrtial CFl and CFI/MUT combat site 4

and 8,it was found thapartial CFloutperformed CFI/MUT combo at site 8, whitee CFI/MUT

combo resulted in shorter travel times than partial CFI at site 4. There should be two reasons for
this finding:

1) Site 8 has significantly lower traffidemand than site 4; therefoextra travel distance for
one movement athe CFI/MUT combo (compared to partial CFl with no extra travel
distances) coulthcrease the overall travel time, and

2) Site 4 had significantly higlsB through traffic deman¢hbout 2,700 veh/hr during PM
peak hour)thereforethe CFI/MUT combo could be more advantageous tteapartial
CFI because ofhe smoother flow at the diverging point between through anduletft
traffic on SB at this site (similar to Figure 4.3).

Table 4.13 Case Study Site 8 N&55 and O'Kelly Chapel Rd
Weighted Average Travel Time (seconds)

Intersection Type | 2023 AM 2023 MD 2023 PM 2043 AM 2043 MD 2043 PM Average
Existing 103 101 112 143 127 507 182
CFI/MUT Combo 88 90 97 96 103 333 135
Partial CFlI 89 91 93 97 98 254 120

The average percent reductsan weighted average travel time for each design across all case
study intersections are shown in Ta#llé4. According to this table, thrgghase designs with a
CFI elementgartial CFl and CFMUT combo) reduce travel time the most, followedrbgirect
2L&T and PartiaMUT #1. Of all the thregohase designs tested, the sepbase signal is the
only alternative thatlid not perform welin terms of weighted average travel time.

Table 4.14 Average Percent Reduction in Travel Time by ThreéPhase Design

Average Percent Reduction in Travel

Intersection Type Time Compared to Existing Conditiong
Partial CFlI 28%
CFI/MUT Combo 27%
Redirect 2L&T 18%
MUT #1 17%
Thru-Cut 16%
MUT #2 14%
Full MUT 14%
RCI 6%
Redirect L&T 5%
SevenPhase -4%

72



4.2 Traffic Safety
The following sectionselaborateon the results of surrogate safety assessments conducted in this
study. Note that SSAM and CPA resulslelyfocused on hypotheticacenarioswhile the SSI

analysis was conducted both for hypothetical scenarios and case study sites.

4.2.1SSAM
Table 4.15providesa summary of the average simulated conflicts identified by SS&M
hypothetical scenariosTable 4.16 also showaverage timeo-collision (TTC), averagepost
encroachment time (PETandmaximumspeedat conflictsperrun undervariousturning cases

based on SSAMNOote that SSAM analysis was conducted only on hypothetical scenarios.

Table 4.15 Average classified conflicts per run under various turning cases using SSAM

Turning Cases High Turning Moderate Turning Low Turning Overall
Simulated Cross | Rear Lane | Cross| Rear Lane | Cross| Rear Lane | Cross| Rear Lane
Conflicts -ing end | Change| -ing end | Change| -ing end | Change| -ing end | Change

Conventional 2 1,023 147 1 285 57 0 104 13 1 471 72

Redirect L&T 0 336 42 0 289 27 0 326 37 0 317 35

SevenPhase 0 382 48 0 282 32 0 381 37 0 348 39
Reverse RCI 3 324 66 2 265 39 2 272 36 2 287 47

Offset Thrucut 1 631 96 1 473 72 2 427 56 1 505 74
Thru-cut 2 518 39 2 406 43 1 414 33 2 446 38
MUT #1 1 459 68 1 393 47 1 215 38 1 362 51
MUT #2 0 309 47 0 220 31 0 240 22 0 256 33

Redirect 2L&T 0 404 38 0 262 36 0 262 37 0 309 37

CFI/MUT Combo 5 585 116 2 392 71 0 322 53 2 443 80
Partial CFI 10 343 28 4 163 11 2 267 22 5 258 21
RCI 2 488 55 1 469 49 0 397 34 1 451 46
Two-Phase MUT| O 440 45 0 277 30 0 219 26 0 312 33

Table 4.16 Average TTC (sec), Average PET (sec), and Maximum Speed (mph) per Run
under Various Turning Cases based on SSAM

Turning Cases High Turning Moderate Turning Low Turning Overall
Simulated Ave Ave Max Ave Ave Max Ave Ave Max Ave Ave Max
Conflicts TTC* | PET** | Speed| TTC PET | Speed| TTC PET | Speed| TTC PET | Speed

Conventional 1.13 1.76 6.89 1.11 1.54 7.88 1.22 151 9.37 1.15 1.60 8.04

Redirect L&T 1.21 1.91 7.58 1.24 1.88 7.80 1.22 1.83 8.12 1.22 1.87 7.84

SevenPhase 1.20 1.75 8.32 1.20 1.69 8.60 1.22 1.69 8.80 1.20 1.71 8.57
Reverse RCI 1.18 1.73 7.53 1.23 1.63 7.94 1.25 1.68 7.78 1.22 1.68 7.75

Offset Thrucut 1.20 1.87 7.31 1.16 1.80 7.60 1.10 1.72 7.42 1.16 1.80 7.44
Thru-cut 1.30 1.86 7.71 1.30 1.86 7.74 1.32 1.95 7.84 1.31 1.89 7.76
MUT #1 1.21 1.67 7.99 1.20 1.53 8.09 1.12 1.34 8.15 1.18 151 8.07
MUT #2 1.18 1.60 8.04 1.22 1.60 8.33 1.24 1.56 8.76 1.21 1.58 8.38

Redirect 2L&T 1.24 1.85 7.75 1.17 1.61 8.03 1.13 1.62 8.26 1.18 1.69 8.01

CFI/MUT Combo| 1.08 1.54 7.78 1.07 1.30 8.56 1.10 1.29 8.63 1.08 1.37 8.35
PartialCFI 1.22 1.61 7.84 1.23 1.56 8.12 1.24 1.55 8.98 1.23 1.58 8.31
RCI 1.20 1.84 7.60 1.22 1.86 7.64 1.26 1.99 7.72 1.23 1.90 7.65
Two-Phase MUT| 1.21 1.78 7.60 1.23 1.61 7.89 1.23 1.52 8.13 1.22 1.64 7.78

* Time to collision

** Postencroachment time
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According to the results in Tables 4.15 and 4.16, all intersection designs had similar or better
performance than the conventional design in terms of total number of confli@senade values

of time-to-collision (TTC), postencroachment time (PET), and speed at conflicts. However, the
partial CFl and the CFI/MUT combo resulted in more crossingflicts compared to the
conventional design and other designs. When comparing these two designs, the CFI/MUT combo
showed fewer crossing conflicts possibly because it has three crossing conflicts fewer than partial
CFI (based on conflict point diagrams showCimapter 3). Redirect 2L&T, redirect L&T, seven
phase, MUT #2, and twphaseMUT did not result in any simulated crossing conflicts in all
turning conditions.

4.2.2Conflict Point Analysis (CPA)

As a part of the safety analysis, the research team developed a sprebdsbedboto conduct
conflict point analysis (CPA) at intersection§Vhen calculating based on total traffic conflict
volume in each conflict point for all turning movements and categorizing them into diverging,
merging and crossing conflicthe following wasobserved.While the full results are presented

in Appendix 6, the following paragraphs provide a summary of some results from agplyilict

point analysis (CPA) to hypothetical scenarios.

Table 4.7 shows theotal traffic volume conflicting at each conflict pointt the intersections

based on the average traffic volume from Table 3-8om Table 4.7, the total conflict volume
for conventionalintersection i29,377veh/hr. All the alternative intersections exhaoitower

conflict volumes than the conventional intersectionThe reverse RClshowed thelowest

conflicting volume at its conflict pointsit should be noted thahru-cut and offset threcut had
lower crossing conflictthanthe twophase MUT.This shows the potential of thiaut and offset
thru-cut designs in reducing crash severity.

Table 4.17 Traffic Conflict Volume Based on Total Volume in Each Conflict Point

Rank Name/Type Diverging | Merging | Crossing | Total
1 Reverse RCI 8,542 10,563 2,917 22,022
2 RCI 10,831 8,562 2,917 22,310
3 Offset T 7,474 7,474 7,666 22,614
4 Two-Phase MUT 7,682 8,026 7,018 22,726
5 Redirect 2L&T 8,675 8,098 8,423 25,196
5 Redirect L&T 8,675 8,098 8,423 25,196
7 Thru-cut 10,649 11,403 6,320 28,372
7 Offset Thrucut 10,649 11,403 6,320 28,372
9 MUT #2 9,951 8,294 10,203 | 28,448
10 SevenPhase 8,880 9,419 10,153 | 28,452
11 CFI/MUT Combo 7,752 8,541 12,225 | 28,518
12 Single Quadrant 8,234 8,284 12,141 | 28,659
13 Partial CFI 7,484 7,484 13,712 | 28,680
14 MUT #1 8,112 10,619 10,365 | 29,096
15 Conventional 7,484 7,484 14,409 | 29,377

Table 4.8 shows the traffic conflict volume in proportion to conventional intersections. From
Table 4.8, the total conflict volume ithereverse RCI was 05times of the conventionak., a
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25 % reduction in overall conflict volume. Alsthe number otrossing conflic at the reverse
RClwas0.2 timego theconventional, whiclshowsa significant improvemenfTo create a better

view regarding this finding, Figure 4.5 displays the percentage reduction in crossing conflict
volume foreach alternative intersection as compared to the conventional intersection.

