Phase Il: Operational and Safety-Based

Analyses of Varied Toll Lane Configurations

ER
IM

SAFETY RESEARCH USING SIMULATION
UNIVERSITY TRANSPORTATION CENTER

Mohamed Abdel-Aty, Ph.D., P.E., PI

Jaeyoung Lee, Ph.D.
Ling Wang, Ph.D.
Qing Cai

Moatz Saad

Jinghui Yuan



Phase Il: Operational and Safety-Based Analyses of Varied Toll Lane Configurations

Mohamed Abdel-Aty, Ph.D., P.E., PI
Pegasus Professor & Chair
Department of Civil, Environmental, and Construction Engineering

University of Central Florida

Jaeyoung Lee, Ph.D.
Assistant Professor & Safety Program Director
Department of Civil, Environmental, and Construction Engineering

University of Central Florida

Ling Wang, Ph.D.
Post-doctoral Associate
Department of Civil, Environmental, and Construction Engineering

University of Central Florida

Qing Cai
Ph.D. Candidate
Department of Civil, Environmental, and Construction Engineering

University of Central Florida

Moatz Saad
Ph.D. Student

Department of Civil, Environmental, and Construction Engineering



University of Central Florida

Jinghui Yuan

Ph.D. Student

Department of Civil, Environmental, and Construction Engineering

University of Central Florida

A Report on Research Sponsored by SAFER-SIM

July 2017

DISCLAIMER

The contents of this report reflect the views of the authors, who are responsible for the facts and
the accuracy of the information presented herein. This document is disseminated under the
sponsorship of the U.S. Department of Transportation’s University Transportation Centers
Program, in the interest of information exchange. The U.S. Government assumes no liability for
the contents or use thereof.



Table of Contents

TabIE OF CONETENES ...neeeiiieite ettt ettt e s e sae e st e sttt e b e be e s bt e smeesmeesnneenneens iii
[ o T ={ U LTSRS vi
[ o) A I o] [T T T TSPV UURTOUORUPPTPN ix
LiSt Of ADDIEVIATIONS ..c..eeeiietieiie ettt ettt e st sttt e b e e sbe e sbeesat e st e e b e e reennees Xi
Y o1 1 T TP PT PP UR PSPPI xiii
R [ o1 o Te [¥ Tt i o T o N OO TSPV RTOUORUPPTPN 1
2 MicroSimulation APPrOACH ....ciiiiiie e e e e e e re e e e naraee s 3
21 INEFOAUCTION Lottt ettt b e bt ettt e b e bt e s beesaeesane st e e b e ebeennees 3
2.2 LIterature REVIEW ......eeiieiiiiee ettt ettt s ittt e e st e s s b e e snrae e e snsneeesannneeess 6
D R Y, =T o F- 1= =To I IF- o 1T SRR 6
2.2.2 ACCESS ZONES .eeiiiiiiiieeeitet ettt ettt ettt st s e s e s s 8
2.2.3  Managed Lanes SiMUIatioNn ........ccocuiiiieiiiiie et 8
2.2, 4 SUIMMAIY ciiiiititttttttttteteteteteteteeeeeeeeeteetteaeatatateettatttattettttttttettt..t.t..t.tt......a.trtetrtaenrarnnn 9
2.3 EXPEIrIMENTAI DESIGN «uveiiiiiiie ittt e e ettt e e e et e e e et e e e e eataee e e asaeeeensaeeeennsseeesansseeenn 9
2.3.1  ACCESSIDIlItY IV ... e eares 9
2.3.2  WEAVING SEEMENTS..ciiiii ittt ettt e e e e s st e e e e e e ssbareeeeeessesssbtbeeeeeesssssnsseneeees 11
2.3.3 LISt Of SCENATIOS .eouveiiieiieeieeteetee ettt st 12
2.3.4  Performance MEaSUIEMENTS ......ccceereerterierieeieerieesieesute st et ebeesbeesbeesaeesaeeeaeeneeens 13
2.4 Building Microsimulation NETWOIK ........ccccuuiieeiiiiieeiiiee ettt et e e ree e e e e e e e 14
O R (U Y Y PP 14
Y (U Lo LV =Y 5 T Yo SRR 16
00 T \\1=1 VoY Q@Yo [ Y= SRR 17
D N -1 i (Tl D) = 1 1Y o 10 PP 18
2,45  VEhicle Classes ....cceoiieiiiriiiiieieeieesiee sttt ettt sttt re e 19
2.4.6  Vehicle COmMPOSItION c.ocoiiiiiiiee e e e e e e s e e e e e e e anraaeeees 19
2.4.7 Desired Speed DistribUtion .......ccoci i 23
2.4.8  DYNAMIC TOI PriCING . ccciciieeeieiiee ettt e rtre e e e ebae e e sbae e e e eabe e e e enaees 25
2,49  Other Parameters.....cooiuee ettt sr e s esar e sree e sareeeneeas 28



2.4.10 Calibration and ValidatioN............eeiviiiiiiiiiiiiiiiiiiiiiiieieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeseseeeeeereeaeaee 29

2.5 Results for Safety and Operational MeasuremMents.......ccccveeiiriieeeiriieee e 31
2.5.1 Results for Safety MeasUremMENtS........cccueiiieiiee e i 31
2.5.2 Results for Operational MeasUremMeNtS.......cccveiieciieeeieiiee e e e e evee e e 49
2.6 CONCIUSIONS .ttt ettt ettt e sat e st e e bt e e s bt e e s abeesabeesabeeesabeessbeesabeesaseeesabeesaneeas 63
3 Driving Simulator EXperiment APProach .........oovcieeiieiiee ettt e s e e e e s e s s 66
3.1 INEFOAUCTION Lt ettt e e b e b e sbe e sae e et e et e e bt e nbeesaeesmneeane 66
3.2 Literature REVIEW ....c.cuiiiiiiiiiiiiiie e 67
3.2.1  Toll managed 1ane Safety ... 67
3.2.2  Crash-Prone Traffic CONAitioN .......c.coveiriiiiiiieiiesee e 67
3.2.3 Impacts of Variable Speed LIMit (VSL) ..c.ceeeeieiieciee et 68
3.2.4  SUrrogate SAfety IMEASUIES ......ciiicciiie et ccteee ettt et e e e ebee e e e sbee e e s sbee e e e nnaees 72
3.3 EXPEIIMENT DESIZN .eieeiiiiiieee ettt ettt e e e et e e e e e s s sttt b e e e e e s s s s saabbeaeeeeesssasssneaaeaeesnns 76
I 20t R C 1= o0 o 1] g Tl L=y 1= o PPN 76
3.3.2 Pavement Marking and Gantry SigN .....cccceevcuiiriiiiiie e 78
3.3.3  Traffic FIOW SELHING weeeiiiiee e 81
I I A 0 1T = (e W] Yol o F= o USSP 82
34 EXPeriment DEVEIOPMENT ....coc.eiiie ettt e e e e et e e e e abee e e enreeeeennes 84
3.4.1  Scenarios DeVEIOPMENT .......cuiiiiiiiiie et 84
N o Y Aol To = o) &3 PPPPPPRPRE 87
3.4.3  EXPEriment ProCEAUIE ......uuuiiiieee ettt e e e e e e re e e e e e e e e eaaraaeee s 87
3.5 RESUIL ANGIY SIS ..utiieiiiiiieeeiitie ettt ee e e e e et e e et te e e e ab e e e e saabeeeesasbeeeesnsbaeeeassseeeesnnseeesannsens 88
3.5.1  AVEIAgE SPEEU..cciiiiie ettt ettt e e e e e e e st e e e e bt e e e e nabaee e e enrreeeanarees 88
3.5.2  Speed standard deviation .......cccceeeccciiiiiie e 90
3.5.3  Lane-change duration ..........ueeieeeii i 95
354 MINIMUM TTC ottt ettt sttt sbe e s sat e e n e e beesanesane e 101
3.5.5 Number of CONFIICES (TTCK3S) uuuiiiiiiiiiiiiiiieeeitieee et ceree e ertree e e etreeeeetreeeesareeeeenns 107
3.6 CONCIUSIONS ..ttt ettt e e st e e bt e e sae e e sbee e sareesne e e nreesareeesnneesanes 110
r V] 0 aTa o= [ oV Ta o K @fo T [ol [V 1] o o -SRI 112

iv



References



List of Figures

Figure 2.1 - Priced managed 1anes in the U.S. ...t 3
Figure 2.2 - Location of the existing IMLS i -95........uiiiiiiiiiiiiiie e 4
Figure 2.3 - Simulation process flow chart ..o 6
Figure 2.4 — Accessibility [@VE] CASES ..ciivuuiiieiiiie et aaee e e 10
FIgUre 2.5 - WeaVing SEEMENTS ... s 11
Figure 2.6 — Minimum weaving distance for access zones (min=minimum) ............ccceeecveerveennee. 11
Figure 2.7 - Ingress and egress details for different cases ........ccccvvveeiiviiieiiniee e 12
Figure 2.8 - Part of the VISSIM network (Off-Ramp) ......ccueeeeiiiiiieiieee e 15
Figure 2.9 - Part of the VISSIM network (ON-RampP) .....cueccvieecieeeiieesieeeciee et eiee et evee e 15
Figure 2.10 - LiNK propertiEs......uui ittt eree et e e e aee e e s aae e e e s arae e s snreeeesnanes 16
Figure 2.11 - Volume distribUtioN.........cocuiiiiiiiiie ettt e e e e 17
Figure 2.12 - Data collection points in VISSIM ........c..oiiiiiiiieiiiee ettt e 18
Figure 2.13 - RITIS detectors of the 1-95 in Miami Decade........cccevviieiiicieeeiccieee e 19
Figure 2.14 - Vehicle composition for the base case in VISSIM ........ccccoeceeiieciee e 23
Figure 2.15 - Desired speed distributions for PCs ........ccccviieeiiiiie et 24
Figure 2.16 - Desired speed distribution for HGVS.........ccuiiiiiiiiiiiiie e 25
Figure 2.17 - Decision Model in VISSIM ......coo ittt esvee e svee e s vee e s nree e e 26
Figure 2.18 - Inputting dynamic toll pricing into VISSIM.........cooiiiiiiiecciee e 27
Figure 2.19 - Lane change distance on the overhead Sign ........ccceeciieieeciiee e 29
Figure 2.20 - Conflict angle diagram in SSAM ......ccccuiiiiiiiieeeeiee e e e 32
Figure 2.21 - TTC chart for GPLS @nd IMILS.........uuiiieiiiieeeciiee ettt tee e e ee e e vee e e et e e 35
Figure 2.22 - MaxS chart for GPLS @and IMILS.........ccocuiiiieiiiiec ettt e vee e e e 35
Figure 2.23 - Conflict frequency for each conflict type in different l[anes........ccccceevieirieeeniennne. 37
Figure 2.24 - Conflict frequency per vehicle for GPLs and MLs in different conditions................ 37
Figure 2.25 - Conflict frequency at peak condition ............cooeeciiiieciiiii e 38
Figure 2.26 - Conflict frequency at off-Peak condition .........cccceeiieiiiicciei e, 38
Figure 2.27 - Conflict rate for Case 1A in the peak conditions..........cceeeecveeiiiciei e, 41
Figure 2.28 - Conflict rate for Case 1A in the off-peak conditions..........cccceeeeeiiiiiciiee e, 41

vi



Figure 2.29 - Weaving segments for the two accessibility levels........ccccoveeieiiieiiiciiee e, 42

Figure 2.30 - Conflict rate for the first ingress and the second egress for Case 2 .......cccccveevenneen. 42
Figure 2.31 - Overlapping bEtWEEN ACCESS ZONES ......eieecviieeeiiieeeectee e eeiee e etee e e ree e e eaaee e e e 43
Figure 2.32 - Comparing total conflict rate for Case 3 ......cceevviieieeiiieee e 44
Figure 2.33 - Box plot of the traffic condition for the conflict rate.......ccccceerieiiiiiiiiiniieee 45
Figure 2.34 - Travel speed of GPLs and MLs in different traffic conditions ..........cccccceeeveeennennee 51
Figure 2.35 - Comparing average speed among ONE aCCESS ZONE CASES ...ueeeeerureeeeerureeeeeiveeeeennnns 53
Figure 2.36 - Delay measurements in VISSIM ........ccuiiiiiiiieeiiiie e vee e e 53
Figure 2.37 - Average delay for the base Case......ouviiiiiiiiiiiiiie e 53
Figure 2.38 - Average delay for Case 1A.......ouiii ittt ee e e e e atee e e e e e e 55
Figure 2.39 - Time efficiency for Case LA ...ttt e et e e e e 56
Figure 2.40 - Relation between travel speed in different traffic conditions........ccccccceveviieennnnnn. 60
Figure 2.41 - Boxplot of the average delay in different traffic conditions.........cccceeovveviviieennnnen. 61
Figure 2.42 - Boxplot of time efficiency in different traffic conditions ..........ccccceeeecieeeeciencnnen. 62
Figure 2.43 - Boxplot of the revenue for different traffic conditions.........cccccccvveeiviieiiiiiien e, 63
Figure 3.1 - Merging/Lane changing Vehicle and the Neighboring Vehicles (57). ......ccccovevrvenenn. 73
Figure 3-2 TTC Profile and Corresponding TTC-based Safety Indicators (54). ......ccccoceeeeevvreeennnen. 74
Figure 3.3 - Layout Of the 1-95 STUAY Ar€a......c.uuiieeiiiieeeiiiee et et e e eree e et e e e aree e s e eaaee e e e e 77
Figure 3.4 - Pavement Marking in the Entrance of TML (Source: Google Earth)........ccccccevevvenenne 79
Figure 3.5 - Pavement Marking in the Exit of TML (Source: Google Earth).........cccocevveevrcvvrriennnenne 79
Figure 3.6 - Gantry Sign in %2 Mile Upstream of the Entrance of TML......cccccccvvvvivevvieecceeecieeenee, 80
Figure 3.7 - Gantry Sign in the Entrance of TML (Source: Google Earth) .........ccoccevevviviriiirieiniens 80
Figure 3.8 - Half Gantry Sign in the Entrance of TML (Source: Google Earth).........cccceeeveerurenee. 81
Figure 3.9 - Half Gantry Sign in the Exit of TML (Source: Google Earth) ........ccccceeeieeiiciieeennee. 81
Figure 3.10 - Schematic Diagram of EXperiment DESIZN .......cccuvieeeciieececieee et 84
Figure 3.11 - NADS MiniSIM™ @t the UCF ....cc.ociieveiriceeeerecteceecrece ettt st eee st ereenesteennesreereennens 85
Figure 3.12 GUI of Tile M0Saic TOOI (TMT) ..cuvieiiiiecree ettt ettt et e evee e e e vae e v e ears 85
Figure 3.13 - GUI of Interactive Scenario Authoring Tools (ISAT) ...cceeeeecieeeeeciiee e 86
Figure 3.14 GUI of MINISIM™ ...ooiiiiceeiice ettt et er e ettt eaeebesreenesbeennesreennerea 86

vii



Figure 3.15 - lllustration of the StUdY Area ........cooociiiiiiiiiiee e 88

Figure 3.16 - Distribution of Average Speed by Different Weaving Length (Entrance) ................ 89
Figure 3.17 - Distribution of Average Speed by Different Volume (Entrance)........ccccceeecvveeennnen. 90
Figure 3.18 - Distribution of Average Speed by Different Volume (EXit) .......ccooeeeveieeeniiieecnnnee. 90

Figure 3.19 - Distribution of Speed Standard Deviation by Different Weaving Length (Entrance)92
Figure 3.20 - Distribution of Speed Standard Deviation by Different Age Group (Entrance) ....... 93
Figure 3.21 - Distribution of Speed Standard Deviation by Different Volume (Entrance) ............ 93

Figure 3.22 - Distribution of Speed Standard Deviation under VSL and Non-VSL Condition
() 4 =T el=) ROt 94

Figure 3.23 - Distribution of Speed Standard Deviation by Different Weaving Length (Exit) ....... 95

Figure 3.24 - Distribution of Lane Change Duration by Different Weaving Length (Entrance)..... 97