Table 4.18 Traffic Conflict Volume in Proportion to Conventional Intersections

Rank Name/Type Diverging | Merging | Crossing | Total
1 Reverse RCI 1.14 1.41 0.20 0.75
2 RCI 1.45 1.14 0.20 0.76
3 Offset T 1.00 1.00 0.53 0.77
4 Two-Phase MUT 1.03 1.07 0.49 0.77
5 Redirect 2L&T 1.16 1.08 0.58 0.86
5 Redirect L&T 1.16 1.08 0.58 0.86
7 Thru-cut 1.42 1.52 0.44 0.97
7 Offset Thrucut 1.42 1.52 0.44 0.97
9 MUT #2 1.33 1.11 0.71 0.97
10 SevenPhase 1.19 1.26 0.70 0.97
11 CFI/MUT Combo 1.04 1.14 0.85 0.97
12 Single Quadrant 1.10 1.11 0.84 0.98
13 Partial CFI 1.00 1.00 0.95 0.98
14 MUT #1 1.08 1.42 0.72 0.99
15 Conventional 1.00 1.00 1.00 1.00

Reduction in traffic volume in crossing as compared to conventional
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Figure 4.5 Crossing Conflict Reduction % in Comparison to Conventional Intersection

4.2.3SSlI
The SSl analysis was conducted in peots: 1) SSI analysis of case study sites, and 2) SSI analysis
based on hypothetical scenarios.

4.2.3.1SSl at Case Study Sites
Table4.19 shows the rankingf the intersections based on the average SSI $0dr@0) for all
the case studysites. Note that 8 traffic volume data for each case study site is provided in
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Appendix 1 Thirteen of the assessed alternative intersections showed an improved average SSI
score compared to the existing conventional intersedlbexcept for the partial CFIl. This safety
improvement at most alternatives (compared to the conventional design) can be attributed mainly
to fewernumber ofcrossing conflictand minimizing the level of exposure created by the crossing
conflicts. The reverse RCI recorded the highest average SSI score of 62 followed closely by the
two-phase MUT and the RCI intersext type, with a score of 62 and 61, respectively.

Table 4.19 Average SSI Score at Case Study Sites*

Intersection Type| Rank | Site 1| Site 2 | Site 4 | Site 5| Site 7 | Site 8 Average
SSI Score

Reverse RCI 1 100 76 9 86 89 13 62
Two-phase MUT 2 100 80 3 90 93 5 62
RCI 3 98 71 5 94 83 12 61
Thru-cut 4 98 65 3 84 80 10 57
Offset Thrucut 4 98 65 3 84 80 10 57
MUT #1 6 99 70 1 79 86 2 56
Redirect 2L&T 7 98 61 1 86 80 3 55
Redirect L&T 8 98 61 1 86 79 3 55
CFI/MUT Combo| 9 99 60 1 77 84 1 54
MUT #2 10 97 63 0 87 77 2 54
SevenPhase 11 98 60 1 79 78 4 53
Offset T 12 98 61 0 80 75 2 53
Single Quadrant| 13 98 62 0 77 75 2 52
Conventional 14 97 56 0 76 73 1 51
Partial CFI 15 97 56 0 75 72 1 50

*The designs witlthe minimum score for each siseshaded

It must be noted that the twahase MUT outperformed both the RCI and the reverse RCI at sites
with relatively lower traffic volumes such as sites 1, 2 and 7. This may be attributed to the reduced
exposure levels associated with tploase intersections #iese sites, particularly for crossing
conflicts resulting from the lower traffic volumes on the minor roads. Additionally, conflict
severity, which is influenced by the speeds of the conflicting traffic, could be a contributing factor.

For the twephase MUT, all crossing conflicts occur between through traffic from the minor road,
characterized by lower speeds due to the application of signal control near and signal control far
speeds, and through traffic from the major road, which ogei@t higher speedsignal control
nearside refers to the speed at conflict points near the signal, while signal consinldaefers

to the speed at points farther from the signal, where vehicles have more distance to accelerate at
signalized integections.Conversely, in the case of the RCI, the conflicts involve traffic only from
major roads, specifically eastbound left and westbound through movements, and vice versa.
According to the assumptions in the FHWA report, for a signalized intersection, thdispeed

for the major roads should be utilized in calculating conflict severity, while the signal control near
or signal control far speeds shouldassumedor conflicts originating from the minor roads, based

on the conflict point location.Therefore, this could be another reason thatphvase MUT
outperformed RCI and reverse RCI designs in a few of the case study sites.
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It is pertinent to note that the offset thout and threcutdesignsexhibited comparable SSI scores.

This similarity can likely be ascribed to the similar number of conflict points presented by these
two intersection typedt is also important to highlight that a zero SSI score was recorded for some
intersections at sites with relatively higher traffic volumes (AADT) such as site 4. This implies
that thesalesignsdo not adhere well to the principles of the safe system due to the combination
of high exposure levels and conflict point severity resulting from high user volumes and speeds.

Appendix 8presents moraformation regarding the SSI resudtscase study sites includitige
intersection attributes, rankings of the analyzed intersections, and detailed SSI scores of each
individual site and intersection type.allles in Appendix &lso provide detailed insights into the

SSi results, focusing on the average severity, exposure levels and complexity adjustments of each
conflict type. Overall, nostalternatives showed ajoodscore, particularly for crossing conflicts.

4.2.3.2SSI Results for Hypothetical Scenarios

Table4.20 presents the SSI scores for all intersections based on hypothetical scenario. Similar to
the SSI results of the case study sites, all alternative intersections demomhsgtatescoreshan

the conventional intersection with the exception of the partial CFl. The scores for the selected
alternatives are generally high with the reverse RCI being the highest performer, scoring 92%.
The combination of reduced exposure and fewer crossing dsrdbntribute to a relatively lower
average severity and complexity levels experienced at the reverse RCI. These are highlighted in
Appendix 8 which presentsa graph of the relative exposures, average severity and average
complexity adjusments for eacleonflict type of all the assessed intersections. A similar reason
applies tahe RCI which came second in the ranking.

4.2.3.3Validation

As mentioned earlierhe SSI for new alternatives tool is a spreadsheet that was developed based

on the processes, formulas, and -Basedprameworkovi de
and Analytical Met hodol ogy for A-SAMH6E08)i Ag | nt e
validationwasalsodoneby the research teabased on the exampléscenariosprovided in the

FHWAOG s 18pork (Porter et al2021)for four of the intersections that were relevant to our
research. The examples utilized for thédation focused on the signalized intersections. As a

result of this, validation was done fekamples gcenariosl and 3of t he FHWAGs SSI
(2021)becausd- H WA écenario Ancludesunsignalized intersectign It is important to note

that, in the calculations of the average complexity adjustment, the examples in the report focused

on a permissive/protected left turn signal. In contthstspreadshediasedool developed in our

study only includes intersections wighprotected left turn phase orlgsed on the scope of our

study. Also, thevalidationdid not takenon-motorized trafficinto consideration Overall,based

on the validation conducted, similar results were identified in the comparison betthieen
spreadshedtasedtobd e vel oped i n our study and scenari o0s
(2021). The validatiorresults are available as Appendice$19

Table 4.20 shows the ranking of intersections based on SSI score for hypositethealos.The

values in each cell represent the average across all the hypothetical sceftagi&SI| score for
intersection is calculated usinige equationsn Section 3.7 of th&# HWA G s S afBasedSy st em
Framework and Analytical Methodology for Assessing Intersections (2G24}her details could

be foundin the SSI tool included in Appendix 5.
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Table 4.20 Ranking of Intersections Based on SSI Score for Hypothetical Scenarios

Rank | Intersection Type Intesrigrcélon Non-motorized ;\(/)2:5?;; g SSI\I/IE:;;;ZS Crossing
1 Reverse RCI 92 na 95 92 89
2 RCI 89 na 97 93 79
3 Thru-cut 87 na 97 93 72
3 Offset Thrucut 87 na 97 93 72
5 Redirect L&T 80 na 98 96 55
6 Two-phase MUT 80 na 98 96 55
7 Redirect 2L&T 80 na 98 96 54
8 SevenPhase 79 na 98 95 53
9 MUT #1 79 na 98 96 52
10 Offset T 74 na 98 96 43
11 CFI/MUT Combo 74 na 99 97 42
12 MUT #2 74 na 99 98 42
13 Single Quadrant 74 na 99 98 42
14 Conventional 71 na 99 98 36
15 Partial CFI 70 na 99 98 35

4.3 Pedestrian and Bicycle Performance

The following paragraphs elaborate on the results of pedestrian and bpsrftemance
conduct.
that no simulation modeling was considered for case studyasifBansModelelis not able to
model pedestrians.Therefore, pedestrian simulation modeling was only conducted based on

hypothetical scenarios.