Figure 3.25 - Distribution of Lane Change Duration by Different Lane Change (Entrance) .......... 98
Figure 3.26 - Distribution of Lane Change Duration by Gender (EXit).......cccceeveeeeeiiieeeeciiee e, 99
Figure 3.27 - Distribution of Lane Change Duration by Age Group (EXit) ......cccceevvvevieeeceeenneenns 100
Figure 3.28 - Distribution of Lane Change Duration by Lane Change (EXit) ........cccccevvveecveenneens 101
Figure 3.29 - Distribution of Minimum TTC by Gender (ENtrance) ........cocceeeecvveeeeccieeeeeeciee e 103

Figure 3.30 - Distribution of Minimum TTC under Non-VSL and VSL Condition (Entrance)........ 103
Figure 3.31 - Distribution of Minimum TTC by Different Weaving Length (Entrance-Female)... 105

Figure 3.32 - Distribution of Minimum TTC by Different Age Group (Entrance-Female)............ 106

viii



List of Tables

Table 2.1 Weaving distances fOr IMILS .........ciiiiiiiieeiieee ettt ree e e ree e e arae e e arae e e e aeeas
Table 2.2 - LiSt Of SCENAMIOS ..ooiuveeiiiieeiee ettt ettt st e st e b e sab e e s b e e sabeeeaes
Table 2.3 - Type 1 vehicle COMPOSITION .....uiiiiiiiiiiciiiecccee e s
Table 2.4 - Type 2 vehicle COMPOSITION ......oiiiiiiiiecieee e ree e e e
Table 2.5 - Linear regression Model reSUILS ........ooccuviiiiiiei e e e
Table 2.6 - Part of the dynamic toll PriCing ........coovcviiiiiiiiiee e
Table 2.7 - Calibration r@SUIES........eii it
Table 2.8 - Validation FeSUIES .....cocuiiiiiieee e
Table 2.9 - Descriptive statistics of the surrogate safety measures........ccccceeecvveieviieecccciee e,
Table 2.10 - Logistic regression Model fOr IMILS .........ueeeeeiiiecciiiiieee e eecrreee e e e

Table 2.11 - Conflict rate for weaving segments near the egress for different conditions
(oteY ¥ 1T /A (0[O 1 i ) TSR

Table 2.12 - Conflict rate for weaving segments near the ingress for different conditions
(oteY ¥ 1ot oAt (0[O 1 TR

Table 2.13 - Tobit model for the CoONfliCt rate .....coovvvveeeeiieeieeee e

Table 2.14 - Comparison of odds multipliers of conflict frequency between various cases
(numbers between parentheses are the 90% confidence interval)........ccccoeevieeeceeicieeecieecieens

Table 2.15 - Level of service from density.........ooeccuiiieeciiiec e
Table 2.16 - DeNSity fOr @ll CASES ......uviiieiiiee e e e e et e e et e e e abae e e e ares
Table 2.17 - Level of service for all CaSes ........ccvireeriiiiiriiiieeesee e
Table 2.18 - Travel speed for all scenarios (MPh) ......ooeeeiereeie e e
Table 2.19 - Average delay for all cases (SEC/VEN) ......coviieiiieiiieeeeee e
Table 2.20 - Time efficiency for all CaSes (SEC) ...vuiiirieiiieeiieeccee e
Table 2.21 - Revenue for all SCENAIOSs (S/NF) oot
Table 2.22 - Linear regression of the operational models .........ccccccuvieeeiiiiicciiie e,
Table 3.1 - Literature Review on Freeway Crash-Prone Traffic Condition ............ccccceeeecvineennnee.
Table 3.2 - Literature Review on the Impacts of VSL on Traffic FIoW.........cccoecvveeeiiiiee e,
Table 3.3 - Literature Review on Surrogate Safety Measurements .........cccceeeeveeeeeciieececcieeeeeennee,

Table 3.4 - Designed Length of Acceleration Lanes and Deceleration Lanes.........cccceeeecuveeeenneen.

ix



Table 3.5 - Parameters of Traffic FIOW SEttiNg .....ccccuveieiiiiie e 82

Table 3.6 - Summary of Different Scenario Design Methods.......cccccvveiviiiieiiiiiee e 82
Table 3.7 - Descriptions and Levels of the TWO Factors ........cccuvveeeiieieiccieee et 83
Table 3.8 - Descriptive Statistics of Participants Recruitment .........ccccceecveeeieiiieeccciiee e, 87
Table 3.9 - Results of Repeated Measures ANOVA (Average Speed).......cccvevcveeeveeenieesieeeesveennnns 88
Table 3.10 - Results of Post Hoc Test for Weaving Length (Entrance) .......ccccccevvvvevieeccieeecieenee, 89
Table 3.11 - Results of Repeated Measures ANOVA (Speed Standard Deviation)..........cc.cc........ 91
Table 3.12 - Results of Post Hoc Test for Weaving Length (Entrance) .......cccccvveeeecieeeeccieeeeenee, 91
Table 3.13 - Results of Post Hoc Test for Age (ENtrance) .....cccceeeeveeeieeeceeeciee e 91
Table 3.14 - Results of Post Hoc Test for Weaving Length (EXit).......cccoeevieeieiiieeeeiiiee e, 94
Table 3.15 - Results of Repeated Measures One-Way ANOVA (Lane Change Duration).............. 96
Table 3.16 - Results of Post Hoc Test for Weaving Length (Entrance) .......ccccceevvvevieeccieeecieenee, 96
Table 3.17 - Results of Post Hoc Test for Lane Change (ENtrance).......ccoccveevcveeeciveecieescveesveeenne 96
Table 3.18 - Results of Post Hoc Test for Age Group (EXit)......ccceeeeveeeeeciieeicciiee e 98
Table 3.19 - Results of Post Hoc Test for Lane Change (EXit) ......cccceevvveeecieecciee e 99
Table 3.20 - Results of Repeated Measures ANOVA (ENTrance) ......ccceeeeveeerieeeiieeesieeecieeeeneens 102
Table 3.21 - Results of Repeated Measures ANOVA (Entrance-Female) .......ccccceeecvveeeeciereeennen. 104
Table 3.22 - Results of Post Hoc Test for Weaving Length (Entrance-Female) ...............oe......... 104
Table 3.23 - Results of Post Hoc Test for Age Group (Entrance-Female)........ccccoveevveercrveennneenns 104
Table 3.24 - Results of Repeated Measures ANOVA (Entrance-Male)........ccccveevveevieeecreeenneenns 106
Table 3.25 - Results of Repeated Measures ANOVA (EXit).....cccceeeecieeeeeiieeeecciee e eeveee e 106
Table 3.26 - Statistical Summary of Conflict Frequency by Different Factors........ccccceeevveeennen. 107
Table 3.27 - Cross Tabulation of Conflict Frequency by Weaving Length*Gender ..................... 108
Table 3.28 - Statistical Summary of Conflict Frequency by Weaving Length*Age Group........... 109
Table 3.29 - Cross Tabulation of Conflict Frequency by Segment Type*Lane Change ............... 109



List of Abbreviations

ACS

ASCE

American Community Survey

American Society of Civil Engineering

ANOVA Analysis of variance

AADT

CG

CS

DR

DRD

DRAC

DOT

DSD

Annual average daily traffic
Comparison group
Cross-sectional

Deceleration rate

Deceleration rate difference
Deceleration rate to avoid crash
Department of Transportation

Desired speed distribution

DeltaS Difference in vehicle speeds

ETC
EB
ETLs
FHWA
ft
FDOT
GPLs
HOT
HOV
ISAT
LOS
MLs
MaxD
MaxDeltaS
MaxS

ML

Xi

Electronic toll collection

Empirical Bayes

Express toll lanes

Federal Highway Administration

Feet

Florida Department of Transportation
General-purpose lanes
High-occupancy toll

High-occupancy vehicle

Interactive Scenario Authoring Tools
Level of service

Managed lanes

Maximum deceleration

Maximum difference in vehicle speeds
Maximum speed

managed lane



MPH

NADS

Mile per hour

National Advanced Driving Simulator

NCHRP National Cooperative Highway Research Program

PET

PDO

RITIS

SEC

SSAM

T™MT

TIT

TTC

VSL

VEH

VPH

xii

Post-encroachment time

Property damage only

Regional Integrated Transportation Information System
Second

Surrogate Safety Assessment Model

Tile Mosaic Tool

Time-integrated time to collision

Time to collision

Variable speed limit

Vehicle

Vehicles per hour



Abstract

On expressways, managed lanes (MLs) have been introduced as an effective dynamic traffic
management strategy. This research consists of two parts: a microsimulation study and driving
simulator experiments for appropriate designs for the MLs.

The objective of the microsimulation research was to determine optimal access zone density
and weaving length. In the simulation, the lane choice replicated drivers’ choice behavior at
dynamic tolls based on modeling components and algorithms generated in VISSIM. The network
was well calibrated and validated by comparing the operational measurements for simulated
and field data. Subsequently, forty-two scenarios were built and tested in VISSIM to specify the
optimal accessibility level and to decide on the sufficient weaving distance. The findings indicate
that there was a significantly lower conflict risk in MLs than in general-purpose lanes (GPLs).
Compared to GPLs, the conflict frequency per vehicle in MLs was less by 48% and 11% in the
peak and off-peak traffic conditions, respectively. A Tobit model and a log-linear models were
developed for investigating the factors and scenarios that affect traffic conflict frequency. The
results of the conflict frequency analysis suggest that one access zone is the optimal accessibility
density in the 9-mile segment. Moreover, the results revealed that a length of 1,000 feet per
lane change is the optimal length for the weaving segments near access zones. A series of linear
regression models was developed to explore the effects of access zone design on the
operational performance of the network. The modeling results confirm that one access zone is
the optimal level, with a higher speed, a lower delay, and a higher time efficiency than other
cases. As the accessibility level increases, the operational performance declines. From the
revenue perspective, the case of two access zones creates the largest revenue in the studied
network. The traffic operation analysis also revealed that the level of service was the same for
the base case with no access zones and the case with one access zone when the weaving
distance was higher than 1,000 feet per lane change.

The driving simulator experiment aimed to evaluate the impact of different weaving lengths and
variable speed limit (VSL) strategy on drivers’ speed control and lane-changing maneuvers. It
was found that long weaving lengths (i.e., 1,000 feet and 1,400 feet per lane) resulted in a
reduction of average speed and that a weaving length of 1,400 feet per lane had significantly
higher speed standard deviation when compared with the other two weaving lengths. In
addition, the VSL strategy can reduce the average speed and speed variation. As for the lane-
changing behavior, drivers can have the safest performance with 1,000-foot weaving length, in
terms of time to collision and number of conflicts. Finally, fewer conflicts could be found in the
scenarios with VSL strategy. Another research effort was conducted to compare driving
behaviors considering drivers’ gender and age. The experiment results showed that young
drivers were prone to drive more aggressively, which resulted in higher speed standard
deviation. Also, it was revealed that males have more conflicts when changing lanes than
females. It is expected that the results from this study can help engineers and practitioners
employ appropriate weaving length, access zone density, and traffic control strategy to enhance
traffic operation and safety for MLs.

Xiii
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Phase Il: Operational and safety-based analyses of varied toll lane configurations

1 Introduction

On expressways, managed lanes (MLs) have emerged as an effective dynamic traffic
management strategy. They play an important role in improving traffic mobility, efficiency, and
safety, in addition to generating revenue for transportation agencies. Previous research has
indicated that the installation of MLs has improved the traffic operation and safety of
expressways. However, most studies explored safety and operational impacts for the whole
segment without considering accessibility levels and weaving distance. In this study, the effects
of accessibility levels and weaving on the safety and operation on MLs are investigated. The
studied accessibility level varies from one to three access zones along the network. The weaving
distance was defined as the distance per lane change to enter the access zone from the on-
ramps or to exit the access zone to the off-ramps.

This research consists of two parts: a microsimulation study and driving simulator experiments.
In the microsimulation study, the research team collected extensive data from microsimulation
scenarios that included a 9-mile network of an ML segment on Interstate 95 in South Florida.
VISSIM microsimulation was used for developing the network due to its feature of simulating
dynamic priced MLs. In the simulation, the lane choice replicated drivers’ choice behavior at
dynamic tolls based on modeling components and algorithms generated in VISSIM. The network
was well calibrated and validated by comparing the operational measurements for simulated
and field data. Subsequently, forty-two scenarios were built and tested in VISSIM to specify the
optimal accessibility level and to decide the sufficient weaving distance. Six measures of
effectiveness were determined to evaluate the safety and efficiency of different scenarios. For
the safety measurements, conflict frequency and conflict rate of the weaving segments were
used. For the operational measures of effectiveness, the level of service (LOS), travel speed,
time efficiency, and average delay were used. Moreover, the revenue was estimated to compare
the monetary benefits of various strategies. The findings indicate that there was a significantly
lower conflict risk in MLs than in general-purpose lanes (GPLs). Compared to GPLs, conflict
frequency per vehicle in MLs was reduced by 48% and 11% in the peak and off-peak traffic
conditions, respectively. A conflict prediction model was developed for investigating the factors
and scenarios that affect traffic conflict frequency. The result of the conflict frequency analysis
suggests that one access zone is the optimal accessibility density. Hence, it can be concluded
that the average distance between access zones should be no less than 4.5 miles. Moreover, the
results revealed that a length of 1,000 feet is the optimal length for the weaving segments near
access zones. A series of linear regression models was developed to explore the effects of access
zone design on the operational performance of the network. The modeling results confirm that
one access zone is the optimal level, with a higher speed, a lower delay, and a higher time
efficiency than the other cases. As accessibility level increases, the operational performance
declines. From the revenue perspective, the case of two access zones creates the largest
revenue in the studied network. The traffic operation analysis also revealed that LOS was the
same for the base case with no access zones and the case with one access zones when the
weaving distance was higher than 1,000 feet per lane change.

Meanwhile, the driving simulator experiment study aimed to evaluate the effects of different
weaving lengths and variable speed limit (VSL) strategy on traffic safety when drivers enter and
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exit toll managed lanes (MLs). Twelve driving simulator scenarios were developed considering
three different weaving lengths (600 feet, 1,000 feet, and 1,400 feet), with/without VSL
strategy, and peak/off-peak traffic flow. Fifty-four participants were recruited in this
experiment. Drivers’ speed control and lane-changing maneuvers were investigated. Repeated
measures analysis of variance (ANOVA) was employed to analyze the operational and safety
effects of different factors. It was found that long weaving lengths (i.e., 1,000 feet and 1,400
feet per lane) resulted in the reduction of average speed and that the weaving length of 1,400
feet per lane had a significantly higher speed standard deviation than the other two weaving
lengths. As for the lane-changing behavior, drivers showed the safest performance with a 1,000-
foot weaving length, in terms of time to collision (TTC) and the number of conflicts. In addition,
the VSL strategy reduced the average speed and speed variation and resulted in fewer conflicts.
Subsequently, a comparative analysis was conducted for driving behaviors considering drivers’
gender and age. The results showed that young drivers were prone to drive more aggressively,
which resulted in higher speed standard deviation. Also, it was revealed that male drivers have
more conflicts when changing lanes. It is expected that the results from this study can help
engineers and practitioners employ appropriate weaving length and traffic control strategies to
enhance traffic safety for drivers when they enter and exit MLs.

This report consists of four chapters: Chapter 1 is the introduction. Chapters 2 and 3
describe the research efforts for the microsimulation research and driving simulator experiment
research, respectively, and both chapters include their own introduction, literature review,
experiment design, result, and conclusion sections. Lastly, Chapter 4 summarizes and concludes
the report.
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2 Microsimulation Approach

2.1 Introduction

Managed lanes are designated lanes where the flow of traffic is managed by limiting vehicle
eligibility, restricting facility access, or employing variable-price tolls (1). They have emerged as
an effective dynamic traffic management strategy. In recent years, several major cities in the
United States have introduced ML systems such as expressway toll lanes (ETLs), high-occupancy
toll (HOT) lanes, or high-occupancy vehicle (HOV) lanes.

Managed lanes are a vital option for managing time and congestion through tolling and
providing drivers with more choices. In 2013, the American Society of Civil Engineers (ASCE)
estimated that the cost of congestion for wasting fuel and time was $101 billion annually and
the average time spent for American drivers in traffic is about 38 hours annually. In U.S. states,
tens of MLs are being implemented or under development, as shown in Figure 2.1. By 2020, MLs
are projected to grow in the U.S. by 6,000 lane-miles because they are an appropriate option to
deal with high congestion and high crash frequency with a viable cost effectiveness for
promoting economic development. Toll revenue can support half of the repayment of the $1
billion asset of the facility (2).
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Figure 2.1 - Priced managed lanes in the U.S.

In order to efficiently and safely operate the ML systems, it is necessary to determine the
optimal access control level. If the access control is strictly restricted, some vehicles on heavily
congested GPLs cannot enter the MLs even if they are willing to pay tolls. Also, vehicles
currently traveling on the MLs are not able to exit when they want. On the other hand, if there is
no access control, vehicles on GPLs can enter the MLs all the time, but the LOS and traffic safety
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on MLs are not guaranteed. Thus, a tradeoff between the accessibility, efficiency, and safety is
inevitable to some extent.

Once the optimal access control level of the MLs is determined, the next step is to decide the
configuration and location of the access. Two major parameters need to be considered: first, the
distance from an upstream MLs exit to the next downstream off-ramp; second, the minimum
distance from an upstream on-ramp to the next downstream MLs entry. VISSIM was used since
it simulates lane choice based on dynamic tolling. A logit model is in VISSIM to decide the
possibility of choosing MLs based on tolls and time savings. Therefore, the primary research
objectives of this project can be summarized as follows: using microscopic simulation to
determine an optimal accessibility level to maximize system-wide efficiency and determining
sufficient length and location of access zones near on- or off-ramps.

The simulated area consists of nine miles of MLs located in the northbound direction of the 1-95
corridor in South Florida. The locations of the existing MLs and the study area are shown in
Figure 2.2 (3, 4).
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Source: Cambridge Systematics, 2014; FDOT, 2012 (3, 4)
Figure 2.2 - Location of the existing MLs in 1-95

The research team worked on building a microsimulation network for evaluating the optimal
control level for the MLs. First, the field ML network’s geometry and traffic were well replicated
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in the VISSIM microsimulation. Afterward, the calibration and validation of the VISSIM
simulation network were followed. Subsequently, the experimental design was conducted,
including various scenarios, which were based on different access levels, access configurations,
and traffic conditions. The safety performance of different scenarios was analyzed with the
Surrogate Safety Assessment Model (SSAM). Two types of safety measurements were used: the
conflict frequency and the conflict rate. The operational measurements included LOS, average
speed, average delay, and time saved by using MLs. Furthermore, the revenue generated by the
MLs was also computed.

The flow chart of the simulation process is shown in Figure 2.3. This chapter is composed of six
sub-chapters. The first two sub-chapters are the introduction (2.1) and the literature review
(2.2) of the research. Sub-chapter 2.3 is the experimental design. Sub-chapter 2.4 presents the
microsimulation process for the studied network, which mainly includes network building,
calibration, and validation. Sub-chapter 2.5 shows the principal findings of this project based on
evaluating the safety and operation of different ML designs. Lastly, sub-chapter 2.6 gives a
summary and conclusion of the results in addition to discussing the implication of the findings to
future research.
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Figure 2.3 - Simulation process flow chart

2.2 Literature Review

2.2.1 Managed Lanes

The primary purpose of the MLs is to manage and expedite the flow in a segment through
access control (i.e., entrances and exits), vehicle eligibility (i.e., vehicle type and vehicle
occupancy), or pricing (i.e., tolls and dynamic tolls) strategies (5). As presented by the Federal
Highway Administration (FHWA) (6), MLs are a valuable option for transportation agencies to
manage traffic congestion. In addition, it is a better solution than expanding freeways in terms
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of construction cost, right-of-way constraints, and environmental impacts. The use of priced ML
systems has risen dramatically in the U.S. in recent years due to improving improved time
reliability, time savings, mobility, congestion management, and revenue generation (7). The toll
revenue is used to fund the facility through the dynamic tolls that vary based on time savings
and traffic conditions. As the traffic increases in the MLs (i.e., peak hours), the toll price
increases to maintain the operating speed at the MLs (8).

As discussed by Cho et al. (9), the presence of priced MLs proved to reduce traffic congestion
and utilize the transportation infrastructure more efficiently. They studied the willingness to pay
for travel time savings and found that travel time savings are not the only thing that influences
use of dynamic priced MLs. They found that the time value of using the priced lanes is $73/hour
in the morning period and $116/hour in the afternoon session on 1-394 in Minnesota.
Meanwhile, the economic benefit of the tolling lanes was $5 million between 2006 and 2008 (9).

The latest ML guidelines report from the National Cooperative Highway Research Program
(NCHRP) pointed out that MLs provide better operational and safety performance than GPLs.
The crashes in MLs are mainly due to access zones, congestion, and sight distance. One of the
countermeasures suggested by the NCHRP is to appropriately locate the access zones and traffic
control devices. The NCHRP report also concluded that the most frequent crash types in the MLs
facility are rear-end crashes, because of congestion, as well as sideswipe crashes due to lane
changing within access zones (10). Limited research has been conducted on the evaluation of
safety and operation benefits when improving the geometric design of the GPL segments close
to the access zones. The limitation of the geometric data availability and the small sample size
are the main reasons behind limited studies in the MLs (10).

One of the studies that focused on the effect of geometric design on the safety of MLs was
conducted by Jang et al. (11). In the study, 153 miles of MLs (13 Southern California segments)
and three years’ crash data (2005 to 2007) were used. The authors found that there was a
relationship between the safety performance of the MLs and the cross-section design, including
lane width, shoulder width, and buffer width. Additionally, segments with wide shoulder width
were more likely to have fewer crashes. They recommended adding a buffer to all segments and
reallocating shoulder width to the buffer (11). The Florida Department of Transportation (FDOT)
conducted a study to estimate the expected crash frequency for the MLs of urban freeway
segments (4). The results of the study showed that fatal and injury crashes decreased when an
appropriate buffer type and width (2-3 feet) are considered. The widening of the left shoulder
width also was associated with lower crash frequency (4).

A recent study conducted by Abuzwidah and Abdel-Aty (8) analyzed crash data for 156 segments
on I-95 for 9 years (2005 to 2013) using three methods, which included a before-after with
comparison group (CG) and the empirical Bayes (EB) methods for evaluating the Crash
Modification Factors (CMFs) for severe crashes data only. Also, a cross-sectional method (CS)
was used for total and property damage only (PDO) crashes. Compared to GPLs, the total
crashes in the MLs decreased by 20% and the severe crashes (fatal and injury) reduced by 30%.
Traffic operational measurements (i.e., travel speed, volume, LOS) were also used in previous
studies for comparing the traffic operation performance between GPLs and MLs. Previous
studies concluded that the LOS in the MLs is better than the LOS in the GPLs. Vehicles traveled
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at a higher speed in the MLs than the GPLs. Meanwhile, the volume in the MLs increases during
morning and afternoon peak hour conditions (8).

2.2.2 Access Zones

Access zones are some of the most dangerous locations on GPL segments. Crashes frequently
occur near the entrances or exits of MLs. Two types of crashes are common: sideswipe and rear-
end crashes. Sideswipe crashes happen due to lane-changing maneuvers upstream from the ML
entrances or exits. Meanwhile, rear-end crashes occur because of vehicles that brake before
MLs to avoid crashing with other vehicles (10).

There are multiple approaches for providing access to MLs: continuous access, restricted at-
grade access, and grade-separated access. Recently, there has been an interest in continuous
access, where vehicles could use the priced MLs at any point. Experiences from the design of
access zones for MLs have resulted in several recommendations (14). First, the geometric
criteria for access zones should be the same as those used for freeway ramps, including locally
recognized entrance and exit standards. Second, the location of ingress/egress facilities is
influenced by some factors. For example, direct access ramps to/from local streets should be
made with candidate streets that currently do not have freeway access to distribute demand
better and prevent overloading existing intersections. For at-grade access to the adjacent
freeway lanes, designated outlets should be strategically positioned to minimize erratic weaving
to reach nearby freeway exits. Third, the location of ingress/egress points should be associated
with street access away from intersections that are operating at or near traffic capacity. Fourth,
vehicles entering the MLs facility should be required to make a maneuver to get into the lane.
Fifth, the ramps to MLs should provide adequate space for possible metering and storage. Sixth,
proper advance signing should be provided, and pavement markings should emphasize the
mainline. Seventh, safety lighting should be applied for all ingress/egress locations using the
same warrants applied for urban freeway entrance and exit ramps. Provision for entrance ramp
metering and enforcement should be considered.

Access zones crashes are fundamentally affected by access zone type, traffic condition, and the
weaving segment length upstream or downstream of the facility. For access zone type, no
significant difference was found between the limited-access HOV lanes and the continuous-
access HOV lanes. Traffic crashes on the ML facilities are mainly concentrated near the access
zones. Meanwhile, the high crash frequency is associated with small access length and close
access points to the on- or -off-ramps (15, 16).

2.2.3 Managed Lanes Simulation

Recently, simulation studies for ML facilities have been increasing in order to analyze driving
behavior, as well as the safety and operation impacts in a driving simulator or a microsimulation.
The main purpose of the simulation is to test countermeasures and changes to a freeway before
implementation (17). The main problem in ML simulation is the calibration of the network to the
real conditions. Another issue is the intensive required data that are used for coding the
network (18). Recently, microsimulation data have been integrated with the SSAM to compute
surrogate safety measures for vehicle interactions. SSAM is software developed by Siemens and
sponsored by the FHWA. The primary objective of SSAM is to evaluate the safety performance
of current roadway designs or a new strategy before implementation (19). In this study, SSAM
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was adopted to determine the conflict frequency from the microsimulation data, which is highly
correlated with the crash rate in the field (20).

2.2.4  Summary

In general, the literature supports the notion that MLs are an important countermeasure for
improving the safety and the traffic operation of expressways. Nevertheless, little is known
about the interrelationship between the ML design and the efficiency of the network. Previous
studies show that access zones are risky locations in the ML segment. Hence, there is a need for
studying the safety and operational impacts of access zones on the facility. The research team
used a micro-traffic simulation, as it is a valid approach for studying the safety and operation
effectiveness of the access zone design.

2.3  Experimental Design

2.3.1 Accessibility level

Three accessibility levels were tested in this study including one, two, and three access zones
(Figure 2.4). The base condition is the current situation of the network, which does not have any
access zones along the study area. The first case of the experimental design has one entrance
and one exit in the middle of the network. This case is divided into two types: an egress
upstream of an ingress (Case 1A), and an ingress upstream of an egress (Case 1B). Case 2
involves adjusting the network to have two ingresses and two egresses. Case 3 has three
ingresses and three egresses.

The preliminary results of the first condition showed no significant difference between the cases
(Cases 1A and 1B). However, Case 1A showed fewer conflicts than CaselB in most of the studied
scenarios. Therefore, Cases 2 and 3 were only tested with the egress upstream of the ingress.
The accessibility level cases are shown in Figure 2.4. The purple arrows represent the directions
of vehicles that use the ingress from on-ramps, while the red arrows represent the directions of
vehicles from the egress to the off-ramps. L1 and L, are the lengths of the weaving segments
near access zones.
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2.3.2 Weaving Segments

The access zones usually form weaving segments since on-ramp vehicles want to enter the MLs
through ingress and off-ramp vehicles want to exit MLs through egress. These on- and off-ramp
vehicles will weave with the mainline traffic on GPLs. Hence, the study of the access zones
focuses on the design of the weaving segments. Two types of weaving segments were studied in
the VISSIM network: (1) the ingress weaving segment, which is from the on-ramp to the ingress,
and (2) the egress weaving part, which is from the egress to the off-ramp. Figure 2.5 shows the
weaving segments where L; is the ingress weaving segment length and L, is the length of the
egress weaving segment.

Ingress Egress

MLs

GPLs e ™

Figure 2.5 - Weaving segments

Previous studies explored the efficient weaving distance. One of these studies was conducted by
the California Department of Transportation (15), which suggested a minimum distance of 800
feet per lane change between the on- or off-ramps and the access zones, as shown in Figure 2.6.

Source: California DOT report, 2001 (15)
Figure 2.6 — Minimum weaving distance for access zones (min=minimum)

Another study conducted by the Washington Department of Transportation (21) proposed the
minimum distance between the access zones and the on- or off-ramps to be 500 feet per lane
change. Meanwhile, the study recommended that the desired distance is 1,000 feet per lane
change, which is double the minimum distance. Also, another study, conducted by Venglar et al.
(22), offered that the range of the weaving distance varies between 500 and 1,000 feet. They
provided various cases of the weaving distance as shown in Table 2.1. Meanwhile, they
concluded that the minimum distance between the ingress and the egress of the MLs was 2,500
feet. Additionally, the NCHRP guidelines for implementing MLs suggested that the spacing
between access zones should be between 3 and 5 miles (10). The ingress and egress design of
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this study followed the recommendation of the FHWA (23). The detailed designs for the ingress

and egress are shown in Figure 2.7.

Table 2.1 Weaving distances for MLs
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Figure 2.7 - Ingress and egress details for different cases

2.3.3 List of Scenarios

This study focuses on studying the design of weaving segments. Three accessibility cases were

tested including one, two, and three access zones (Figure 2.4). In each case, five different
weaving distances were applied to determine the optimal distance of the access zones.

Meanwhile, the traffic volume condition has two conditions: peak and non-peak. Hence, 42
scenarios were tested in VISSIM as shown in Table 2.2. For each scenario, ten random runs with

different random seeds were applied.
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Table 2.2 - List of scenarios

Traffic Lane-change length between the access zones and Number
Cases . of
condition the on- or off-ramps (feet) * .
scenarios

Case 0 (Base Peak No access zones 1
condition) Off-peak No access zones 1
Egress Peak 600 800 1,000 1,400 2,000 5

then
ingress Off peak 600 800 1,000 1,400 2,000 5

Case 1l

Ingress Peak 600 800 1,000 1,400 2,000 5

then
egress Off peak 600 800 1,000 1,400 2,000 5
Egress Peak 600 800 1,000 1,400 2,000 5

Case 2 then
ingress Off peak 600 800 1,000 1,400 2,000 5
Egress Peak 600 800 1,000 1,400 2,000 5

Case 3 then
ingress Off peak 600 800 1,000 1,400 2,000 5
Total number of scenarios 42

* All distances are per lane change (number of lanes minus one).

2.3.4  Performance Measurements

Three types of measures of effectiveness (MOE) are used to evaluate the performance of the
MLs and the GPLs: including safety measurements, operational measurements, and revenue.
The detailed information is shown below:

1. Safety measurements
*  Conflict frequency
*  Conflict rate
2. Traffic measurements
* LOS
* Travel speed for both MLs and GPLs
* Average delay for both MLs and GPLs



AFER
R

Phase Il: Operational and safety-based analyses of varied toll lane configurations

Time efficiency (time saved by using the MLs), determined by the difference between
the travel times on the MLs and the GPLs

3. Revenue, which can be computed from the dynamic toll pricing calculation.

2.4 Building Microsimulation Network

2.4.1 Study Area

The network was built in the VISSIM software based on the real-world geometric characteristics.
The segment that was utilized in the VISSIM included 9 miles of GPLs and MLs on 1-95 in Miami,
Florida. Three types of lanes were built in the VISSIM network: GPLs, MLs, and ramps. Parts of
the VISSIM network are shown in Figures 1.8 and 1.9 with the background Bing map.