4.3.1Flag Method
This section presents the results of the evaluation of twenty (20) intersection models utilizing the
20-flag method. Among the twenty (20) models, four intersections have different crosswalk

variations.

ng

NCHRP Repor t gisulatoh hodélihgdt shoumd &e nbtedd

These include the thrut standard crosswalk, whichas a similar crosswalk
orientation to the conventional intersection; the #tmtiBarnesdance crosswalk Type |, which

does not include a middle island on the minor road approach; and theuttiBarnesdance

crosswalk Type II, which includes middldareds on the minor approach this study, the same

(20:

signal phasing was applied to both the Barnes Dance crosswalk and the standard crosswalk.

However, it is important to note that pedestrian signal phasing considesdtmridbe addressed

for all crosswalk types during implementation.

There are also the redirect L&Aneless crosswalk (redirect L&Type Il) andthe sevefphase

oneless crosswalksgvenphase Type )| which do not have crosswalks on the east leg of the

intersection. Theedirect L&T standard crosswalke@irect L&T Type ) andthe sevenphase

standard crosswallké¢venphase Type)lhave crosswalkiske those in a conventional intersection.
Finally, thereare twotypesfor the offset threcut: 1) offset thrucut without middle island (offset

thru-cut Type I), and2) offset thrucut with middle islanddffset thrucut Type 1), with the main
difference being the presence of middle islands on the offsetcthrdype Il minor road
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approaches. All the pedestrian path configurations of the analyzed intersections have been
presented in Figuré.6.
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Figure 4.6 Pedestrian Paths ofAll Assessed Intersections
(a) Conventional; (b) MUT Redirect Major (MUT #1); (c) MUT Redirect Minor (MUT #2); (d) SevenPhase
Standard Crosswalk (Type I); (e) SevenPhase One-Less Crosswalk(Type IlI); (f) Reverse RCI; (g) Partial
CFl; (h) Redirect L&T Standard Crosswalk (Type 1); (i) Redirect L&T One-Less Crosswalk(Type 11); (j)
Thru -cut (Standard crosswalk); (k) Thru-cut (Barnes dance Type I); (I)Thru-cut (Barnes Dance Type Il); (m)
Single Quadrant; (n) RCI; (0) CFI/MUT Combo; (p) Redirect 2L&T; (q) Offset Thru -cut Without Middle
Island (Type I); (r) Offset Thru -cut With Middle Island (Type II); (s) Offset T; (t) Two-phase MUT
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Thirteen design flags out of the 20 flags outlined in the NCHRP 948 report were used for the
pedestrian safety assessment whereas sixteen design flags out of the twenty flags were utilized for
the bicyclistsod saf et y-twa(523andsktgorim@d).possitleldesgn r e s u |
flags, respectively, taking into consideration all four pedestrian and bicyclist movements for each

of the design flags.

4.3.1.1Flag Method for Hypothetical Scenarios

Table 4.21 presents the results of the pedestrian and bicyclist assessment of the alternative
intersectonsand t he conventional i ntersection- asses
flag analysis.

Table 4.21 Pedestrian and Bicyclist Flag Assessment of Alternative Intersections using-20

Flag Analysis
Pedestrian Flag Assessmen| Bicyclist Flag Assessment
Intersection Type Yellow | Red Flagged Yellow | Red Flagged
Flags Flags Flags | Flags

Conventional 4% 15% 19% 21% 24% 44%
Partial CFI 4% 23% 27% 15% | 32% | 47%
CFI/MUT Combo 4% 15% 19% 19% 21% 40%
Redirect 2L&T 4% 15% 19% 21% 19% 40%
RCI 15% 8% 23% 21% 18% 38%
Reverse RCI 15% 15% 31% 18% 24% 41%
Offset T 8% 27% 35% 24% | 50% 74%
Quadrant 8% 8% 15% 8% 8% 35%
MUT #1 8% 8% 15% 24% | 18% | 41%
MUT #2 4% 12% 15% 18% 18% 35%
Two-phase MUT 8% 8% 15% 24% 18% 41%
Redirect L&T (Type I) 2% 13% 15% 22% 18% 40%
Redirect L&T (Type I1) 2% 12% 13% 16% 15% 31%
Thru-cut (standard crosswalk) 4% 12% 15% 21% 18% 38%
Thru-cut (Barnes dance Type |) 8% 12% 19% 24% 18% 41%
Thru-cut (Barnes dance Type |I) 8% 19% 19% 21% 18% 38%
SevenPhasgType |) 4% 19% 23% 26% 21% 47%
SevenPhasgTypell) 4% 15% 19% 21% 16% 37%
Offset thrucut (Type ) 4% 12% 15% 15% 24% 38%
Offset thrucut (Typell) 4% 12% 15% 15% | 24% 38%

Overall, the offset T exhibited the highest percentage of flags at 35% with 27% being red flags in
the pedestrian assessment. This increase may be attributed to the two separate legs of the offset
T, with each leg having a crosswalk in each directiohefritersection. This was followed closely

by the reverse RCI with overall percentage flags of 31%. Howexarse RChad a relatively

lower number of red flags of 15% compared to the offset T and the partial CFl. The partial CFlI
had the secontlighes red flags at 23%. This may be attributed to the two-flee northbound
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and southbound right turns which resulted in the-intuitive motor vehicle movement (flag #3)
and crossing yield or uncontrolled vehicle paths (flag #4). The ¥l Two-phase MUT, thru
cutBarnesdance Typél, and the RCI all recorded a lower percentage of red flags at 8% with the
guadrant recording the lowest overall percentage flagged at 15%.

The offset T in the assessment of the bicychéts showed the highest percentage flagged, with
50% being red flags, the highest among all the intersections assessed. Following closely is the
partial CFl having 47% flagged with 32% red flags. Similar to the pedestrian assessment, this may
be attributed tohe two freeflow northbound and southbound right turns, resulting in the crossing
yield or uncontrolled vehicle paths flag (flag #4). The redirect L&T (Type II) recorded the lowest
number of flags &1% with one of the lowegiercentagesf red flags at 15%Appendix12 offers
acomprehensiveverview of eacldesigns computed percentages of red and yellow flzgsed

on hypothetical scenarios and evaluation of case study sites

4.3.1.2Flag Method for Case Study Sites
Table 4.2 presents theanking of the pedestrian and bicyclist assessment of the alternative
intersectionst case study sites included in this study

Table 4.22 Ranking of Pedestrian and Bicycle Flag Assessment of Proposed Alternative
Intersections for Each Site

Ranking of Pedestrian Flag Assessment
Rank|Site 1 Site 2 Site 4 Site5and 6 |Site 7 Site 8
Thru-cut
1 Two-Phase MUT Conventional |MUT #1 MUT #2 (Barnes l) |Conventional
2 MUT #1 (Redirect Major)Redirect L&T |MUT #2 MUT #1 Conventiona CFI/MUT Combo
3 MUT #2 (Redirect Minor)SevenPhase |Two Phase MUT/Conventional CFI
4 SevenPhase Redirect 2L&T
5 Thru-Cut (Barnes Dance Conventional
6 Conventional CFI/MUT Combg
7 Thru-cut (Standard) Partial CFI
8 Redirect L&T
9 Reverse RCI
Ranking of Bicyclists Flag Assessment
Rank|Site 1 Site 2 Site 4 Site 5and 6 |[Site 7 Site 8
Thru-cut
1 Two-Phase MUT Conventional [MUT #1 MUT #1 (Barnes l) |Conventional
2 MUT #1 Redirect L&T |MUT #2 MUT #2 ConventionalCFI/MUT Combo
3 MUT #2 SevenPhase |Two Phase MUT|Conventional CFI
4 SevenPhase Redirect 2L&T
5 Thru-cut (Barnes Dance Conventional
6 Conventional CFI/MUT Combg
7 Reverse RCI Partial CFI
8 Redirect L&T
9 Thru-cut (Standard)

Based onTable 4.22 the MUT designs (twghase MUT, MUT#1, and MUT#2) emerge as
potentially safer options based on Bedestrian Flag Assessment criteffdru-cut designs with

the Barneglance crosswalk generally showed better rankings compared with the conventional
intersection and the thweut with the standard crosswalk design. For example, among the two
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types of thrucut pedestrian walkways assessed for site 1, the Bdame® thrucut performed
better than the standard theut, resulting in a 4% reduction in the percentage of red flags. The
relatively shorter red times experienced by pedestrians using the Banoescrosswalk thraut

may be one reason for its better performantle other intersections designs including redirect
L&T, sevenphase, redirect 2L&T, CFI/MUT Combo, partial CFI, and reverse RCI showed mixed
results across site®\ comprénensive analysis has been providedppendix12.

4.3.2Simulation Modeling

This section provides a detailed analysis of the pedestrian performance across twelve ¢12) three
phase alternative intersections and a conventional intersection. To assess the pedestrian
performance of the proposed alternative intersection designs inacgomp to a conventional
design, an extensive series of simulation scenarios was conducted to obtain pedestrian travel times.
Given that many of these alternative intersections have not yet been implemented in practice,
simulation modeling provided a roktumethod for thoroughly evaluating each concept. PTV
VISSIM (version 2024) was used to conduct pedestrian analysis, focusing on travel times and the
number of stops. This analysis was facilitated by importing signal data from Syrickhould

be noted that pedestrian simulation modeling was conducted only on(fegtstlirning condition

with balancedraffic distributionon the major road 4 (high turning condition withunbalanced
distributionon the major rodd 7 (moderateurning condition with balanced distributiam the

major road, 10 (moderateturning condition withunbalanced distributioon the major road 13

(low turning condition with balanced distribution the major roggdand 1§low turning condition

with unbalanced distributionn the major roadof Table 3.8

Among the twelve models analyzed, the thut design had three variations based on crosswalk
orientation: threcut with a standard crosswalk, theut with Barnesdance crosswalk Type |, and
thru-cut with Barnesdance crosswalk Type Il. The thcut Barnesdance crosswalk Typehas

no middle island on the minor road approach whereas thethBarnesdance Type Il has the
minor crosswalks connected through the middle islands on the minor approach. Eighomdd

all the configurations of the asseddntersections with their pedestrian paths.