The two principal components of the network are links and connectors. Links reflect roadway
segments, and connectors are utilized to connect two links. In the VISSIM network, links are
shown in blue and connectors are demonstrated by purple, as shown in the right pictures of
Figures 2.8 and 2.9. The geometric properties of each link were adjusted to be consistent with
the real network. These properties included link length, number of lanes, and lane width.
Moreover, link behavior type was set to be “Freeway” since the studied segment was on an

interstate. In addition, right or left lane-change behavior can be modified for each link to either
permit it or prevent it. Link properties are shown in Figure 2.10.
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Figure 2.8 - Part of the VISSIM network (off-ramp)
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Figure 2.9 - Part of the VISSIM network (on-ramp)
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Figure 2.10 - Link properties
2.4.2  Study Period

In this study, peak hour was from 7:30 AM to 8:30 AM. The off-peak period was from 9:30 AM to
10:30 AM. It is worth mentioning that the morning peak period was chosen instead of the
afternoon peak period because the morning peak period had the most severe conditions.
Compared to the afternoon peak period, the morning peak period had higher volume, as shown
in Figure 2.11.
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Figure 2.11 - Volume distribution

2.4.3 Network Coding

In order to output traffic information from the VISSIM network, data collection points were
added to the network. The locations of the data collection points in VISSIM are the exact
locations of the Regional Integrated Transportation Information System (RITIS) detectors on I-
95. Figure 2.12 shows part of the coded data collection points for each detector. The code
consisted of three parts. The first letter represents whether a lane is GPL (G) or ML (M). The
number beside the letter shows the link number. The four numbers that follow represent the
detector name in the RITIS data. Then, the number in parentheses is the lane ID. For instance,
the lane ID for the rightmost lane is 1.

The information that the VISSIM collected from the data collection points includes the time
when the front of a car reaches the point, the time when the rear of the car leaves the point,
vehicle type, speed, acceleration, etc.
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1 3|G 2763 (1) 3323.987
2 4G 2763 (2) 3323.087
3 5|G 2763 (3) 3323.087
4 6|G 2763 (4) 3323.987
5 7|G 2763 (5) 3323.987
6 8|G 2763 (6) 3323.087
7 32/G10 2581 (1) 1139.278
& 33/G10 2581 (2) 1139.600
9 34/G10 2581 (3) 1139877
10 35/G10 2581 (4) 1140.199
11 36/G12 2876 (1) 1455914
12 37/G12 2876 (2) 1457.254
13 38 G12 2876 (3) 1456041
14 39/G12 2876 (4) 1457381
15 51G12 2876 (5) 1457.214
16 40/G15 2877 (1) 401,932
17 41|G15 2877 (2) 402462
18 42|G15 2877 (3) 402,134
19 43|G15 2877 (4) 401,408
20 44/G15 2877 (5) 399,780
21 45/G16 3042 (1) 2226.746
22 46/G16 3042 (2) 2227.757
23 47|G16 3042 (3) 2227.927
24 48/G16 3042 (4) 2226830
25 9|G2 3088 (1) 1422.000
26 10/G2 3088 (2) 1422.000
27 11 G2 3088 (3) 1422000
28 13/G3 2826(1) 1982303
29 14/G3 2826(2) 1981.677
30 15/G3 2826(3) 1984115
31 16/G3 2826(4) 1981157
32 17/G3 2826(5) 1982.690
33 22/G6 3136 (1) 1395915
34 23/G6 3136 (2) 1392919
35 24/G6 3136 (3) 1391757
36 25/G6 3136 (4) 1393101
37 26/G6 3136 (5) 1390.106
38 27/GB 3150 (1) 1896144
39 28 GB 3150 (2) 1896.262
40 20/G8 3150 (3) 1896.617
41 30/G8 3150 (4) 1897.089
42 31 GB 3150 (5) 1895363
43 1|M1 3034 (1) 703328
44 2|M1 3034 (2) 703328
45 49/M2 2825 (1) 136,729
46 50/M2 2825 (2) 136,500

Figure 2.12 - Data collection points in VISSIM

2.4.4  Trdffic Data Input

The traffic data input of the VISSIM network were based on the four Wednesdays in April 2016
to exclude random fluctuations. The locations of RITIS detectors in the study area are shown in
Figure 2.13. The RITIS detectors provided detailed traffic information at 20-second intervals for
each lane, including average time, mean speed, volume, and lane occupancy. In the RITIS data, if
the percentage of the missing data for any detector was higher than 10%, these detectors were
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excluded from further analyses. The traffic data were aggregated to obtain VISSIM traffic input
data at a 15-minute time interval.

Figure 2.13 - RITIS detectors on the I-95 in Miami-Dade

2.4.5 Vehicle Classes

Three classes of vehicles were utilized in this simulation: passenger cars (PCs), heavy goods
vehicles (HGVs), and carpools. According to the FDOT (24), the percentage of HGVs is 5%.
Meanwhile, according to the 2015 U.S. Census American Community Surveys (ACS) for Miami-
Dade (25), the percentage of carpools is 10%. Considering carpool percentage in this study was
important as the policy of the FDOT is that carpools are allowed to use the MLs without paying
tolls (26).

2.4.6 Vehicle Composition

There are four types of vehicle composition in this study. The first type is vehicles that start from
the beginning of the network and might have the choice to use the MLs. The second type is
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vehicles that start from the on-ramps and might have the choice to use the MLs. The third type
is vehicles that start from the on-ramps located downstream of the access zones and cannot

enter the MLs. The fourth group is vehicles that start from the beginning of the network and do
not have the choice to use the MLs because they exit the network upstream of the access zone.

2.4.6.1 Type 1 (Beginning)

Type 1 refers to vehicles that come from the beginning of the network, which is located
upstream of the start of the MLs. This type of vehicle might have a choice between the GPLs and
the MLs. There are five groups in this type. The first group is the vehicles that start from the
beginning and use GPLs to exit off-ramps without reaching the end of the network. The second
group is the vehicles that have a choice between the MLs or GPLs and reach the end of the
network. The third group is the vehicles that use the first MLs egress to exit the network using
the off-ramps, which are located downstream of the egress. The fourth group is the vehicles
that use the second MLs egress and head to the off-ramps downstream of the second egress.
The fifth group is the vehicles that use the third MLs egress to the off-ramps. The percentages of
vehicles in all groups are shown in Table 2.3. These percentages were calculated and organized
based on the field traffic volume (RITIS data), U.S. Census data, and FDOT data.
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Table 2.3 - Type 1 vehicle composition

No Access Zones

One Access Zone

Two Access Zones

Three Access Zones

PCs Carpools HGVs | PCs Carpools HGVs | PCs Carpools HGVs | PCs Carpools HGVs
Group 1 | 55% 6% 3% | 47% 5% 2% | 45% 5% 2% | 43% 5% 2%
Group 2 | 30% 4% 2% | 30% 4% 2% | 30% 4% 2% | 30% 4% 2%
Group3 | - - - 8% 1% 1% | 6% 0.6% 0.6% | 4% 0.4% 0.4%
Group4 | - - - - - - 4% 0.4% 0.4% | 4% 0.3% 0.3%
Group 5 - - - - - - - - - 4% 0.3% 0.3%
Total | 85% 10% 5% | 85% 10% 5% | 85% 10% 5% | 85% 10% 5%
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2.4.6.2 Type 2 (On-ramps)

Type 2 includes vehicles that come from on-ramps and have the choice between GPLs and MLs.
Vehicles enter MLs through the access zones. The percentages of vehicles are based on the
traffic volume of vehicles that start from the on-ramps and exit the off-ramps. Vehicles are
divided into three groups. The first group consists of the vehicles that start from the on-ramp
using the GPLs and exit the network using the off-ramps, and these vehicles do not reach the
end of the network. The second group is the vehicles that start from the on-ramps, use the MLs,
and exit the network using the off-ramps. The third group includes the vehicles that reach the
end of the network and have the choice to use the GPLs or the MLs utilizing the access zones.
Table 2.4 shows the percentages of PCs, carpools, and HGVs for each group.

Table 2.4 - Type 2 vehicle composition

First Group Second Group Third Group
On-Ramp
D PCs Carpools HGVs | PCs Carpools HGVs | PCs Carpools HGVs
1* 31% 3.6% 1.8% | 51% 6% 3% 3% 0.4% 0.2%
2 28% 3.6% 1.8% | 54% 6% 3% 3% 0.4% 0.2%
3 23% 2.7% 1.8% | 60% 7% 3% 3% 0.3% 0.2%
4 20% 2.7% 1.8% | 63% 7% 3% 2% 0.3% 0.2%
5 13% 2.7% 1.8% | 71% 7% 3% 1% 0.3% 0.2%
6 10% 1.8% 0.9% | 74% 8% 4% 1% 0.2% 0.1%
7* 7% 1.8% 0.9% | 77% 8% 4% 1% 0.2% 0.1%

* is the first on-ramp that is downstream from the beginning of the network

# is the seventh on-ramp that is downstream from the beginning of the network

2.4.6.3 Type 3 (Other)

In the third case, the vehicles use the GPLs from the on-ramps downstream from the access
zones and are unable to access the MLs. In this case, the percentages are 85%, 10%, and 5% for
PCs, carpools, and HGVs, respectively. An example of the vehicle composition for the base case
is shown in Figure 2.14.
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Vehicle Compaositions / Relative Flows (2)

Select layout... - jl' L x :.; 240t a Relative flows - }‘ + x 2L Et a
Coun| Mo | Mame Count: 3| VehType DesSpeedDistr  RelFlow
1]  1{begining 1/100: Car E 100: 100 km/h 0.850
2| 2|others 2|1200: HGV 100: 100 km/h 0.050
3|650: Carpool 100: 100 km/h 0.100

Figure 2.14 - Vehicle composition for the base case in VISSIM

2.4.7 Desired Speed Distribution

The desired speed distribution (DSD) is the distribution of speed when the vehicles’ speed is not
affected by other vehicles or network obstacles (27). The DSD has to be input in VISSIM for
different types of vehicles (i.e., PCs, carpools, and HGVs). The off-peak speed values were
employed for generating the DSD in VISSIM. It is worth mentioning that the off-peak period was
chosen because of the low possibility for a vehicle to be constrained by other vehicles. Thus, in
the off-peak period, vehicles were more likely to travel at their desired speed.

In the case of PCs or carpools, their speed distributions were the same and were divided into
four groups. The groups were determined depending on the speed percentile for the RITIS
speed data. First, the speed data was sorted according to the 50" percentile. Subsequently, four
groups were defined, and the DSDs in each group had similar 50" percentile speed. Among the
four groups, two groups were dedicated to the GPLs and the other two were dedicated to the
MLs.

The DSDs of the HGVs were conducted from the speed distributions of PCs and carpools.
Johnson and Murray (28) concluded that the average speed difference between cars and trucks
was 8.1 mile per hour. The HGV percentage is 5%. Suppose x is the speed of PCs or carpools,
then the speed for HGV is equal to (x-8.1), the average speed is y, which is provided by RITIS,
and

Y = 095 x PC + 0.05 x (PC — 8.1) (1)

From the equation, the speed of the PC or carpools was about (y+0.5), and the truck speed was
about (y-7.6). By shifting the total desired speed distribution by 0.5 mph to the right, PC speed
distributions can be gained. Also, by shifting the total DSD for all vehicles by 7.6 mph to the
left, HGV speed distributions can be gained. The desired speed distribution for each group for
the PCs and the HGVs are represented in Figures 2.15 and 2.16, respectively.
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Figure 2.15 - Desired speed distributions for PCs
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Figure 2.16 - Desired speed distribution for HGVs
2.4.8 Dynamic Toll Pricing
2.4.8.1 Decision Model

The VISSIM software applies a logit model to calculate the probability of a driver deciding to use
the MLs. The utility function and the logit model equation is shown as follows:

Utoll = Cost coefficient X Toll rate + Time coefficient X Time gain + Base Utility (2)
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P o 1_|_ eaxutoll (3)

on =1
The base utility depends on the vehicle class, and zero is the default of the software. The time
and cost coefficients were calculated from the value of time (VOT). The ratio of the cost
coefficient and the time coefficient was utilized to define the VOT as shown in the following
equation.

VOT = Line (g hr)
cost (4)

In this study, the VOT was assumed to be $8.67 per hour based on the result of a multinomial
logit model conducted by Jin et al. (29). The time coefficient was assumed to be one minute, and
the cost coefficient was -0.14 ($8.67/60) for all types of vehicles that use the MLs. The negative
sign of the cost coefficient means MLs utility increases with the decrease of the tolls. Figure 2.17
shows the decision model parameters in VISSIM.

Managed Lanes Facilities / Decision Models By Vehicle Class
Select layout... - 4" L x tr‘ %" i' a T % = }' + :
Coun| Mo | Mame UpdInt | Logith | CostCoeffDef | TmCoeffDef  BaseUtilDef Count: 3| VehClass CostCoeff | TmCoeff | Baseltil
1 1ML 900 0.05000 -0.14 1.00 0.0 1/100: End -0.14 1.00 0.00
2|110: End HGV -0.14 1.00 0.00
3/120: Carpool -0.14 1.00 0.00

Figure 2.17 - Decision model in VISSIM

2.4.8.2 Linear Regression Model

According to the historical field toll prices, the research team found that the toll price was not
fixed, but changeable according to the traffic condition. Hence, a linear regression model was
utilized to determine the dynamic toll pricing in the MLs depending on the time saved by using
the MLs and the average speed in the MLs. The data for model estimation were collected from
the field dynamic toll pricings for the same days that were used in collecting the traffic inputs.
The data were collected from the FDOT for District 6. The linear regression results and the
model performance are shown in Table 2.5. The adjusted R-squared value for the model was
0.86, which indicates that the estimated model can be employed for accurately determining the
dynamic toll pricing depending on the speed at the MLs and the time saved by using the MLs.
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Table 2.5 - Linear regression model results

Variable Para-meter Standard Error t Value Pr> |t]
Estimate
Intercept -0.375 0.148 -2.540 0.012
(Speed at MLs - 65.46*)? 0.026 0.005 4.990 <.0001
Time saved 1.008 0.031 31.78 <.0001
Interaction term -0.003 0.001 -2.960 0.004
Model performance
Root MSE 1.361
Dependent Mean 3.193
Coefficient of Variance 42.613
R-Square 0.864

* 65.46 is the average speed of the MLs for the four studied days.

2.4.8.3 Dynamic Toll Pricing

Depending on the linear regression model results, different cases were put into the toll pricing
of the MLs in VISSIM. Figure 2.18 and Table 2.6 shows part of the dynamic toll pricing in VISSIM.
The cases are mainly affected by two components: first, the time saved by using the MLs, which
varied from 0 to 8.5 minutes; and second, the speed in the MLs, which was between 30 mph and
73.5 mph. The dynamic toll prices varied between a minimum value of $0.50 and a maximum

value of $10.50.
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Figure 2.18 - Inputting dynamic toll pricing into VISSIM

Table 2.6 - Part of the dynamic toll pricing

Travel time saved

Managed lane
speed

Toll

orice Travel time saved

Managed lane
speed

Toll
price
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From To From To ($) From To From To ($)

0 0.1 59.50  71.99 0.5 0.1 0.2 58.50  58.99 1.00
0.1 0.2 60 71.49 0.5 0.2 0.3 58.50  59.49 1.00
0.2 0.3 60 71.49 0.5 0.3 0.4 59 59.49 1.00
0.3 0.4 60.50  70.99 0.5 0.4 0.5 59 59.99 1.00
0.4 0.5 61 70.49 0.5 0.5 0.6 59.50 59.9 1.00
0.5 0.6 61 69.99 0.5 0.6 0.7 59.50  60.49 1.00
0.6 0.7 61.50  69.49 0.5 0.7 0.8 60 60.99 1.00
0.7 0.8 62 68.99 0.5 0.8 0.9 60.50  61.49 1.00
0.8 0.9 63 68.49 0.5 0.9 1.0 60.50  61.99 1.00
0.9 1.0 63.50  67.49 0.5 1.0 1.5 61 62.49 1.00

0 0.1 59 59.49 0.75 0.1 72.50  73.49 1.00
0.1 0.2 59 59.99 0.75 0.1 57.50  57.49 1.25
0.2 0.3 59.50  59.99 0.75 0 1.5 57.50  57.99 1.25
0.3 0.4 59.50  60.49 0.75 0.1 0.2 58 58.49 1.25
0.4 0.5 60 60.99 0.75 0.2 0.3 58 58.49 1.25
0.5 0.6 60 60.99 0.75 0.3 0.4 58 58.99 1.25
0.6 0.7 60.50  61.49 0.75 0.4 0.5 58.50  58.99 1.25
0.7 0.8 61 61.99 0.75 0.5 0.6 58.50  59.49 1.25
0.8 0.9 61.50  62.99 0.75 0.6 0.7 59 59.49 1.25
0.9 1.0 62 63.49 0.75 0.7 0.8 59 59.99 1.25
1.0 1.5 62.50  68.99 0.75 0.8 0.9 59.50  60.49 1.25
0.9 1.0 67.50  68.49 0.75 0.9 1.0 59.50  60.49 1.25
0.1 0.2 71.50  72.49 0.75 1.0 1.5 60 60.99 1.25

0 0.1 72 72.49 0.75 1.5 2 62.50  68.99 1.25

0 0.1 58 58.99 1.00 0.5 0.6 56 56.49 1.50

For the access zone cases, the price was decided by the traveled distance on the MLs. For
example, for one access zone, the dynamic toll price for the vehicles that come from the on-

ramps to the ingress or from the beginning to the egress is half of the dynamic toll price for the
vehicles that come from the beginning and reach the end of the network.

2.4.9 Other Parameters

The following section describes the VISSIM parameters and their acceptable ranges employed in

the calibration and validation process. These parameters included the emergency stopping

distance and the lane-change distance. First, the emergency stopping distance is used to define
the last possible location for a vehicle to make a lane change. The emergency stopping distance
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was assigned to all links of the network. The acceptable range of the emergency stopping
distance was defined from 6.5 feet to 23 feet (30). In this study, 20 feet was used for the
diverging segments (off-ramps) of the network to prevent network congestion in the gore areas.
For all other segments, the default value of the emergency stopping distance was used as the
default value, which was equal to 16.5 feet (27, 30). Second, the lane-change distance was
assigned in the network based on the distance from the overhead signs to the off-ramps. In the
case of merging segments (i.e., on-ramps), the lane-change distance was used as the default
value, which was 656 feet. In the case of diverging segments (i.e., off-ramps), the lane-change
distance was the distance at which vehicles start to change lanes upstream from the off-ramps.
The exact value was decided by the location where the overhead signs are located. Figure 2.19
gives two examples: the left figure shows that the lane-change distance is 0.5 miles, and the
right figure shows that the distance is 1 mile.

Source: Google Earth

Figure 2.19 - Lane-change distance on the overhead sign

2.4.10 Calibration and Validation

After construction of the VISSIM network, it is important to calibrate and validate it. The
comparison between the VISSIM simulated traffic and the field traffic was conducted. If the
difference between the two sets of data is significant, the simulation network cannot be utilized
to represent the field network. Therefore, only after the successful calibration and validation of
the simulation network can it be employed for further applications. Traffic volume data were
used for the calibration process of the VISSIM network, and speed data were utilized for the
validation process. A total of 180 minutes (from 7:30 AM to 10:30 AM) of VISSIM data were used
in the calibration and validation process after excluding 30 minutes of warm-up time and 30
minutes of cool-down time.

In order to calibrate the simulation network and to compare field volume and simulated volume,
a method developed by Wisconsin DOT was utilized (31). In this method, the calibration
procedure was done by calculating the Geoffrey E. Havers (GEH) value for the traffic volume of
the simulated network and the field network. The formula for the GEH value is as follows:
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GEH = ﬂ
\/(E +V)/2 )

where E is the traffic volume for the simulated network (vehicle per hour) and V is the traffic
volume at the field network (vehicle per hour). If the value of GEH is less than five, it indicates
that the difference between VISSIM volume and the field volume in a specific location and that
time interval (15 minutes) is acceptable. The VISSIM network is well calibrated when the
percentage of the GEHs that are lower than 5 is higher than 85% for all measurement locations
and for all time intervals (32).

In the case of network validation, the absolute difference between the speed of the simulated
traffic data and the speed of the field traffic data was calculated. The VISSIM network is well
validated when the absolute speed difference is lower than 5 mph for 85% of the measurement
locations and for all time intervals (33).

In order to confirm the calibration and validation results, ten simulation runs with various
random seeds were utilized. Calibration and validation results for each simulation run are shown
in Tables 2.7 and 2.8, respectively. For the calibration process, the average GEH was 2.39 and
the average percentage of GEHs that were less than 5 was 91.08%. For the validation process,
the average absolute speed difference was 1.9 mph, and the average percentage of absolute
speed differences that are less than 5 was 95.56%. Consequently, the VISSIM network was
satisfactorily calibrated and validated.

Table 2.7 - Calibration results

Calibration (traffic volume)

Percentage Average
Run number Good (GEH<5) All of GEHg
acceptance
1 123 132 93.1% 23
2 124 132 93.9% 2.29
3 118 132 89.4% 2.32
4 114 132 86.4% 2.71
5 117 132 88.6% 2.62
6 123 132 93.2% 2.3
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7 114 132 86.4% 2.6
8 124 132 93.3% 2.24
9 124 132 93.4% 2.24
10 123 132 93.1% 2.27
Average 120.4 132 91.1% 2.39

Table 2.8 - Validation results

Validation (average speed)

Good Average
Run (absolute All Percentage of absolute
number speed acceptance speed
difference<5) difference
1 126 132 95.4% 1.92
2 126 132 95.45% 1.91
3 127 132 96.2% 1.92
4 126 132 95.45% 1.91
5 127 132 96.2% 1.88
6 127 132 96.2% 1.87
7 126 132 95.45% 1.90
8 125 132 94.7% 1.90
9 125 132 94.4% 1.90
10 127 132 96.2% 1.88
Average 126.2 132 95.56% 1.90

2.5 Results for Safety and Operational Measurements

2.5.1 Results for Safety Measurements

2.5.1.1 Surrogate Safety Assessment Model (SSAM)

The main objective of SSAM can be either to develop the safety performance of the current
roadway designs or for a new strategy before implementation (19). In this study, SSAM was
adopted to determine the conflict frequency, which is highly correlated with the crash
frequency in the field (20). The FHWA defines a conflict as “an observable situation in which two
or more road users approach each other in time and space to such an extent that there is risk of
collision if their movements remain unchanged” (19). Three types of conflicts can be extracted
from SSAM: rear-end, lane-change, and crossing conflicts. The classification of conflicts was
dependent on the conflict angle diagram as shown in Figure 2.20. Two types of conflicts were
used in this report: rear-end and lane-change conflicts. The crossing conflicts were excluded
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from this study since the percentage of crossing conflicts was less than 1%, and crossing crashes
are not likely to happen on freeways.

e
(2]
8, = 85°
@
8 = conflict angle
8, = rear end threshold angle
6, = crossing threshold angle 8,208,

Refer to User Manual for
more detail

8<8,

Figure 2.20 - Conflict angle diagram in SSAM

Ten different simulation runs were carried out for each scenario to eliminate the random
effects. The vehicle trajectory files from VISSIM were imported in SSAM to obtain detailed
information about the conflicts. In each simulation run, there were “virtual” crashes whose TTC
was zero. These observations might lead to the inaccuracy of the simulation models (19).
Consequently, the cases of TTC=0 (crash) were excluded before implementing statistical analysis
calculations.

Eight surrogate measurements were extracted from SSAM to evaluate the safety of the
network: TTC, post-encroachment time (PET), maximum speed (MaxS), difference in vehicle
speeds (DeltaS) deceleration rate (DR), maximum deceleration (MaxD), maximum difference in
vehicle speeds (MaxDeltaS), and conflict angle.

According to FHWA (19), TTC is the minimum time to collision, which is calculated based on the
speed and location of vehicles. The threshold of TTC was set to be 1.5 s. When the TTC is less
than 1.5 s, a conflict happens. PET is the minimum post-encroachment time, which is defined as
the time between two vehicles occupying the same point. The maximum value of PET was
determined to be 5.0 s to identify a conflict. MaxS is the maximum speed for either of the two
vehicles that participated in the conflict. DeltaS and MaxDeltaS are the difference in speed and
the maximum difference in speed, respectively, between the vehicles in the conflict. DR and
MaxD are the initial and the maximum deceleration rate for a vehicle to avoid the conflict with
the other vehicle.
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The descriptive statistics of the surrogate measures are shown in Table 2.9 for both peak and
off-peak conditions. An ANOVA test was carried out to compare the surrogate measures in MLs
and GPLs. The results showed that TTC (estimate=0.095, P-value=0.0003) and PET
(estimate=1.026, P-value<0.0001) were higher in the MLs, which indicated that MLs were safer
than GPLs. Meanwhile, the maximum speed of the two vehicles in the conflict was higher in the
MLs than the GPLs (estimate=14.669, p-value<0.0001). Compared to GPLs, MLs had lower
conflict risk with higher MaxD (estimate=0.892, p-value<0.0001). Another significant result was
that MLs had lower conflict angle than GPLs (estimate=-4.288, p-value<0.0001). The result was
expected since more lane-change maneuver could be observed in GPLs. Additionally, the results
showed no significant difference in Delta$S (estimate=-0.063, p-value=0.8476) between MLs and
GPLs.
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Table 2.9 - Descriptive statistics of the surrogate safety measures

MLs GPLs

'r\\/'ea D Min Max Mean  SD Min Max

TTC (sec) 107 044 008 1.50 1.01 036  0.10 1.50

PET (sec) 240 146  0.10 5.00 1.34 118  0.05 4.90
Maxs (ft/sec) 20'3 320 13.86 3663 |1562 886 138 35.43
Peak DeltaS (ft/sec)  8.26 5.14  0.08 24.46 | 830 517  0.01 26.80
MaxD (ft/sec?) . 102 745 001 |-529 209 800  -0.03
Conflictangle ~ 3.76 629  0.14 43.1 8.62 1081 0 72.18

TTC (sec) 113 039  0.10 1.50 1.02 039 020 1.50

PET (sec) 268 142 0.9 5.00 1.42 114  0.10 4.90

31.4

Offpeak  MaxS (ft/sec) . 284  17.03 3671 |1749 939 162 35.30
DeltaS (ft/sec) 821 2.92  0.06 1791 |8.28 256  0.79 13.92

MaxD (ft/sec?) . 144 725 001 |-521 202 807 005
Conflictangle  3.49 6.07  0.33 38.85 | 7.36 978 0 71.36

In order to compare the surrogate safety measures between the GPLs and the MLs in the whole
segment, a binary logistic regression model was developed. The event has a binary outcome for
each it observation, which is MLs (yi=1) and GPLs (y;=0). The probability of the y; =1 and y; =0 are
pi (yi =1) and 1-pi (yi =0), respectively. The model can be formulated as follows:

yi~ Bernoulli (pi) (6)
In (lf—;i) = Po + Xi=1 Bic * Xk (7)

where y;follows a Bernoulli distribution whose probability of success is p;, S, is the intercept, 5y
is the regression coefficient, and X; denotes the explanatory variables for the k variable (e.g.,
TTC, PET, etc.) and the i observation.

The multicollinearity was tested between variables using the Spearman’s rank test. As the
correlation value increase, it indicates a higher correlation between variables. When the
correlation value is equal to zero, that indicates there is no correlation between variables, and
the highest correlation occurs at the value of 1 (19). The results revealed that there is a
correlation between most of the surrogate measures; only TTC, MaxS, DR, and lane-change
conflict were found to have a low correlation (r<0.3). Hence, these four surrogate measures
were used in the logistic regression model. Figures 2.21 and 2.22 show the frequencies of TTC
and MaxS for MLs and GPLs.
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Figure 2.22 - MaxS chart for GPLs and MLs

The results of the model are shown in Table 2.10. Closer inspection of the table reveals that the
TTC is higher in the MLs, which indicates that MLs are safer than GPLs. Meanwhile, the
maximum speed of the two vehicles in the conflict was significantly higher in MLs. For the case
of conflict type, GPLs had a significantly higher number of lane-change conflicts than MLs.
Hence, the safety surrogate measures were improved in MLs. The area under the receiver
operating characteristic (ROC) value (0.92) indicated that the model provides excellent
discrimination between the two binary outcomes (GPLs and MLs).
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Table 2.10 - Logistic regression model for MLs

Standard Wald
Parameter Estimate Pr > ChiSq
Error Chi-Square
Intercept -9.703 0.683 201.849 <.0001
TTC 2.209 0.204 117.356 <.0001
MaxS 0.419 0.021 427.196 <.0001
Lane-change 4,618 0313 217.259 <.0001

conflict

2.5.1.2 Base Case Results

The base condition is the current situation of the network without access zones. In peak-hour
conditions, the conflict frequency in GPLs is higher than in MLs by 78.64% (66.67% higher for
lane-change conflicts and 85.07% higher for rear-end conflicts). In off-peak-hour conditions, the
conflict frequency in GPLs is higher than in MLs by 54.54% (80.00% higher for lane-change
conflicts and 33.34% higher for rear-end conflicts), as shown in Figure 2.23. When taking the
volume of the GPLs and MLs into account, by dividing the number of conflicts over the total
number of vehicles, it was found that the conflict in GPLs is higher than in MLs by 48% and 11%
in peak and off-peak traffic conditions, as shown in Figure 2.24. This higher conflict frequency in
GPLs than in MLs is because of the lane changing of vehicles near the access zone area in GPLs
that can generate both lane-change and rear-end crashes. Also, the conflict frequency per
vehicle is higher in peak conditions than off-peak conditions by 68% in GPLs and 45% in MLs.
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Figure 2.23 - Conflict frequency for each conflict type in different lanes

Conflict/ 10000 veh

60
31
. 19 17
Peak Off-peak
Traffic condition

70
60
50
40
30
20
10

Conflict/ 10000 veh

B GPLs m MLs

Figure 2.24 - Conflict frequency per vehicle for GPLs and MLs in different conditions

2.5.1.3 Total Conflict Frequency Results

The results from SSAM were used for comparing the safety (conflict frequency and conflict rate)
between the various cases. Figures 2.25 and 2.26 show the comparison of the total conflict
numbers among the various weaving lengths at different traffic conditions. From the safety
point of view, the results depict that the case of one access zone (one ingress and one egress) is
the optimal density for the access zone accessibility cases. Meanwhile, lane-change lengths of
800 and 1,000 feet per lane change have the lowest conflict frequency among all possible
lengths. It is apparent from the figures that the cases of two and three accessibility levels had
higher total conflicts than the cases of one access zone (Cases 1A and 1B). Additionally, Case 1A
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is safer than Case 1B when the access distance is 1,000 feet or higher. Closer inspection of the
two figures summarized that there is a consistent trend between the results in the different
traffic conditions.
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Figure 2.25 - Conflict frequency at peak condition
Conflict frequency (off-peak)
140
> 120
(8]
& 100
>
S 80
i —C— —
+— 60 e O o
o
E 40
@]
O 20
0
600 800 1000 1400 2000
Weaving Length (ft)
=Q==Case 1A ==@=Case 1B Case 2 =@=Case 3

Figure 2.26 - Conflict frequency at off-peak condition

2.5.1.4 Conflict Rate Results

Conflict rate was identified to compare the safety impacts among different scenarios with
various accessibility levels and weaving distances. Conflict rate was calculated for weaving
segments near access zones and from the total number of conflicts over the weaving segment
length.

__ Conflict Frequency in the Weaving Segment

Conflict rate (conflict/100 ft) = Length of the Weaving Segment (8)
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The conflict rate information can be found in Tables 2.11 and 2.12. In general, the results
showed that the conflict rate decreased in the off-peak conditions compared to the peak
conditions. That is because of the higher volume and density on GPLs than MLs. It is worth
mentioning that, as the weaving length increased, the crash rate declined. That also can be
explained by the vehicle having less urgency to make a lane change when the segment length
increased. In most of the records, the weaving segment near the ingress has a higher crash rate
than the egress areas. The accessibility level also affects the conflict rate. The conflict rate
increased with the increase of the accessibility density. For two and three accessibility levels, the
last access zone had a lower conflict rate due to the low volume of vehicles that use the MLs in
the fourth quarter of the network. Hence, the lane-changing behavior deteriorated.