Pedestrians were given the right of way in all simulatiaalelsat all (signalized and unsignalized)
conflicts with vehicles Each intersection quadrant was allocated 90 pedestrians per hour, who
were evenly distributed along pedestrian paths from their origin to their destination within the
guadrant. For pedestrians needing to cross diagonally to reach their destinationovieenent

was evenly split between two routes, using the adjacent quadrant as a midway point to streamline
routing decisions. The pedestrian walking speeds were based on a range Bé&igsst and 9

ft/sec, as reported in an NCDOT proj@dummer2014). Specifically, for a selected percentage

of pedestrian composition moving at a desired speed, the distribution was set at 20%, 20%, 30%,
20%, and 10% for walking speeds of 3.5 fps, 4 fps, 5 fps, 6 fps, and 9 fps, respectively.

Table 4.23 presents the average pedestrian travel times. Tphase MUTMUT redirect major

(MUT #1), conventional, RCI, and thitut (standard crosswalk) designs exhibited relatively
shorter travel times compared to the other intersections, with thphtase MUT performing the

best. The outstanding performance of the-piase MUT may be attributed tbe reduced
number of phases compared to other alternative intersections and the conventional intersection.
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This reduction decreases the number of red intervals that a pedestrian has to experience, as
compared to the thrgghase intersections and the fqairase conventional intersection.

Among the three variations analyzed for the ttwt intersection, the standard crosswalk
orientation within the thrcut design emerged as the most effective in terms of pedestrian travel
time. This superior performance may be due to the fact that, iotllee variations, pedestrians

must traverse longer distances, particularly when using diagonal crosswalks. These diagonal
crosswalks often span a greater length compared to the traditional crosswalks positioned along the
east and west legs of the standtmdrcut intersection. The results also reveal that the-¢htu
Barnesdance crosswalk Type | configuration performed better than thecthiBarnesdance
crosswalk Type Il configuration. Reviewing simulation animations, it was foungédaistrians

can access the diagonal crosswalikre easilythan Type Ilto cross the major road in the presence

of middle islands on minor approaches. Also, it is worth noting that the offsetuhesign
resulted irshorter travel times for pedestrians than#twtdesigns wittBarnesdance crosswalks.

As a possible reason for this finding, the offsetttrut 6 s si gnal phasing di
interval for pedestrians crossing minor rodtishould be noted that thhaut designs could also

utilize the same signal phasing as offset-tuts. However, for the purpose of comparison in this
study, the research team considered a different signal phasing diagram for it thesigns.

Also, pedestrians crossing the major road will experiersl@ghtly shorte travel distance at the

offset thrucut intersection than threut designs with diagonal crosswalks.

Table 4.23 Ranking of AssessedintersectionsBased onAverageTravel Time

Rank Intersection Type Average Travelime (se¢
1 Two-phase MUT 43
2 MUT #1 (Redirect Major Rd) 56
3 Conventional 58
4 RCI 60
5 Redirect L&T (Type I) 62
6 Thru-cut (standard crosswalk) 66
7 Redirect L&T (Type II) 68
7 Reverse RCI 68
8 CFI/MUT combo 70
8 MUT #2 (Redirect Minor Rd) 70
8 Offset Thrucut 70
9 Redirect 2L&T 73
10 Partial CFI 81
11 Thru-cut (BarnedDanceType IF 82
12 Sevenphase (Type II) 88
13 Thru-cut (BarneDanceTypell)® 94

aThis type of Barnes dance crosswalk has no middle island on the minor road approach
bThis type of Barnes dance crosswalk has middle islands on the minor approach

The relatively poor performance of the seydrase intersection may be attributed to ltreger

cycle lengths and increased travel distances for pedestrians on the eastern side of the intersection.
In other words, at the sewgmase intersection, the absence of a crosswalk on the east leg results
in longer travel distances for some pedestri®esed on Table 4.23,wasalsofound that shorter
pedestrian travel timggbout 14%)ould be expectetbr CMF/CFI combo compared to partial

CFl as pedestrians on one side of the intersection would experience shorter crosswalks and fewer
traffic sigralsthan a partial CFl
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Table4.24 provides an overview of intersections that feature-fi@e crossings and the associated
conflicting traffic volumes at these crossings. Out of all the intersections examined, only four are
distinguished by their inclusion of fréw crossings: the reerse RCI, partial CFl, redirect
2L&T, and the CFI/MUT combo.

It is noteworthy that, despite both the reverse RCI and partial CFI incorporating twioivee
crossings, their impact on pedestrian comfort and safety varies. The revergaeR€ts

challenges for pedestriaa$ those fredlow crossingsdue to the higér volume of conflicting

traffic from major right turns.

Table 4.24 Freei flow Crossings forPedestrians in each Intersection

Intersection Type NfreeFIol\i\i Crossw(lg
Conventional 0 0 0
Partial CFlI 2 2 160
CFI/MUT Combo 1 1 80
RCI 0 0 0
MUT #1 0 0 0
MUT #2 0 0 0
SevenPhase 0 0 0
Redirect 2L&T 1 1 80
Redirect L&T 0 0 0
Two-phase MUT 0 0 0
Offset Thrucut 0 0 0
Thru-cut (standard crosswalk) 0 0 0
Thru-cut (BarneDanceType |) 0 0 0
Thru-cut (BarneDanceType II) 0 0 0
Reverse RCI 2 2 322

*N=Number of crossings, *L=Number of lanes crossegti-Average onflicting traffic volume (veh/hr

4.4Public Acceptance Scoring SystenPASS Analysis

The research team developed thublic acceptance scoring systeRASS too) to analyze the
anticipated public acceptance of the thpbase designs included in this research projecthe

first phase of the development of the new teeljeral variables impacting public acceptance were
identified In the ne&t step,throughout a series of meetings, NCDOT experts engaged in
comprehensive discussions regarding variables influencing driver confusion (andwayng
potential), user comfort, and business impacts. In summary, the NCDOT experts highlighted the
importance ofhie varialtes within these categories and suggested modifications to better address
public concernsTable4.25 providesthe final list oftenmeasurableariablesand scoregscluded

in PASS to evaluate public acceptance at alternative intersection3.able 4.25, variables
impacting driver confusionpedestrianand b i ¢ y cdiscomforg @ndbusiness and driver
discomfort are highlighted in red, brown, and yellow, respectividig. weight assigned to each
variable ranges from 1 to 3, based orsitgificance. Each variable is independently scored on a
scale from 1 to 5 for each design, with higher scores indicating better public acceptance. The
individual scores are then multiplied by their respective weights to calculate the weighted scores.
Findly, the weighted scores are summed across all 10 categories for each design, with a maximum
possible overall score of 100.

84



Table 4.25 Measurable Variables Listed in PASS Todl

. . Offset Two- . .
. : Weight Seven| MUT |Redirec| MUT Thru- [CFI/IMUT Redirec{Revers¢Partia
No| Category Variables Measure of Effectiveness (1-3) | Phasd #2 LaT #1 TQ{T cut | Combo I;Ahj_?e RCI oL&T | RCI | CEI
Early LeftTurn  (Whether a left turn lane is developg 2 5 5 5 5 5 5 4 5 5 4 5 3
early (prior to the middle intersecti
Multiple Route  |Whether drivers can violate to reag 1 5 5 5 4 5 5 4 3 5 4 5 4
Choices for their destination using a direct rout
Redirected Traffic|(instead of following the redirected
pattern)
Unusual Whether there are any unconventiq 1 4 3 3 3 3 3 3 1 1 2 1 3
Maneuvers traffic movements
Acute Intersection/Whether the redirected traffic 3 5 5 5 5 5 5 4 5 5 4 5 3
Angle (and Scissofintersects with opposite traffic
Channelization) |movement at an acute angle (70
degrees)
Wrong-Way Entry Whether there are any "'parallel 3 5 5 5 5 5 5 4 5 5 4 5 3
lanes™ for wrongway entry
Pedestrians anExtra Pedestrian |Whether pedestrians and bicyclisty 2 5 5 5 5 4 4 4 5 4 4 3 3
Bicyclists (Travel Distance |would experience a longer travel
Discomfort distance
7 | Pedestrians anjindirect and Whether pedestrians and bicyclist§ 2 5 5 5 5 5 3 4 5 3 4 3 3
Bicyclists [Confusing Paths |should use an indirect (and confus
Discomfort path with possibilities for safety
concerns
8 |Business Impa(Number of Whether the redirected traffic 2 4 3 4 3 3 3 4 1 3 3 1 5
and Driver |Additional Traffic [demands on the major and minor
Discomfort [Signals roads should cross more than one
traffic signal on their routes
9 |Business Impa(Redirected Acces§Whether a percentage of traffic 3 4 5 4 4 3 3 4 3 2 3 1 3
and Driver [to Some Businessimovements does not have direct
Discomfort |Properties access to business properties loca
at one or more corner(s) of the
intersection
10(Business Impa(Extra Lane The number of additional lane 1 3 3 3 5 3 3 5 3 3 3 3 3
and Driver |Changes changes needed for redirected traf
Discomfort to reach their destination.
Overall score 92 92 91 90 84 80 80 78 75 72 66 65

*The lowest scores faachvariabletypeare shaded in grey.
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Table 4.26 shows a summary of the PASS results based on hypothetical sceEMagid3ASS

results show that the sevphase signal and partial MUT#2 will likely be the most accepted-three
phase designs followed by Redirect L&T and partial MUT#1. This is expected as both seven
phase and MUT #2 redirect only about 7% and 4% of the ti@ttiic (based on hypothetical
scenarios), respectively. Partial CFl scored the lowest overall with reverse RCI scoring second
lowest. Reverse RCI redirects about 23% eftttal traffic. The partial CFI did not perform well
mostly because of the driver confusion concerns such as eatlyrteind acute intersection angle

All MUT designs (twephase MUT, MUT #1, and MUT #2) will be among the most accepted
designs for pedestrians and bicyclists. Reverse RCparithl CFl scored lowest in this regard.
Regarding business impact and driver discomfort, partial CFl and CFI/MUT combo resulted in the
highest score mainly due to minimizing extra travel distances and lane changes.

Overall, based on Table 4.26, seven of the alternative designs witkptlase signals (seven
phase, redirect L&T, MUT #(Redirect Major RA)MUT #2 (Redirect Mnor Rd), offset thrucut,
thru-cut, and CMF/MUT combo) should perform better than-pliase designs. This confirms
the initial hypothesis of our study regarding higher public acceptance ofpthase designs
compared to RCI and twphase MUT. More informatioregarding the PASS results is attached
as Appendix 7.

Table 4.26 PASS Analysis of ThreePhase Intersections

Rank Intersections Red (gzﬁéxifcgrrg\t\%; Overall
1 SevenPhase 49 43 92
1 MUT #2 48 44 92
3 Redirect L&T 48 43 91
4 MUT #1 47 43 90
5 Offset Thrucut 48 36 84
6 Thru-cut 48 32 80
6 CFI/MUT Combo 39 41 80
8 Two-Phase MUT 44 34 78
9 RCI 46 29 75
10 Redirect 2L&T 38 34 72
11 Reverse RCI 46 20 66
12 PartialCFI 31 37 65

4.5Benefit over Cost (B/C) Analysis
The benefit/cost (B/C) analysis was conducted based on estimated ROW costs and travel time
savings during peak hours due to shorter travel times by implementation of alternative. designs
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4. 5.1Cost Estimations and ROW Considerations

The research team found the following valdes cost/acre and cost/sqft using the methods

described earlier in section 3.3s shown in Table 42 the total average cost between all case

study sites was found to be $2dr sqft Thisvalue will be used later in the report when discussing

ROW considerations.

Table 4.27 Average Cost of Land at Case Study Sites

Site Intersection Average Cost | Average Cost
# ($/acre) ($/sqft)
1 T@;gﬁﬁ ;r\‘/ e@ $1,06,000 $24.4
7 Ch"’.‘rprier:igi"Rgd @ | $9m,000 $21.7
4 | CapralBvd @ O g1 018000 $27.1
5 | antal Bive e%h $488,000 $11.2
7 | Brarcreek@ $764,000 $17.5
g | NC gﬁacgg g dK el $1010,000 $23.3

4.5.2Travel Time Savings during Peak Hours
In order to find the travel time savings during peak hours, the average travel times of the tested
alternative designs were compared to existing travel times for eacstgdgesite. The difference
in average travel time when compared to existing conditions was then dividedtdyie® the
average travel time per hour. This value wastiplied by the average number of vehicles per

peak hour shown in the third column of TableB4.Zhis number represents the average total travel

time savingsper hour. This value was then multiplied dpur (peak hours per day) and then

multiplied again by 260 (weekdays per yeagsulting in the average travel time (in hours) saved

per year as shown in column four of Table&..2

4.5.3B/C Analysis

Using the average travel time savings per year from Table 4.28 and the Ngip@ved value
of $12.75 per hour of travel time saved, it is possible to estimate the monetary savings provided
by threephase designs as shown in Table 4.29. To estimate sh®fceach design, the ROW

values from Table 4.27 were multipliesith the assessed ROW required for each design.

Comparing the yearly benefits of travel time savings to ROW costs shows that for most cases (with
the exception of case study sites 1 andiZgep h a s e
with ROW costs after onlpneyear. As previously mentioned, it is important to note that this

analysis does not consider many cestimates from construction or benefit savings from crash

designs

reductions since both of these would require too many assumptions.

have
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Table 4.28 Travel Time Savings at Case Study Sites

Case Study Site 1 New Bern Ave and Peartree Ln

Average Travel Time AverageTraffic AverageTravel Time Saved
Intersection Type (Minutes) (Vehicles/Hur) (Hours/Yeay
Existing 1.46 1,670
SevenPhase 1.52 1,670 0
Full MUT 1.35 1,520 2,960
MUT #1 1.34 1,530 3,350
MUT #2 1.45 1,570 256
RLT 1.42 1,670 1,270
Reverse RCI 1.45 1,480 396
Thru-cut 1.43 1,670 984
RCI 1.37 1,510 2,450

Case Study Site 2 Chapel Hill Rd and Trinity Rd

Average Travel Time

Average Traffic

Average Travelime Saved

Intersection Type (Minutes) (Vehicles/Hour) (Hours/Year)
Existing 1.74 3,200
SevenPhase 1.83 3,170 0
Redirect L&T 1.61 3,170 7,360

Case Study Site @apital Blvd and Old Wake Forest Rd

Intersection Type

Average Travel Time

Average Traffic

AverageTravel Time Saved

(Minutes) (Vehicles/Hour) (Hours/Year)
Existing 3.38 7,400
CFI/MUT Combo 1.96 7,350 180,000
Full MUT 2.50 5,690 86,400
MUT #1 2.49 6,300 97,500
MUT #2 3.00 6,920 45,400
Partial CFI 2.08 7,770 174,000
Redirect 21& T 2.74 7,190 80,200

Case Study Site 8

S-1 Capital Blvd and Trawick Rd

Average Travel Time

Average Traffic

Average Travel Time Saved

Intersection Type (Minutes) (Vehicles/Hour) (Hours/Year)
Existing 2.17 5,540
MUT #1 1.91 5,580 25,300
MUT #2 1.76 5,290 37,900

Case Study Site Brier Creek Pkwy and Brier Leaf Ln

Average Travel Time

Average Traffic

Average Travel Time Saved

Intersection Type (Minutes) (Vehicles/Hour) (Hours/Year)
Existing 4.41 2,770
Thru-cut 2.29 2,510 91,900

Case Study Site 8 N85 and O'Kelly Chapel Rd

Average Travel Time

Average Traffic

Average Travel Time Saved

Intersection Type (Minutes) (Vehicles/Hour) (Hours/Year)
Existing 3.04 4,460
CFI/MUT Combo 2.24 4,460 61,100
Partial CFI 2.01 4,870 86,900
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Table 4.29 B/C Analysis at Case Study Sités

Case Study Site 1 New Bern Ave and Peartree Ln

Annualized

. Average Travel Time| Average Travel Time| ROW Cost B/C Ratio
Intersection Type Saved (Hours/Year)| Savings ($/Year) Cost($) R((;/V\\{/eg%st (per Year)
SevenPhase 0 0 $405,000 $32,498 0.00
Full MUT 2,960 $37,800 $809,000 $64,916 0.58
MUT #1 3,350 $2,710 $809,000 $64,916 0.04
MUT #2 256 $3,270 $809,000 $64,916 0.05