Table 2.11 - Conflict rate for weaving segments near the egress for different conditions
(conflict/100 ft)

Case Case2- Case2- Case3- Case3- Case3-

1A Case 1B First Second First Second Third

Access Access Access Access Access

600 2.84 2.42 2.98 1.90 2.96 3.13 2.43

800 2.17 1.54 2.25 1.37 2.48 2.67 2.38

Peak 1,000 1.64 1.66 2.02 1.17 2.02 2.78 2.25

1,400 1.51 1.80 2.13 2.16 2.09 2.95 2.54

2,000 1.48 1.54 2.06 1.78 1.49 2.64 2.33

600 0.53 0.42 0.68 0.29 0.44 0.54 0.40

800 0.37 0.28 0.55 0.17 0.47 0.33 0.46

Off- 1,000 0.31 0.33 0.42 0.12 0.35 0.38 0.30
peak

1,400 0.25 0.35 0.32 0.54 0.31 0.43 0.56

2,000 0.28 0.27 0.25 0.41 0.21 0.39 0.44
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Table 2.12 - Conflict rate for weaving segments near the ingress for different conditions
(conflict/100 ft)

Case2- Case2- Case3- Case3- Case3-
Case 1A Case 1B First Second First Second Third
Access Access Access Access Access

600 2.38 1.74 2.34 1.73 3.87 4.08 1.74

800 1.63 1.47 1.83 1.39 3.57 3.44 1.13

Peak 1,000 1.35 1.56 1.61 1.25 3.33 3.20 0.92
1,400 1.47 1.51 2.56 1.22 3.52 3.77 0.81

2,000 1.00 1.42 1.66 1.14 2.82 3.24 0.63

600 0.39 0.30 0.61 0.27 0.57 0.70 0.54

800 0.32 0.24 0.40 0.19 0.54 0.56 0.45

pOef;( 1,000 0.28 0.25 0.29 0.10 0.43 0.47 0.30
1,400 0.30 0.20 0.39 0.12 0.37 0.46 0.43

2,000 0.27 0.18 0.32 0.17 0.33 0.49 0.13

Figures 2.27 and 2.28 show the conflict rate for the first accessibility level when the egress
upstream from the ingress (Case 1A) at the segments near the access zones in both peak and
off-peak conditions. The charts show that the recommended optimal weaving length is 1,000
feet per lane change for both the ingress and egress cases. It can be noted that the peak and off-
peak results are consistent with respect to the trend of the conflict rate. Similarly, for Case 1B,
the optimal distance was 800 feet, and the conflict rate in the peak condition was higher than
the off-peak case. Thus, it can be concluded that in the case with one access zone when the
ingress is upstream from the egress (Case 1B), 800 feet per lane change is the optimal weaving
distance. in the case with one access zone when the egress is upstream from the ingress (Case
1A), 1,000 feet per lane change is the optimal weaving length from the nearest ramp to the
access zone. Additionally, it can be concluded that, in weaving segments, rear-end conflicts
occurred more frequently than lane-change conflicts.
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For the case with two access zones (two ingresses and two egresses), which are located at the
one-third and two-thirds points of the network, Figure 2.29 shows the weaving segments for the
two accessibility levels. In the figure, L; is the first ingress weaving segment, L, is the first egress
weaving segment, Ls is the second ingress weaving section, and L, is the second egress weaving

segment.

Egress 1 Ingress 1 Egress 2 Ingress 2
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Figure 2.29 - Weaving segments for the two accessibility levels

From the results of the conflict rate, it can be concluded that the suggested optimal weaving
length is 1,000 feet per lane change for the first and second access zones. Consequently, for the
case with two access zones, the recommended minimum distance is 1,000 feet per lane change
for the weaving segments near the access zones. Additionally, in this case, it can be noted that
the conflict rate is high at the first ingress and the second egress when the weaving length is
1,400 feet per lane change, as shown in Figure 2.30.
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Figure 2.30 - Conflict rate for the first ingress and the second egress for Case 2

This situation happened in the case with 1,400 feet per lane change due to the overlapping
between the two weaving segments for the first ingress and the second ingress, which creates a
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high number of conflicts at this area, as shown in Figure 2.31. The overlapping distance between
the two access zones was 0.23 miles (1,200 feet). Hence, a longer lane-change distance does not
result in safer conditions because of the overlapping.
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Figure 2.31 - Overlapping between access zones

Similar experiments were conducted for the case with three access zones. The conflict rate of
the case with three access zones is the highest among all other accessibility levels for the 9-mile
network. Dense access zones would increase the frequency with which vehicles enter and exit
MLs. The frequent lane changes, including diverging and merging, would significantly increase
crash opportunity. Meanwhile, access zones that are too dense also increase the chance that
two adjacent zones will disturb each other. Figure 2.32 shows how conflict rate varies based on
the location of the access zone. For example, the last ingress has the lowest conflict rate
because of the low volume of traffic entering the MLs at the end of the network. Also, it can be
noted that the access zones that overlap had a high conflict rate, especially when the weaving
length was more than 1,000 feet. Overall, it is not recommended to have three access zones in a
9-mile network.
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Figure 2.32 - Comparing total conflict rate for Case 3

In conclusion, Case 1A (one accessibility level and egress located upstream) had a lower conflict
rate than Case 1B (accessibility level 1 and ingress upstream) and the cases with two and three
accessibility levels. The case of three accessibility levels had the highest conflict rate. Moreover,
there was a significantly higher conflict rate when the weaving distance was 600 feet per lane
change than there was for other weaving distances. On the other hand, the weaving length of
1,000 feet per lane change had the lowest conflict rate when compared to other weaving
lengths. Furthermore, in peak traffic conditions, the conflict rate increases by 82% over off-peak
conditions, as shown in Figure 2.33.
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Figure 2.33 - Box plot of the traffic condition for the conflict rate
2.5.1.5 Statistical Modeling

In this step, two statistical modeling were applied to quantify the effect of contributing factors
on conflict rate in the weaving segments including Tobit and Log-linear models. Additionally,
models were used for identifying the optimal accessibility level and weaving length scenarios
that minimized the conflict rate at the studied section.

In the Tobit model, 15 different scenario variables of various access control levels and
configurations were included in the model. The statistical analysis software (SAS 9.4) was used
for generating the model results. The model formulation takes the following form:

(i, ifyi >0
yl‘{o, if y7 <0 (3)

Yi =Bo+ B X+ & (10)

Where y; is the response variable (conflict rate in a weaving segment i); y; is a latent
variable. The observable variable y; becomes equal to y; when the latent variable is above
zero, and becomes zero otherwise. By is the intercept, B, represents the coefficient of the
independent variables; ¢; is a normally distributed error term with a mean equal to 0 and a
variance (a); z represents the different scenarios of various accessibility levels and weaving
lengths for all studied cases; X is the different scenarios in all cases. The result of the model is
shown in Table 2.13.
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Table 2.13 - Tobit model for the conflict rate

Parameter Estimate Standard Error t-value p-value
Intercept 2.285 0.5848 3.91 <.0001
Case 1, 1,000 ft Reference

Case 1, 600 ft 1.426 0.4345 3.28 0.001

Case 1, 800 ft 1.043 0.4348 24 0.0164
Case 1, 1,400 ft 0.847 0.4348 1.95 0.0392
Case 1, 2,000 ft 0.956 0.4347 2.2 0.0219
Case 2, 600 ft 1.839 0.4351 4.23 <.0001
Case 2, 800 ft 1.474 0.4349 3.39 0.0007
Case 2, 1,000 ft 1.306 0.4348 3.01 0.0027
Case 2, 1,400 ft 1.562 0.4347 3.6 0.0003
Case 2, 2,000 ft 1.482 0.4344 341 0.0006
Case 3, 600 ft 3.167 0.4347 7.29 <.0001
Case 3, 800 ft 2.081 0.4349 4.79 <.0001
Case 3, 1,000 ft 1.613 0.4345 3.71 0.0002
Case 3, 1,400 ft 3.073 0.4347 7.07 <.0001
Case 3, 2,000 ft 1.873 0.4348 431 <.0001
AlC 145.813

Log Likelihood -55.906

R-squared = 1-(LL (B)/LL (0)) 0.18

The results of the Tobit model revealed that one accessibility level case had a significantly lower
conflict frequency than the cases of two and three accessibility levels. Hence, safety analysis
showed that one access zone is the optimal level of accessibility in a 9-mile network. It can also
be inferred from the model results that 1,000 feet per lane change is the safest weaving length
design from the ramps to the access zones.

Additionally, a log-linear model was developed in this study for exploring the interrelationships
among the categorical variables. The model was used for identifying the safest access zone
design that minimized traffic conflicts at the studied section. Hence, the log linear model was
formulated from three variables (x = weaving length, y = accessibility level, and z = traffic
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condition) and two-way interactions. The statistical analysis software (SAS 9.4) was used for
generating the model results utilizing CATMOD procedure. The model formulation is shown as
follows:

Log myje = a+ AF + A7 + A5+ A7) + X0 + A (11)

Where Log m;j; is the log of the expected frequency when j, j, and k are the categories
of x, y, and z; a is the overall effect; A is the effect due to the ith level of the weaving length; A}’
is the effect due to the jth level of the accessibility level ;A is the kth level of the traffic
condition ;Aij is the interaction of the weaving length at the ith level and the accessibility level

at the jth level; 47,7 is the interaction of the accessibility level at the jth level and the traffic

condition at the kth level ; A7 is the interaction of the weaving length at the ith level and the
traffic condition at the kth level.

The likelihood ratio (G2) was used to test the acceptance of the model. The lower value
of G2and higher p-value (>0.05) indicate better model (the model fits the relationship among
the studied variables). The likelihood ratio (G?=13.279, d.f.=14, p-value=0.1026), as computed
from the following formula, implies that the model of two-way interactions was fitted well.
Hence, the model can be used to investigate the association between the three categorical
variables using the odds multipliers.

The odds multipliers represent the probability of the occurrence of an event relative to
another event. It can be calculated from equation (11) for main and interaction effects.
Equations (12) shows the odds multipliers calculation for an event of x=/, y=j, and z=k to the
event of x=i, y=1, and z=k. Similarly, equation (13) was formulated when x=i, y=j, z=k instead of
z=1. The results of the model are shown in Table 2.14.

T = expl(4) - A7) + (27 -2 ) + (W - A%)] (12)
Mijk
= exp[(Af — D) + (A~ A7) + (47 = 7)) (13)

Table 2.14 - Comparison of odds multipliers of conflict frequency between various cases
(numbers between parentheses are the 90% confidence interval)

Weaving Length

(Ft) 600 800 1,000 1,400 2,000

Weaving length x Accessibility level:
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Casel 0.619 0.604 0.553 0.569 0.593
(0.611-0.628)  (0.596-0.615)  (0.545-0.561)  (0.563-0.576)  (0.589-0.602)

Case 2 0.920 0.897 0.871 0.989 0.918
(0.911-0.930) (0.887-0.908)  (0.860-0.881)  (0.980-0.998)  (0.914-0.922)

Case 3* 1 1 1 1 1

Weaving length x Traffic period:

0.341 0.321 0.292 0.329 0.334
Off-peak
(0.338-0.345)  (0.318-0.324)  (0.288-0.297) (0.326-0.333)  (0.331-0.338)
Peak* 1 1 1 1 1

Note: The odds multiplier more or less than 1 implies higher or lower likelihood of conflict
frequency, respectively, than the baseline. *
Base condition

The results of the log-linear model were consistent with the results of the Tobit model.
In the log-linear model, the odds multiplier was used for describing the conflict frequency for
various scenarios. The first part of the table (Weaving length x Accessibility level) shows the
effect of the various weaving lengths on the odds of the accessibility level to the baseline (Case
3). The model results revealed that, one accessibility level case had the lowest odds than both
two and three access zones cases. One access zone is the safest level of accessibility in a 9-mile
network. Therefore, it can be concluded that the average distance between access zones should
not be less than 4.5 miles. This result confirmed the latest guidelines of implementing MLs by
NCHRP (10) which recommended that spacing between access zones should be designed at 3 to
5 miles. This range was suggested in order to provide safe weaving length between access
zones, and to leave sufficient space for signage (10). Additionally, from the second part of Table
1.14 (Weaving length x Traffic condition), it is apparent that the odds multipliers at the off-peak
condition are lower than the peak condition. Hence, drivers tend to have lower conflicts in the
off-peak conditions than peak conditions.

Furthermore, the results of the table revealed that the weaving length of 1,000 feet per
lane change had significant lower odds (2=0.10) compared to all other lengths. Therefore, it can
be inferred from the results that the weaving length of 1,000 ft per lane change is the safest
access design and it can be used to guarantee a safe lane maneuver from the ramps to the
access zones. The result of the weaving distance was confirmed by the findings of the
Washington State Department of Transportation (WSDOT) (21). Lastly, from the results, the
most dangerous cases, with higher odds multipliers, occurred when the weaving length was 600
feet per lane change. This outcome supports the findings from the California Department of
Transportation (Caltrans), which recommends a minimum distance of 800 feet per lane change
(15).
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2.5.2  Results for Operational Measurements

The traffic operation measurements and revenue were analyzed to assess the operational
effects of access control level of the MLs. The evaluation measures for traffic operation included
the level of service (LOS), travel speed, time efficiency (time saved by using the MLs), average
delay, and revenue.

2.5.2.1 Level of Service (LOS)

LOS is a measurement of the smooth traffic flow in the network. The analysis of LOS was
determined based on the methodology identified in Chapter 10 “Freeway Facilities” of the
Highway Capacity Manual (HCM) 2010. In this method, the lane density for both GPLs and MLs
was used to define the LOS thresholds, as shown in Table 2.15 (3, 34).

Table 2.15 - Level of service from density

Level of Service Density (pc/mi/In)
A <11
B >11-18
C >18-26
D >26-35
E >35-45
E >45 or

Any component v/c ratio > 1.00

Source: HCM 2010 (34)

Table 2.16 shows the density of the GPLs and MLs for all cases, while Table 2.17 represents the
corresponding LOS for all the cases. For the base condition case, the LOS for MLs (B) was better
than that of GPLs (C) for the peak period; similarly, in the off-peak conditions, the LOS was
better in MLs (A) than in GPLs (B). The LOS in MLs is better than GPLs due to the lower density in
MLs and then improving the traffic flow. When comparing LOS for all cases, it was observed that
the case of one accessibility level had better LOS and density than the cases of two or three
access zones. The most striking results to emerge from the data is that, for the case of one
access zone, the LOS improved when the weaving segment length is 1,000 feet or more per lane
change.

Table 2.16 - Density for all cases

Case 1A Case 1B Case 2 Case 3

GPLs MLs GPLs MLs GPLs MLs GPLs MLs

Base 18.83 1331 18.83 1331 1883 13.31 1883 1331
600 27.15 16.09 26.28 16.92 28.69 21.73 3471 21.44

Peak
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800 26.15 1757 27.21 1589 2735 21.55 3244 1942

1,000 24.83 16,57 2537 1751 25.00 19.83 28.69 20.33

1,400 2253 1469 2354 15.64 25.17 2046 29.82 21.43

2,000 24.03 1515 2331 1556 2491 19.64 28.98 21.25

Base 14.28 9.36 14.28 9.36 14.28 9.36 14.28 9.36

600 19.53 12.82 19.84 14.23 2139 1535 22,69 16.77

Off- 800 1955 11.67 18.47 11.19 20.87 13.44 2474 16.75
peak 1,000 17.77 10.97 1799 10.80 19.03 13.03 2345 16.93
1,400 1750 10.88 17.91 10.22 2185 13.88 23.24 15.65

2,000 17.05 10.24 1753 10.10 2197 1203 2199 15.63
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Table 2.17 - Level of service for all cases

Case 1A Case 1B Case 2 Case 3
GPLs MLs GPLs MLs GPLs MLs GPLs MLs
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2.5.2.2 Average Travel Speed

Average travel speed is one of the measurements of effectiveness that was used to evaluate the
performance of the network and used for comparing the average travel speeds between
different cases in the system. For the base case condition, it can be observed from Figure 2.34
that travel average speed increases dramatically in the MLs in both peak and off-peak conditions
by 12.4% and 8.1%, respectively.
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Figure 2.34 - Travel speed of GPLs and MLs in different traffic conditions

The results of travel speed for all cases are shown in Table 2.18. The results are for one hour
operating speed for the peak and the off-peak conditions. What stands out in the table is that
the average speed in MLs is higher than the GPLs. The highest speed occurred in the case of one
accessibility level in both peak and off-peak conditions. Figure 2.35 presents the comparison
between travel speed in Case 1A between GPLs and MLs in different traffic conditions. Closer
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inspection of the figure shows that travel speed was the highest in the MLs (67 mph) in the off-
peak conditions. A weaving length of 1,000 feet showed the highest speed among all other
weaving distances, followed by the more top weaving lengths of 1,400 and 2,000 feet.