Redirect L&T 1,270 $16,200 $405,000 $32,498 0.50
Reverse RCI 396 $5,050 $809,000 $64,916 0.08
Thru-cut 984 $12,600 $809,000 $64,916 0.19
RCI 2,450 $31,200 $809,000 $64,916 0.48
Case Study Site 2 Chapel Hill Rd and Trinity Rd
Intersection Tvoe Average TravelTime | Average Travel Time| ROW Cost ROW Cost B/C Ratio
yp Saved (Hours/Year)| Savings ($/Year) (%) ($/Year) (per Year)
SevenPhase 0 0 $360,000 $28,887 0.00
Redirect L&T 7,360 $93,800 $360,000 $28,887 3.25
Case Study Site 4 Capital Blvd and Qlthke Forest Rd
Intersection Tvoe Average Travel Time| Average Travel Time| ROW Cost ROW Cost B/C Ratio
yp Saved (Hours/Year)| Savings ($/Year) (%) ($/Year) (per Year)
CFI MUT Combo 180,000 $2,300,000 $840,000 $67,404 34.12
Full MUT 86,000 $1,100,000 $900,000 $72,218 15.23
MUT #1 97,600 $1,240,000 $900,000 $72,218 17.17
MUT #2 45,400 $579,000 $900,000 $72,218 8.02
Partial CFI 174,000 $2,220,000 $1,520,000 $121,969 18.20
Redirect 2L&T 80,000 $1,023,000 $1,210,000 $97,094 10.54
Case Study Site 5 US Capital Blvd and Trawick Rd
Intersection Tvoe Average Travel Time| Average Travel Time| ROW Cost ROW Cost B/C Ratio
yp Saved (Hours/Year) Savings ($/Year) (6)] ($/Year) (per Year)
MUT #1 25,300 $323,000 $372,000 $29,850 10.82
MUT #2 37,900 $483,000 $372,000 $29,850 16.18
Case Study Site 7 Brier Creek Pkwy and Brier Leaf Ln
Intersection Tvoe Average Travel Time| Average Travel Time| ROW Cost ROW Cost B/C Ratio
yp Saved (Hours/Year) Savings ($/Year) (6)] ($/Year) (per Year)
Thru-cut 92,000 $1,170,000 $582,000 $46,701 25.05
Case Study Site 8 N&65 and O'Kelly Chapel Rd
Intersection Tvoe Average Travel Time| Average Travel Time| ROW Cost ROW Cost B/C Ratio
yp Saved (Hours/Year)| Savings ($/Year) (%) ($/Year) (per Year)
CFI/MUT Combo 61,100 $779,000 $722,000 $57,935 13.45
Partial CFI 86,900 $1,110,000 $1,300,000 $104,315 10.64

* An interest rate of 5% and a design period of 20 years were used for the anncalcctations The formula for

the calculation of annualized right of way (ROW) costs is as folléws:0
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4.6 Traffic Control Devices (TCD)

The research team completed condition diagrams of ten existingpti@se designshowing the
signageand pavement markingst each of the sites. The condition diagrams were prepared
regarding information and guidance needed in terms of traffic control devices (TCDs) at three
phase intersections. An example condition diagram showing existing signage for the partial MUT
#1 depicted in Figure2.3 is shown below in Figuré.7. The remaining nine condition diagrams

are attached as Appendid. Of note, the condition diagram for the CFI/MUT combo in
Fairbanks, Alaska does not include all traffic signs because an updated Google Street view is not
yet available for that locationHowever, the research team contacted Alaska DOT and received
the full package of design plots (includisignage information).
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4.7 Framework Recommended for Selecting Alternative Intersections

This section describes the framework developed to answer the central question this proposal seeks
to address: where are the suitable locations for {pin@se designsTo answer this questioa,
framework for intersections with thrgdhase signals (FITSyasdeveloped in this projecihe
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FITS includes five measures of effectiveness (MOES) to identify locations wherepthase
alternatives could be the most suitabldie MOESs included are:

- Rightof-way Considerations

- Traffic Operations

- Traffic Safety

- Pedestrian and Bicycle Safety, and
- Public Acceptance

4.7.1Right-of-way (ROW) Considerations

ROW considerations at alternative intersections were reviewed based on the primary goal of fitting
those intersections within the existing ROW or with the minimum additional ROW needed
compared to the existing intersection. Figdi&shows the flowchart recommended based on this
primary goal. It should be noted that the flowchart shown in Fig8rkas two parts to separate
threephase designs with DLT (displaced 4&ftn) rampson the right siddrom the rest of the
intersection designsn the left si@, as they require different ROW considerations (typically larger
ROW sizes). Also, single quadrant and offset T intersections were excluded from4=8jase

they have specific ROW requirements compared to the other alternative designs listed. As a
reminder, full(two-phase)versions of CFl, MUT, and CFI/MUT were not included in the ROW
consideration either based on the scope of the study.

Regarding the distance to adjacent signalized intersections, a longer distance (more than 1,000 ft)
is recommended to consider if there might be concerns regarding possible spillback due to high
demands at Wurn or DLT crossovers. Additionally, furthevaduations (including simulation
modeling) are recommended to estimate maximum queue lengths. Thetld¥@nce was
recommended based on the maximum queue lengths recorded in hypothetical simulation tests as
wel | as (RORSJthedshnld considerddr signal warrant #6 (signal coordination warjant
Moreover, it should be noted that the negative impacts of short intersection spacings on signal
coordination and the risk of spillback would be less at DLT atdrb) crossovers because of their
half-signals. A signal is called a halignal when it sips only one of the through traffic
movements on the major road (similar to DLT antlth crossovers); however, a full signal would

stop both through traffic movements on the major road (similar to @eotional intersection)
(Molanand HummeR018). Table4.30 also includes more information regarding the other criteria
listed in Figure4.8 (in the diamonds).

According to Figured.8, thru-cut, offset thrucut, and sevephase designs have the least ROW
restrictions among all alternatives with thygease signals. These three designs could be
implementednore easily than othergithout needing to add-turn crossovers if adjacent streets
and/or intersections are available to redirect through traffic demands from the minor roads to
existing adjacent streets and/or intersections. Fig@rehows an example from Holly Springs,

NC, for thisrelative advantagef thru-cut, offset threcut, and sevephase intersections.
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Extra ROW is needed at least on
one of the approaches to consider
alternative intersections included

Available ROW
for U-turns on |
approach?

Avaijlable ROW
for U-turns on 2
approaches?

ossible to use
adjacent streets

for redirected
thru traffic?

Distance to
adjacent signal
on | approach >
1.000 ft *

Distance to
adjacent signals
on 2 approaches
> 1,000 ft

RCI, Two-phase MUT, Redirect
L&T, MUT #1, MUT #2, Thru-
cut, Offset Thru-cut, Seven-Phase,
and Reverse RCI

Thru-cut, Offset Thru-cut, and
Seven-Phase

Thru-cut, Offsct Thru-cut,
Redirect L&T, and Seven-Phase *

* For considering thru-cut and the offset thru-cut designs, adjacent streets should be also available on one of the major
approaches to redirect through traffic

Extra ROW is needed at least on
one of the approaches to consider
alternative intersections included

Available ROW

Available ROW
for DLT lanes
on 1 approach?

for DLTs on 2
approaches?

o

ossible to use

adjacent streets

for redireeted
thru traffic?

** For considering CFI/MUT combination, available ROW for U-turn on one approach is also needed

Figure 4.8 Flowchart Recommended for Rightof-Way (ROW) Considerations of Alternative Intersections

Figure 4.9 An Example of a Thru-cut Intersection without U-turn Crossovers

in S Main Stand Village Walk Dr in Holly Springs, NC
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Table 4.30 Supplemenal Information Needed to Use Figure 4.8 (ROWFlowchart)

Available ROW Needed for urns

Available ROW Needed for
DLTs

Conditions Needed to use Adjacent Streets and/or
Intersections

Minimum U-turn spacing of 400 ft (600
800 ft if possible) to the middle intersectic

Minimum distance of 400 ft fron
the DLT crossover to the middl
intersection (50600 ft if
possible)

Consider only for alternatives wittedirected through traffic
movements from minor legs: thwaut, offset thrucut, and
sevenphase

Available space for building bulbuts with
a minimum Uturn radius of 30 feet (45 fe
at intersections with more trucks)

Available extra space for buildin
DLT ramps with parallel right
turn lanes

Relatively low through traffic demand on minor roa
compared to total intersection traffic. A maximum ratio of 1
for redirected through traffic over total traffic (RT/TT = 0.1)
recommended. At higher ratios, further investigati
(including simulatbn modeling) are necessary

No operational and safety concer
regarding possible access points (fre
adjacent businesses) within the distal
between the middle intersection and the
turn crossovers

No sight distance concerns bas
on ISD (intersection sigh
distance) considerations
AASHTO Green Book (20143B]

Presence of adjacent streets and/or intersections with rela
insignificant distance (less than 800 ft) from the mid
intersection

No sight distance concerns based on |
(intersection sight distance) consideratic
of AASHTO Green Book (20143B]

Maximum AADT on the minor road < 25,000 veh/day
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Redirect L&T and CFI/MUTcombination intersections could be the next designs in the ranking
of alternatives with the least ROW restrictions, as their ROW requirements only affect one
approach, with no extra ROW needed on the other three approaches.

As another consideration regarding the ROW of alternative intersections, ROW costs for
converting a conventional intersection to the 12 alternative designs listed in Bi§usere
estimated based dhe geometric features included tihe hypothetical simulation models. Table

4 31 ranksthealternative intersections based on ROW cost estimations and the findings identified
in Figure4.8.

Table431Al t ernati ve I ntersections®é Ranks Base
Intersection Design Extra ROW ROW Costs | Number of Approachey Rank
Needed (sq ft) | (Million $) * Impacted

SevenPhase 0 to 16,600 Otol1.71 Oorl 1
Thru-cut 0 to 33,200 Oto 3.42 Oor2 2
Offset Thrucut 0 to 34,200 0to 3.52 Oor2 3
Redirect L&T 16,600 1.71 1 4
CFI/MUT Combination 31,000 3.20 1 5
Reverse RCI 33,200 3.42 2 6
RCI 33,200 3.42 2 6
MUT #1 33,200 3.42 2 6
MUT #2 33,200 3.42 2 6
Two-Phase MUT 33,200 3.42 2 6
Redirect 2L&T 44,600 4.60 2 11
Partial CFlI 56,000 5.77 2 12

*$21 per sq ftinear case study sitbssed on unit costeom Zillow 6 website for NQwww.zillow.com)

It should be noted th#tecost estimations shown in Talfl81 might vary significantly depending

on the specific circumstances of different intersection improvement projects, particularly due to
variations in property values across different districts in urban, suburban, and rural areas.
However, the ranking proved! in Table4.31 should offer a fair comparison amotige alternative
intersections based on their ROW characteristics.