Table 2.18 - Travel speed for all scenarios (mph)

Case 1A Case 1B Case 2 Case 3
GPL ML GPL ML GPL ML GPL ML
Base 58.69 67.00 58.69 67.00 58.69 67.00 58.69 67.00
600 55.37 64.58 54.55 63.80 51.12 62.24 50.64 59.81
800 57.80 65.61 56.62 63.66 52.19 62.27 51.14 59.18
Peak
1,000 57.16 66.77 55.66 64.73 53.19 62.29 51.60 59.64
1,400 56.99 66.70 56.03 64.73 54.09 63.53 53.30 60.49
2,000 57.52 66.73 56.71 65.60 54.07 63.54 53.57 62.76
Base 62.94 68.50 62.94 68.50 62.94 68.50 62.94 68.50
600 60.30 66.41 59.84 65.41 59.58 65.22 58.10 63.32
Off- 800 60.36 66.56 59.81 65.63 59.60 64.87 58.95 63.37
peak 1 900 61.74  67.73 60.14  66.63 59.62 65.80 58.82 63.34
1,400 61.36 67.27 60.86 66.96 59.36 64.56 58.39 63.56
2,000 61.15 67.50 60.94 66.35 59.59 65.69 59.76 63.55
Case 1A
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Figure 2.35 - Comparing average speed among one access zone cases

2.5.2.3 Average Delay

The average delay of all vehicles can be measured by subtracting the theoretical travel time
from the actual travel time (27). The theoretical travel time is the free flow travel time. The
delay measurements were defined in VISSIM by adding vehicle travel time measurements in the
network as shown in Figure 2.36. The results showed that for the base case, average delay
improved in the MLs markedly by 48% and 41% than GPLs for the peak and the off-peak traffic

conditions, respectively, as shown in Figure 2.37.
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Figure 2.36 - Delay measurements in VISSIM
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Figure 2.37 - Average delay for the base case
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When comparing the delay for the whole network, as shown in Table 2.19, it can be observed
that there is a clear trend of average delay declining in the case of one access zone (Case 1A).
Also, the lowest delay occurred in the cases of weaving distance of 1,000 feet. Closer inspection
of the average delay in Case 1A, as shown in Figure 2.38, it is apparent that the minimum delay
happened when the weaving distance was 1,000 feet. In general, the average delay improved in
the MLs than the GPLs. The weaving distance of 1,000 feet is the common recommendation
among other studied distances.
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Table 2.19 - Average delay for all cases (sec/veh)

Case 1A Case 1B Case 2 Case 3
GPL ML GPL ML GPL ML GPL ML
Base 21.86 11.50 21.86 11.50 21.86 11.50 21.86 11.50
600 24.20 17.00 26.30 18.70 28.14 20.62 29.50 23.48
} 800 23.65 15.40 25.90 17.19 26.65 20.00 29.43 22.00
Pea
1,000 23.05 13.89 25.40 15.83 25.70 19.00 28.17 20.35
1,400 23.14 14.06 25.76 15.64 26.30 19.31 28.58 20.58
2,000 23.11 14.03 25.38 15.48 25.90 17.53 28.30 20.11
Base 14.44 8.45 14.44 8.45 14.44 8.45 14.44 8.45
600 16.70 12.09 16.90 14.21 17.50 15.14 18.50 16.71
Off- 800 15.50 11.45 16.46 13.30 16.50 14.45 19.25 16.45
peak 1,000 15.15 10.51 15.95 12.83 16.52 14.45 18.37 15.59
1,400 15.49 10.93 16.12 12.57 16.95 14.75 19.03 15.46
2,000 15.11 10.68 15.97 12.17 16.60 14.48 18.23 15.66
Average delay for Case 1A at peak condition
30.00
g 25.00 24.20 23.65 23.05 23.14 23.11
2
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2.5.2.4 Time Efficiency

Figure 2.38 - Average delay for Case 1A

Time efficiency was one of the effectiveness measurements that was used to evaluate the
performance of the network for various scenarios. Time efficiency can be explained by the time
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saved by using MLs. Table 2.20 presents the time efficiency for different cases. The results
showed that time efficiency improved in the case of 1A. With respect to weaving length, from
the following bar chart in Figure 2.39, it can be concluded that a weaving length of 1,000 is the
optimal distance as it can generate maximum time efficiency at both peak and off-peak traffic
conditions.

Table 2.20 - Time efficiency for all cases (sec)

Case 1A Case 1B Case 2 Case 3
Base 64 64 64 64
600 53 43 43 36
Peak 800 56 45 41 42
1,000 59 46 36 44
1,400 56 50 47 45
2,000 57 43 52 52
Base 55 55 55 55
600 47 43 46 38
800 48 45 41 44
Off-peak 1,000 51 46 42 45
1,400 48 46 42 41
2,000 49 45 48 47
Time efficiency for Case 1A
70.00
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60.00 5300 55.62 55.40 56.50
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Figure 2.39 - Time efficiency for Case 1A

2.5.2.5 Revenue

The toll pricing of the MLs is one of the main strategies for traffic demand management and for
producing revenue. The revenue was calculated, as mentioned before, based on the dynamic
toll pricing models, which depend on the speed of the MLs and the time saved by using the MLs
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(time efficiency). The revenue is higher in the peak hour condition than the off-peak condition
by 30%. That can be explained by the higher volume and time efficiency in the peak case.

Table 2.21 shows the revenue of the dynamic toll for all cases. What stands out in the table is
that all cases showed higher revenue than the base case with a 30%-65% increase depending on
the scenario. For example, the revenue generated from the case of one access zone has about
50% higher than the base case. Case 2 showed the highest revenue for all weaving length cases.
The revenue peaks in Case 2 with 1,000 feet weaving length by $2,094 per hour along the
network. Contrary to the expected outcome, the case of two access zones was found to have
more revenue than the case of three access zones. A possible explanation for this might be due
to the location of the access zones. For example, a small number of vehicles use the third access
zone because it is near to the end of the network. On the other hand, in the case of two access
zones, vehicles use the two access zones and pay two-thirds of the toll in the first access and pay
one-third of the toll in the second access zone. Furthermore, it is apparent from the table that
revenue is always higher in the peak conditions than the off-peak due to the higher volume in
MLs and higher time efficiency. Hence, from the revenue perspective, two access zones case
was found to be the optimal case for maximizing the revenue. Moreover, among the weaving
lengths cases, the case of 1,000 feet per lane change creates the maximum revenue for both
traffic condition cases.

Table 2.21 - Revenue for all scenarios ($/hr)

Case 1A Case 1B Case 2 Case 3

base 820 820 820 820
600 1,555 1,219 1,881 1,861
800 1,610 1,200 2,029 1,948

peak

1,000 1,588 1,223 2,094 1,864

1,400 1,519 1,293 1,902 1,863
2,000 1,600 1,217 2,031 1,891

base 580 580 580 580
600 1,245 956 1,310 1,380
800 1,241 1,010 1,394 1,297

Off-peak

1,000 1,236 1,005 1,398 1,341
1,400 1,246 963 1,420 1,338
2,000 1,230 957 1,292 1,282

2.5.2.6 Statistical Modeling

Four linear regression models were developed for predicting the factors that affect the traffic
operations in the studied network (i.e., average speed, average delay, time efficiency, revenue).
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A significance level of P<0.05 was set as a criterion. The linear regression can be represented by
the following formula:

Y = By + B1 (Lane type) + B, (Traf fic condition) + B;; X;j + € (14)

Where y is the dependent variable, for example, speed, average delay; 3, is the intercept, 3 ,
B ,and B;; represent the coefficients of the parameters. The independent variables in the
model are the lane type (0 for MLs and 1 for GPLs), traffic condition (0 for off-peak condition
and 1 for peak condition), and the different scenarios of accessibility level i and the weaving
distance j for all available cases (Xij). Also, the disturbance term is represented by ¢. Table 2.22
shows the four linear regression models for the traffic operational data.
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Table 2.22 - Linear regression of the operational models
Speed (mph) Delay (sec/veh) Time efficiency (sec) Revenue (S/hr)
Parameter Estimate  t-stat Estimate t-stat | Estimate Estimate | Estimate  t-stat
Intercept 56.15 80.66 16.91 19.42 51.01 25.18 1618.48 18.9
GPL -7.27 -24.49 5.63 15.16 All segment All segment
Peak Condition -3.75 -12.63 6.80 18.31 2.03 2.30 436.96 11.69
Case 1A-600 Reference Reference Reference Reference
Case 1A-800 - - - - - - - -
Case 1A-1,000 1.68 1.80 -1.45 -1.97 5.02 1.79 - -
Case 1A-1,400 1.42 1.69 - - - - - -
Case 1A-2,000 1.56 1.71 - - - - - -
Case 1B-600 - - 1.35 1.84 -7.14 -2.5 -312.50 -2.64
Case 1B-800 - - -1.27 -1.73 -5.08 -1.79 -295.25 -2.5
Case 1B-1,000 - - - - - - -286.25 -2.42
Case 1B-1,400 - - 1.24 1.69 - - -272.13 -2.3
Case 1B-2,000 - - - - -6.64 -2.15 -313.25 -2.65
Case 2-600 -2.12 -2.26 2.85 2.43 -5.52 -1.97 245.50 2.08
Case 2-800 -1.93 -2.06 - - -9.33 -3.22 311.12 2.63
Case 2-1,000 - - - - -11.12 -3.98 395.75 3.35
Case 2-1,400 - - 1.82 2.48 -5.52 -1.97 316.6 2.68
Case 2-2,000 - - - - - - - -
Case 3-600 369 -394 4.55 387 | 1325 -4.74 22050  1.87
Case 3-800 350  -3.73 4.28 365 | 687 -2.46 22225  1.88
Case 3-1,000 331 -353 3.12 266 | 575 -2.06 20250  1.71
Case 3-1,400 273 291 3.41 291 | 687 -2.46 20025  1.69
Case 3-2,000 175 -1.87 3.07 2.62 - - - -
MSE (SSE) 1.762 (102.20) 2.75 (160.02) 7.81(148) 8997 (530832)
R-squared 0.91 0.89 0.78 0.91
Coefficient of 2.1 8.80 5.32 6.72

Variance
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The first linear regression model was constructed for modeling the average speed in the studied
network. Four independent variables were used in this model including lane type (GPL, ML),
traffic condition (Peak, off-peak), and the different scenarios of accessibility level and weaving
distance. The model indicated a main effect of the lane type. Vehicles travel at a significantly
higher speed in the MLs than GPLs. Another important finding was that, in off-peak conditions,
there is a significantly higher speed of 3.75 mph, as shown in Figure 2.40. Moreover, the average
travel speed in the network for the one access zone scenarios (Case 1A) is considerably higher
than other cases. For example, the travel speed in the three access zones is lower than Case 1A
by 3.69 mph when the weaving length is 600 feet. The lowest speeds occurred in the case of
three access zones. With respect to the weaving length, travel speed peaks in the case of
weaving length of 1,000 feet compared to all other cases. Another finding is that there is no
significant difference between the travel speed in the case of weaving length of 600 feet and
800 feet when testing one access zone case.

Distribution of Speed
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Figure 2.40 - Relation between travel speed in different traffic conditions

The second linear regression model was developed to explore the factors that affect the average
delay in the whole network. As Table 2.22 Shows, there is a significant difference between the
different lane types. The average delay in GPLs is higher than the MLs by 5.63 sec/veh. The
results showed that there is an association between the average delay and the traffic conditions.
During peak-hour, the average delay is significantly higher than off-peak conditions by 6.8
sec/veh, as shown in the boxplot in Figure 1.41. Also, from the results, vehicles that drove in
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scenarios with one access zone (Case 1A) has a significantly lower delay than other cases.
Meanwhile, the highest average delay occurred in the case of three access zones with 4.54
sec/veh to 3.07 sec/veh higher than the case of one access zone (Case 1A) for the weaving
length of 600 feet to 2,000 feet. Furthermore, the case of weaving length equal to 600 feet
always had a significantly higher delay than other lengths.
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Figure 2.41 - Boxplot of the average delay in different traffic conditions

The third linear regression model was conducted for estimating the factors that influence time
efficiency, as shown before in Table 2.22. For the traffic condition, there is a significantly higher
time efficiency (2.03 sec) in peak hour condition than an off-peak condition, as shown in Figure
2.42. Moreover, the results offer interesting findings that there is a significantly higher time
efficiency in the case of one access zone (Case 1A) than other cases. Weaving length of 600 feet
had the lowest time efficiency compared to other weaving distances.
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Figure 2.42 - Boxplot of time efficiency in different traffic conditions

The fourth linear regression model was developed for predicting the factors that influence the
revenue in the network, as illustrated in Table 1.22. The results showed that revenue is more
likely to increase in the peak hour condition by $437 per hour (Figure 2.43). Revenue in Case 1A
is higher than Case 1B by an average of $303 per hour for all scenarios. There were no significant
differences in the revenue between the various weaving length scenarios in Case 1A. Another
significant finding is that the case of two access zones had the highest revenue and Case 1B had
the lowest revenue among all cases.
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Figure 2.43 - Boxplot of the revenue for different traffic conditions

2.6 Conclusions

On expressways, concerns about traffic safety and operation have been highlighted with a rapid
growth of traffic in urban areas. Managed lanes have been implemented as an important facility
in improving traffic mobility, efficiency, and safety, in addition to generating revenue for
transportation agencies. This study presents the first comprehensive investigation for the access
zones of the MLs. Most of the previous studies of the MLs have only explored safety and
operational impacts of whole ML segments without consideration of the safety and operational
effects of accessibility levels and weaving distance. This research was undertaken to design the
accessibility of the MLs and evaluate the safety and the operation of the sections near access
zones. Hence, in this investigation, the aim was to determine the optimal accessibility level to
maximize system-wide efficiency. The second purpose of the study was for deciding the
sufficient length and the location of the weaving access zones. Microscopic state-of-the-art
traffic simulation technique was developed and applied to achieve the principal objectives of the
research. Extensive data collection was conducted from microsimulation scenarios that included
a 9-mile network of a ML segment on an Interstate (I-95) in South Florida. The network was well
calibrated and validated by comparing the operational measurements for both simulated and
field data.

Subsequently, safety and operational measures of effectiveness were used from the
experiments. For the safety measurements, conflict frequency and conflict rate of the weaving
segments were used to determine the optimal weaving length at the access zones. With respect
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to the operational measures of effectiveness, level of service (LOS), travel speed, time efficiency,
and average delay were used to determine the optimal accessibility level. Additionally, the
revenue was generated to compare the monetary benefits of various strategies. Overall, this
study established a quantitative framework for deciding the accessibility level and density for a
ML section and nearby on- and off-ramps.

This project illustrated the association between the design of access zones in MLs and both the
operational and the safety effectiveness. In general, a logistic regression model was used to
compare the surrogate safety measures (i.e., time-to-collision, the maximum speed at the
conflict, and conflict type) between MLs and GPLs. From the developed logistic regression
model, it was found that MLs were safer since it has higher TTC and lower lane-change conflicts
comparing to GPLs. Moreover, the findings of the study indicated that the conflict frequency per
vehicle on MLs were 48% and 11% lower than that of GPLs in the peak and off-peak traffic
conditions, respectively. One of the most prominent findings from this study was that, under
different traffic conditions, the conclusion of safety and operational measurements were
different. The proposed linear regression models for the operational measurements indicated
that the case of one access zone had a higher speed, a lower delay, and a greater time efficiency
than other levels. Overall, the operational performance deteriorates when accessibility level
increases. Hence, the operational performance results confirmed the results of the safety
analysis that one access zone is the optimal level of accessibility in a 9-mile network. Also, the
level of service (LOS) improved with the smaller number of access zones. When comparing the
case of no access zones and the case of one access zone, it was observed that the LOS was the
same when the access zones length is more than 1,000 feet per lane change. From the monetary
point of view, the highest revenue was created from the two access zones case in the studied
network.