According to Tablet.31, the partial CFl was identified as the most expensive alternative, with
higher ROW considerations needed compared to other intersection designs. Conversely, the
CFI/MUT combination could reduce ROW requirements and costs significantly, as it only needs
extra ROW on one approach. Specifically, the ROW costs of a CFI/MUT combination could be
about 55% (about $2.5 million) cheaper than a partial CFl.

Sevenphase, thricut, and offset threut were found to be the top three intersections in terms of
minimal ROW requirements. As previously explained, no extra ROW (for implementtaoghU
crossovers) might be needed for these three designs if adjaests stnd/or intersections are
available. Note that the ROW costs for an offset-tuiwere estimated to be slightly higher than
for a thrucut due to the 5@ offset between its two minor legs. Redirect L&T was found to be
another alternative with ond the lowest ROW cost estimates, as it only requires extra ROW on
one approach.
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All alternatives with two kurn crossovers were estimated to have similar ROW costs and
requirements since they share a similar ROW size, but with different traffic movement routes.

Overall, based on Tabk31, alternative intersections with thrplase signals have fewer ROW
restrictions, as the top five ranks belong to those designs in Z&tle Moreover, in terms of
ROW costs, only partial CFl and redirect 2L&T are more expensive thariwo-phase
alternatives (MUT and RCI).

4.7.2Traffic Operations

Traffic operations is the second MOE included in the FITS. T4B2presentdhe alternative
designs recommended for traffic operation improvements at intersections. The recommendations
in Table4.32 are mainly based on the simulation results identified from case study sites and
hypothetical tests in the current study, and the results presented in a recent study by Luo et al.
(20249, using a similar methodology and simulation modeling approach.

Table 4.32 Recommended Alternatives for Traffic Operation Improvements

Capacity Traffic Turning Traffic Conditions
Levels Distributions High Turning Moderate Turning Low Turning
1. Redirect 2L&T, 1. CFI/MUT Combo, and
. | 2. Offset thrucut, and | Partial CFl, 1. CFI/MUT Combo,
Unbalanced Traffic 2. MUT #1, and Twe
on the Major Road Thru-cut 2. Offset thrgcut, MUT phase MUT
N 3. RCI, MUT #1, and | #1, and Redirect 2L&T 3. RCI and I,?everse R
Car?z:lcrity Reverse RCI 3. Thrucut )
_ 1. Partial CFlI 1. CFI/MUT Combo
v/c=0.9 , ,
( ) | 2 CFIMUT Combo, | L CFVMUT Combo, and| -1 /oo ial cF
Balanced Traffic on Partial CFl,
) 3. OffsetThru-cut, 2. MUT #1, and Twe
the Major Road 2. Offset Thrucut,
Thru-cut, MUT #1 and 3 MUT #1. and RCI phase MUT,
RCI ’ ! 3. RCI and Conventiona
At 1. CFI/MUT Combo, &,aﬁra'll '\éng Combo, and
Capacity | Overall andPartial CFl, ' NA*
(Vic=1.0) 2 MUT #1 2. MUT #1, RCI, and
’ ) Two-phase MUT

*No simulation tests were conducted in low turning conditions in the research by Luo et al. (2024)

According to Tablet.32, the CFI/MUT combinatiolesign performs best across various capacity
levels, turning traffic conditions, and traffic distributions, except in high turning traffic conditions
with unbalanced traffic on the major road. In this case, the redirect 2L&T design demonstrated
superior taffic operations compared to other alternatives.

The partial CFI design should perform similarly to the CFI/MUT combination but does not rank
among the top designs during low turning ratios with unbalanced traffic on the major road.

The offset threcut and threcut designs were listed among the-tapked designs in all categories
except for low turning traffic and-&apacity scenarios in Table32. Reverse RCI was also found
to be a promising design for intersections with resgpacity levels and unbalanced traffic
conditions.
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The RCI design appears promising in most traffic conditions included in #&ile In contrast,
the twophase MUT design only appeared as artoked design in three conditions: both low
turning traffic ratios at neazapacity levels, and moderate turning conditiates-capacity levels.

Conventional intersections are expected to be effective in sites with low turning and balanced
traffic conditions but do not perform well under other traffic conditions.

All intersection designs were mentioned at least once in Pakide except for the sevephase,
redirect L&T, andMUT redirected minorNIUT #2) designs. Despite their absence from Table
433, these designs may also show potential in specific contexts. For instance, based on the results
from case study site #5 (the intersection of Capital Blvd and Trawick Rd in Raleigh, NC), MUT
#2 could significantly outperform MUT #1 and conventional intetiea designs. At site #5,
traffic counts revealed an averade3d left-turns per hour on the major road and 127-tiefihs

from minor roads. MUT #2 could perform better thadT redirected majorNIUT #1) due to its
ability to handle high lefturn demands from minor roads by redirecting them-tard crossovers,

thus reducing delays on the major road. This shift in functionality at site #5, wheharreft
demand was higher on minor roads, indicates MidT #2 might be more effective in similar
scenarios. However, this finding requires further investigationturd studies.

Note that Tablel.32 might not fully capture the expected performance on corridors with several
signalized intersections spaced closely together. The results could differ based on the potential for
signal progression in those designs. The research team did not presesifiatape to assess

the impact of signal progression, as it varies significantly across different corridors depending on
traffic characteristics such as intersection spacing and corridor speed. However, five
alternatived RCI, two-phase MUT, offset thrtcut, thrucut, and redirect 2L&® could show
improved performance on corridors with multiple signalized intersections.

The following AADT thresholds are also recommended to consider based on AADT data
collection from the existing thrgghase intersections listed in TaBl&3:

9 Similar to the FHWA guide for RCldHummer et al2014), a maximum AADT of 25,000
veh/day is recommended on the minor road for-tut) reverse RCI, redirect L&T, MUT
#1, MUT #2, and partial CFI/MUT combination.

1 Thresholds of 40,000 and 65,000 veh/day are recommended for the maximum AADTSs on
four-lane and si@ane roads, respectively, for consideration of any of the {binese
intersections mentioned above in the previous bullet point (and listed inZ&R)le

1 For the full CFI/MUT combination design, the AADT thresholds of 40,000 and 65,000
veh/day could be considered on both intersecting roads.

4.7 .3Traffic Safety

One of the main factors affecting intersection safety is the number of conflict points where vehicles
navigating the intersection could potentially collide. For the safety analysis of the FITS
(framework for intersections with thrgdhase signals), thesearch team created two spreadsheet

based tools to guide NCDOT in selection of safe alternatives: 1) Conflict Point Analysis (CPA),
and a specific version of the FH¥Yhasesesigns.I| (Saf
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4.7.3.1Conflict Point Analysis

The CPA tool provides a quick analysis of the safety performartbesafphase designs compared

to two-phase MUT, RG and conventional designs at a given intersection. The CPA tool was
anal ysi(Borter et al.802k)doeshat d y
include any alternative designs with thygease traffic signals. This tool is available in Appendix

essenti al

6.

Utilizing the CPA tool, the research team assessed the safety performance-phéts®eeesigns.
Table 433 presents alternative designs recommended for traffic safety improvements at different

for

safety

segments and the whole network.

Table 4.33 Recommended Alternatives for Traffic Safety Improvements Based on CPA

Intersection

Location Reducing FI Crashes*| Reducing Total Crashes
;. g?f\é(;sTe RCI and RC 1. Offset T
At the Middle ' 2. Reverse RCI and RCI

3. Thrucut, Offset
Thru-cut, and Redirect
2L&T

3. Two-Phase MUT
4. MUT #1

Near DLT and U
turn Crossovers

All designs except
Offset T, CFI,
CFI/MUT Combo,
SingleQuadrant, and

1. Redirect L&T, and
SevenPhase

2. Single Quadrant
3. CFI/MUT Combo

Redirect 2L&T 4, MUT #2
1. Reverse RCI| and RC|
1. Reverse RCI
The Whole ihmg:f“t and Offset | 5" o “and Offset T
Network 3. Offset T 3. Two-Phase MUT
) 4. Redirect 2L&T

4. Two-Phase MUT

Based on Table.33, the Reverse RCI and RCI are the safest alternative intersections. This is an

*Fatal and injury crashes

expected finding, as these designs have significantly feardlict points compared to other

intersections included in the analysis. Also, the RCI is-lusdwn as one of the safest
intersection designs, according to past gsdiThrucut and offset threut were ranked second

in their potential for reducing FI (Fatal and Injury) crash@$fset T and twephase MUT were

also identified as some of the safest designs for reducing both FI and total crashes. Among
alternatives featuring a DLT ramp, the redirect 2L&T design was the only one listed among the

top designs for reducing total crashes.

47.3.2F HWA O s
The research team

intersection. Howeveynliket h e

S S | -PhaeerAltefnativedrgersections

followdddei

nstructions
to create a spreadsheet version of the manual with a specific focus cphhseealternatives
compared to conventional, RCI, and tpisase MUT. Therefore, similar to the CPA tool, users
will be able to run a quick analysis of the safety performanchreéphase designs at a given
F HWA 6 sal, tBeSSIS| tomladeveloped in our research
includes only protected signal corpand it does not conduct any evaluation regarding non

gi ven

motorized users. The SSI tool developed is available in App&ndix
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Using the SSI tool developed, Taldlé4 presentshealternative designs recommended for traffic
safety improvements based on the SSI analysis conducted on hypothetical simulation tests.

Table 4.34 Recommended Alternatives for Traffic Safety Improvements Based on SSI

Analysis
Intersection Conflict Type SSI Scores
Rank | Intersection Type Score Nonmotorized | Diverging | Merging | Crossing
1 Reverse RCI 92 NA* 95 92 89
2 RCI 89 NA 97 93 79
3 Thru-cut 87 NA 97 93 72
3 Offset Thrucut 87 NA 97 93 72
5 Redirect L&T 80 NA 98 96 55
6 Two-Phase MUT 80 NA 98 96 55
7 Redirect 2L&T 80 NA 98 96 54
8 SevenPhase 79 NA 98 95 53
9 MUT #1 79 NA 98 96 52
10 Offset T 74 NA 98 96 43
11 | CFI/MUT Combo 74 NA 99 97 42
12 MUT #2 74 NA 99 98 42
13 Single Quadrant 74 NA 99 98 42
14 Conventional 71 NA 99 98 36
15 Partial CFI 70 NA 99 98 35

*Not applicable (analysis was not conducted for Rgmotorized users)

According to Tablel.34, the top four safest designs identified through thea®8lysis are similar

to those found in the CPA analysis (Tabl@3}, with only one difference: the offset T received a
lower rank in the SSI analysis. This discrepancy arises from differences in the assumptions
regarding exposure estimation between the two tools. While the differences between3Bable 4
and Table4.34 are minor, it is recommended to apply both analyses to achieve a comprehensive
safety assessment in intersection improvement projects.

Note that no evaluations were conducted regarding driver confusion and the potential ef wrong

way movements in this part because factors impacting driver confusion have been evaluated in the
next section (titled Apublatci vae ciemptt @amsec tsicomsg
to avoid an overlap with those results, the research team did not analyze driver confusion in this
section.

4.7.4Pedestrian and Bicycle Safety

Regarding pedestrian and bicycle safety, FITS utilizes thla@0method developed in the
NCHRP Report 98 (2021) The 26flag method evaluates the expected safety and comfort
pedestrians and bicyclists will experience at a particular intersection by providing either no flag, a
yellow flag (discomfort), or red flag (safety concern) for 20 different criteria. TaBfeshows

the results of this analysis for 12 thyglease designs in a comparison with conventional, RCI, and
two-phase MUT based on assunopis includedn hypothetical simulation tests.

Note thatthe intersection designs were ranked based on the notaberred flags with ties
resolved by considering the number of yellow flagentified in Table4.35. According to Table

4.35, theoffset Twas found to have the highest number of red flags among all the intersections
included. The CFI/MUT combination was rankeighth in Table4.35; therefore, the CFI/MUT
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combination could be a safer alternative than the partial CFI at intersections with pedestrian and

bicycle demands. The single quadrant, MUT #1,-phase MUT and thrucut (Barnes Dance

Type Il) were found to be the safest designs for pedestrians and bicyclists. These designs had only
four red flags, which igour fewer than a conventional desigihe offset T had the highest

percentage of red flags at 27%, followed by partial CFI at 23%te that the offset thraut
resulted in two more red flags compared to the -thutu (Barnes Danc@&ype Il) because

pedestrians face a longer multilane crossing when crossing the major street, as there is no central
island (refuge) liken thru-cut designs

Table 4.35 Recommended Alternatives for Pedestrian and Bicycle Safety Improvements

Based on 26Flag Analysis
—~ —~ — 8. = = © ~ 8_
P . 2| 2l ol gl @ 2 2 =
= O - e - T - S T B < B = I g s | 5 &
— > O > 3 c @ 2 2 2 = = > o = =
- L - 04 = _ <} 5 c G L = 8 . & = o S
T o m 3 o N O | = = o 5 5 3 3 = — o o 3 S
Desig [ < %) ) 0 5 - S (] 3] . o = ] Q © = (04
2 B o o © @ g - 2 S Z c 4 14 Q <
Flags 5 El s | 2| 2| £ ]2 2 | = E | | E s | 2 | o c s | 2| @
| E| 2| 8|3 |2 |8|8|&|E|E|18|%]8 g1¢|%|2
> ¢ | x | & s | o | 88| @ | s = = o
& D O 9] 3 Ko £ 3] @ =
n o 3 5 o _é’ o g
= = =
Yellow |-, 1 5 2 8 2 2 2 2 1 4 2 2 2 1 8 6 4 | 4 | 4
Flags
Red | 10| 12| 10| 8 8 8 8 8 7 6 6 6 6 6 6 | 4 4 | 4 | 4| 4
Flags
0,
Yg‘;lg\fN 8% | 4% | 4% | 15% | 4% | 4% | 4% | 4% | 2% | 8% | 4% | 4% | 4% | 4% | 2% | 15% | 12% | 8% | 8% | 8%
0,
é’ecg 27% | 23% | 19% | 15% | 15% | 15% | 15% | 15% | 13% | 12% | 12% | 12% | 12% | 12% | 12% | 8% | 8% | 8% | 8% | 8%
0,
Flagoge 4| 35% | 27% | 23% | 31% | 19% | 19% | 19% | 19% | 15% | 19% | 15% | 15% | 15% | 15% | 13% | 23% | 19% | 15% | 15% | 15%
Rank | 20 | 19 | 18 | 17 | 13 | 13 | 13 | 13 | 12 | 11 | 7 7 7 7 6 5 4 1 1 1
Dngf 16 | 15 | 14 | 13| 9 9 9 9 [NA|NA|NA| 7 | NA| 7 6 5 4 1 1 1

4.7.5Public Acceptance
In the last step of the FITS, the Public Acceptance Scoring System (PASS) at Alternative
Intersections was developed to provide insights regarding public acceptance potémitdret

phase alternatives.

comparing alternatives based on expected public acceptance. In developing the PASS, the research

Particularly, the PASS aims to assist deoiskegrs and designers in

team identified and listed several variables impacting pagiceptance at intersections reviewing

literature. Those variables warategorized into three groups: 1) drivers wravay potential, 2)
scomfort

pedestrians

and

bicyclistso

di

and

To develop the PASS tool, the research team had four (4) focus group meetings with experts from
different units of the North Carolina Department of Transportation (NCDOT) to receive feedback
on the selection of the appropriate variables from the listramki the variables based on their

significance to the public and ghappropriate weightage to each. The PASS tool developed is

available in Appendix.
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Table 4.36 summarizes the results of the PASS analysis. According to fadlethe seven

phase MUT redirected minor NIUT #2), redirect L&T, andMUT redirected majorNIUT #1)
designs are the most recommended alternatives for improving public acceptance in future
intersection projects. Overall, thrpbase designs could perform better than-plase designs,
primarily because they redirect fewer traffic movements. Since M)Th#itcut, and offset thru

cut also showed potential in all other MOEs diseasabove, they could be considered promising
alternatives where the implementation of fplmase designs might be challenging due to public
acceptance concerns. In other words, while many-{pinase designs performed similarly to two
phase designs (or en better in some MOES), they would likely result in higher public acceptance.

On the other hand, partial Ckgverse RCand redirect 2L&T were ranked lower than tplbase

MUT and RCI. Reverse RCI got a significantly lower score in the third group (business impact
and driver discomfort) because it increases travel distance for a relatively high percentage of total
traffic demand. Partial CFl and redirect 2L&T also showed some concerns regardingwayng
potential as their scores were the lowest in this category. Regarding partial CFls, similar results
were found ira recent study (Adsét al.,2022)

Table 4.36 Recommended Alternatives for Public Acceptance Improvements Based on

PASS Analysis
Rank Intersections Drivers Pedestrians an¢ Business Impact  Overall

Wrong-way Bi cycl and Driver

Potential Discomfort Discomfort
1 SevenPhase 49 20 23 92
1 MUT #2 48 20 24 92
3 Redirect L&T 48 20 23 91
4 MUT #1 47 20 23 90
5 Offset Thrucut 48 18 18 84
6 Thru-cut 48 14 18 80
6 CFI/MUT Combo 39 16 25 80
8 Two-Phase MUT 44 20 14 78
9 RCI 46 14 15 75
10 Redirect 2L&T 38 16 18 72
11 Reverse RCI 46 12 8 66
12 PartialCFlI 31 12 22 65

4.7.6General Recommendations

Figure4.10 showsthedifferentcomponentstools and methods recommended to follow the FITS
(framework for intersections with thrgdhase signals) for identifying alternative designs with
potential in future intersection implementation projects.

As shown in Figure 4.10, it is recommended to evaluate ROW considerations in the first step to
list all possible alternatives based on existing ROW restrictions. In the next step, the other four
MOEs of the design candidates should be reviewed to deethenmost appropriate alternative

for a given intersection site.
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