The findings of this research have a number of important implications for future practice or
policy. An implication of these results is that both accessibility level and weaving segment length
should be taken into account when designing the access zones of MLs for expressways. The
findings can contribute to improving the priced MLs based on the fusion of the safety and
operational measurements. The study gives recommendations to the transportation agencies
for improving the mobility and the efficiency of the MLs. This study is consistent with previous
studies that the implementation of MLs improves the mobility and efficiency of the network
besides generating revenue from the dynamic toll (8). The result of the weaving distance is
confirmed by the findings of the Washington State Department of Transportation (WSDOT) (21)
that the recommended weaving length should be 1,000 feet per lane change. For the locations
where ramp density is low, the 1,000 feet per lane change might be the minimum. But for
locations where ramp density is high, the longer distance might result in plenty of ramp traffic
involves in the entering or exiting MLs access maneuvers. Hence, longer distance might result in
unsafe situation. Hence, under this condition, 1,000 feet per lane change is the optimal length.
Furthermore, from the findings of this study, a weaving length of 600 feet per lane change is not
recommended near the access zones of the MLs. This outcome supports the California
Department of Transportation, which recommends a minimum distance of 800 feet per lane
change (15). The findings proposed distance between access zones should be not less than 4.5
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miles. This result confirmed the guidelines for implementing MLs by NCHRP that the
recommended spacing between access zones should be between 3 and 5 mile (10)

Future research should focus on improving the safety and the operation of the MLs. Recently,
several new designs have been established to connect the ramps with the MLs. For example, the
direct and slip ramps have been used to connect the ramps to MLs directly without generating
weaving segments. Additionally, new technologies and transportation strategies are being
proposed for maximizing the traffic performance in MLs. The active traffic management
techniques (i.e., variable speed limit, ramp metering, dynamic shoulder lanes) should be tested
with MLs using a simulation technology for operational and safety improvement. Wang et al.
(35) proved that ATM strategies could improve the safety of the weaving segments by
generating lower conflict frequency. Also, one of the new applications is examining the impact
of autonomous vehicles and connected vehicles to enhance the traffic operation performance
simultaneously with the safety benefits at the facility. These new strategies may be excellent
approaches for improving the traffic operation and safety at MLs, because it is responsive to
real-time traffic. Meanwhile, implementing these strategies at the facility may be used for
environmental optimization since it can be efficiently responsive to different environmental
conditions (36). Lastly, driving behavior in the risky locations near MLs should be explored
utilizing driving simulator technique in the hopes that it would have a significant impact on the
facility.
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3 Driving Simulator Experiment Approach

3.1 Introduction

Toll managed lanes have been employed for mitigating congestion and improving efficiency of
freeway facilities. They allow transportation agencies to allocate parts of the capacity of the
freeway facility to special user classes, including high-occupancy vehicles (HOV), high-occupancy
tolls (HOT), public transit, truck-only tolling, and express tolling (37). The Federal Highway
Administration (FHWA) defines the MLs as highway facilities or a set of lanes in which
operational strategies are implemented and managed in real time in response to changing
conditions (38). The MLs are distinguished from other traditional forms of lane-management
strategies in that they are proactively implemented, managed, and may involve using more than
one operational strategy.

In recent years, the TML systems have been introduced on several states in the United States
such as HOT (High-Occupancy Toll) lanes on I-15 in California, HOV (High Occupancy Vehicle)
lanes on I-25 in Colorado, MLs on I-95 in Florida, etc. The access strategies for the current MLs in
different states are quite diverse. For example, there is no access point except the start and end
points on I-95 MLs (Phase 1) in Florida, while there are multiple access points on I-15 MLs in
Utah and California. Also, the distance between on-ramp (or off-ramp) and the TML entrance (or
exit) varies across the different states.

To our knowledge, there is no quantitative conclusion on the safety impacts of the weaving
distance between on-ramp (or off-ramp) and the TML entrance (or exit) has been reached in the
previous studies. However, the short weaving distance might be very dangerous for the
continuous lane change when the vehicles cross the freeway from on-ramp to the entrance of
TML (16). In order to efficiently and safely operate the TML systems, it is necessary to determine
and provide the optimal weaving distance between on-ramp (or off-ramp) and the TML
entrance (or exit).

In this research project, we have tried to investigate the safety impacts of different weaving
distance between on-ramp (or off-ramp) and the TML entrance (or exit) based on the driving
simulator experiment. There are two major cases we need to consider: first, the distance from
an upstream TML exit to the next downstream off-ramp; second, the distance from an upstream
on-ramp to the next downstream TML entrance. In addition, the variable speed limit (VSL)
strategy might be able to help drivers safely enter or exit MLs. Hence, the required safe length
for continuous lane change can be reduced with the implementation of VSL. Therefore, the main
research objectives of this project are summarized as follows:

e Identifying optimal weaving distance and location of weaving zones near on- or off-ramps
utilizing driving simulator and

e Exploring the impacts of VSL technology on the traffic operation for MLs, and verifying
whether it could reduce the required safe length for continuous lane change.

Following the brief introduction and overview in sub-chapter 3.1, sub-chapter 3.2 summarizes
literature about TML and safety evaluation. Sub-chapter 3.3 explains the experimental design
for the study. Sub-chapter 3.4 explains the experiment development and procedure. Sub-
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chapter 3.5 presents the analysis and results, and sub-chapter 3.6 concludes the report and
provides suggestions.

3.2 Literature Review

3.2.1 Toll managed lane safety

Previous studies about the MLs have mainly focused on the traffic operational performance
such as speed, volume, and capacity (37, 39-43). Generally, they found that the volumes in TML
and total volumes in all lanes increased during peak hours, the LOS of the MLs was better than
that of the GPLs, and the travel speed on the MLs was higher than those on the GPLs in peak
hour.

However, only few efforts have been made to investigate the safety effects of the MLs. Golob et
al. (44) compared the frequency and characteristics of collisions before and after installation of
an HOV lane without physical separation (i.e., buffer-separated) by converting the inner
shoulder area to an HOV lane on State Route 91 in Los Angeles, California. The study concluded
that the installation of HOV lanes did not have an adverse effect on the safety performance of
the corridor and the changes in collision characteristics were due to the changes in spatial and
temporal attributes of traffic congestion.

Lee et al. (45) developed negative binomial models to estimate the effects of several lane-
specific factors such as AADT and the managed-lane strategy (that allows drivers to use the right
shoulders as travel lanes while the inner left lanes are open to only HOV traffic during peak
hours) on crash frequency. They found that the managed-lane strategy was not significantly
correlated with the crash frequency on the inner left lanes for HOV, GPLs, and right shoulders.
Cooner and Ranft (46) examined the safety effects of Dallas’s buffer-separated concurrent-flow
HOV lanes on I-35 East and I-635. They found that both corridors had an increase in crash rates
after implementation of the HOV lane, and the increase was primarily attributed to the speed
difference between the HOV and the GPLs.

Besides, Jang et al. (16) investigated the collision rates on HOV lanes with respect to shoulder
width, length of access, and proximity of access to neighboring ramps for the HOV facilities with
both continuous access and limited access. It was shown that limited-access HOV facilities with a
combination of short ingress—egress length and proximity distance to the nearest on- or off-
ramp have markedly higher collision rates than other limited-access freeway segments.

To be sure, a sufficient road length is required for drivers to cross the freeway when they merge
into the TML from the on-ramp or exit the TML to the off-ramp. To our knowledge, the study
about the safety impacts of different length for continuous lane-change maneuvers for the TML
has not been conducted until this point. Thus, this study aims to figure out the sufficient length
and location of weave zones near on- or off-ramps utilizing driving simulator.

3.2.2  Crash-Prone Traffic Condition

In order to suggest appropriate road length for driver to make lane change, the crash-prone
traffic condition should be considered. The previous studies about the relationship between
traffic condition and crash risk are summarized in Table 3.1.
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Table 3.1 - Literature Review on Freeway Crash-Prone Traffic Condition

No. | Analysis framework Crash type Crash-Prone traffic condition Reference
Disageregate crash Congestion index >=0.075 & 5- Shiand
1 rigsgk aial is Rear-end minute volume >175 & average Abdel-Aty
y speed <67mph (47)
2 D|saggregate Frash Total Level of Service E Xuetal
risk analysis (48)
Ageresate number of The crash involvement rates in
\:geghic?es involved in Congested traffic (CT), Yeo et al
3 Total bottleneck front (BN) and back
crashes for each ) (49)
traffic state (speed) of queue (BQ) are approximately
P 5 times higher than Free Flow
t is 259
Disaggregate crash Upstream occupancy is 25% Xu et al
4 - . Total (average 30-second detector
risk analysis (50)
occupancy)
Low severity crashes (PDO)
Fatal and incapacitating tended to occur in congested
Disaceregate crash injury (KA), Non- traffic flow condition; Xu et al
5 .gg & . incapacitating and The injury crashes (KA and BC)
risk analysis N (51)
possible injury crashes were found to occur more often
(BC), and PDO. in less congested traffic flow
conditions.
Traffic state 4 (situation in which
6 Disaggregate crash Total the upstream traffic is in free Xu et al
risk analysis flow while downstream traffic is (52)
in congested flow)

As we can see from Table 3.1, almost all of the studies achieved similar conclusions about the
crash-prone traffic condition which occurred when the traffic was slight congested or congested.

3.2.3

Impacts of Variable Speed Limit (VSL)

The impacts of VSL on weaving distance between GPLs and MLs will also be investigated in this
study. The VSL should have significant effects on the traffic flow on both GPLs and MLs Thus,

before the experiment design, the impacts of VSL should be firstly explored. Generally, for the
free flow condition, VSL implementation could result in a significant reduction in the mean and

variance of speed within each lane and the speed difference across lanes. For the pre-

congestion traffic flow, VSL implementation could result in a slight improvement in the mean
speed, whereas it will reduce both the speed variance within each lane and across adjacent
lanes. The studies about the effects of VSL on traffic are summarized in Table 3.2.
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Table 3.2 - Literature Review on the Impacts of VSL on Traffic Flow

Non-VSL VSL
Studies S'pefed Observed Speed (mph) - Speed Observed Speed (mph) )
Limits raffic .. Traffic
Lane Type flow Limits Lane Type flow
(mph) Mean SD (mph) Mean SD
65 Total 62.5 5.64
McMurt
( i ;rry 65 Total 60 8.36 N/A N/A
etal., 2009) 55 Total 56.4 6.08
Head Head
Total 70.84 11.42 eacaway Total 64.56 8.23 cadwa
(s) y (s)
Should
%0 oulaer 56.55 14.9* 3 68 Shoulder lane |  54.06" 5.59* 3
lane
Middle lane 75.81% 9.32%* 2 Middle lane 72.08" 7.46% 2
(Lucky, Fast lane 78.29% 8.08* 2 Fast lane 73.94* 8.08* 2
2014)
Head
62 Total 59.46 5.06 N/A Total 60.83 7.05 eya(s‘)”a
55 Shoulder lane 52.2# 4.35* 2
50 Total 47.53 5.12 N/A Middle lane 64.62% 9.32% 2
Fast lane 70.84# 11.19* 1
Lane flow Lane
Total N/A N/A Total N/A N/A flow rate
rate (%)
« (%)
t
(allnzzzg) s Shoulder 37
v lane N/A N/A 40 Shoulder lane N/A N/A 37.5
Middle lane N/A N/A 40 Middle lane N/A N/A 37.5
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Fast lane N/A N/A 20 Fast lane N/A N/A 25
longitudi
longitudinal onf‘;lu !
(van Nes et driving .
50 Total N/A N/A 44 Total N/A d N/A
al., 2010) / speed SD: / / riving /
3.6 speed
) SD: 2.86
Lane flow Lane
Total N/A N/A Total N/A N/A flow rate
rate (%)
(%)
(Duret et Should
80 oulaer 55.92 N/A 2235 68 Shoulder lane |  55.92 N/A 19.77
al., 2012) lane
Middle lane 68.35 N/A N/A Middle lane 62.14 N/A N/A
Fast lane 77.67 N/A N/A Fast lane 68.35 N/A N/A
Total
(Chang et Total flow: flow:
al 20g11) 55 Total 28.7 N/A 3713veh/h 35 Total 30.3 N/A 3980veh
N (2 lanes) /h(2
lanes)
Lane flow Lane
Total N/A N/A Total N/A N/A flow rate
rate (%)
(%)
75
al., 2013) lane N/A N/A 25 62,75 Shoulder lane N/A N/A 27
Middle lane N/A N/A 37 Middle lane N/A N/A 34
Fast lane N/A N/A 38 Fast lane N/A N/A 40
Total N/A N/A N/A Total N/A N/A N/A
(Hoogen ; y
75 44/56
Should
and oulaer 54.06 3.11 N/A Shoulder lane |  50.33 3.73 N/A
Smulders, lane
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1994) Middle lane 57.79 4.35 N/A Middle lane 53.44 4.35 N/A
Fast lane 60.89 497 N/A Fast lane 55.92 497 N/A
K d
(Kang an 1750vph
Chang, NO VSL Total 20.8 9.5 1670vphpl VSL Total 28.2 7.4 |
2011) P
K t 2veh
(Kwon et 1\ e Total 47.21 1415 | 3595vehph |  VSL Total 48.46 1043 | >8°2ve
al., 2007) ph

Note: the sign of # indicates the Upper-Lower quartile; the sign of * indicates the Upper-Lower quartile.
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3.2.4 Surrogate Safety Measures

Traffic safety evaluation is one of the most important processes in the analysis of transportation
systems performance. Most of traditional analyses of traffic safety measures are carried out
based on the observed crash data. However, since it is difficult to obtain the crash data based on
the driving simulator experiment, the surrogate safety measures have been widely used in
previous studies. For example, time-to-collision (TTC) was used as the crash risk indicator in
previous driving simulator studies (53-55). The commonly used surrogate safety measurements
that are summarized as shown in Table 3.3.

Table 3.3 - Literature Review on Surrogate Safety Measurements

Surrogate safety

Description
measurements

The TTC has been widely employed to analyze rear end collision: (a)
conflict with the preceding vehicle, (b) conflict with the following vehicle
in the merge lane, (c) conflict with the leading vehicle in the target lane,
and (d) conflict with the lagging vehicle in the target lane.

Time-to-Collision (TTC)

Time-exposed time-to- The total time spent in safety critical situations, characterized by the TTC
collision (TET) value below the threshold value TTC*.

The TIT evaluates the entity of the TTC lower than the threshold and
allows expression of the severity associated with the conditions of
approach that take place in time.

Time-integrated time-to-
collision (TIT)

Headway distance is the distance between the merging vehicle and the

Headway distance (time) leading vehicle

. PET is the time difference between when the first vehicle leaves a
Post-Encroachment-Time . . . .
(PET) potential point of conflict to the moment the second vehicle
subsequently arrives at the same point.

Deceleration rate difference measures the difference between leading

Deceleration rate difference . o, .
and following vehicles’ deceleration rates.

It was defined by Cooper and Ferguson (1976) as the minimum
deceleration rate required by the following vehicle to come to a timely
stop (or match the leading vehicle’s speed) and hence avoid a crash

Deceleration Rate to Avoid
Crash (DRAC)

> Time-to-Collision (TTC)

The idea of computing a time-to-collision (TTC) was first suggested by Hayward (56). The TTC is
defined as “the time required for two vehicles to collide if they continue at their present speed
and on the same path”. For the merging or lane-changing vehicle, four kinds of conflicts should
be considered for the TTC: (a) conflict with the preceding vehicle, (b) conflict with the following
vehicle in the merge lane, (c) conflict with the leading vehicle in the target lane, and (d) conflict
with the lagging vehicle in the target lane (57). The merging or lane-changing vehicle and the
neighboring vehicles are depicted in Figure 3.1.
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+Thr0ug_h lag_._ ‘_Thmugh lead N
gap gap
Through P ]> Through Through 1 k-2 l>
Lane lag vehicle lead vehicle
Merge Merging n D Lead n-1 ‘> Work
Lane vehicle vehicle Zone
«—Lead gap4>|
«———Remaining distance——»

Figure 3.1 - Merging/Lane-changing Vehicle and the Neighboring Vehicles (57).

If the merging vehicle decides to move into the through lane, there will be a potential of
collision with the through lead and/or lag vehicles for the merging vehicle. The TTC between the
merging vehicle and the through lag vehicle k can be calculated as (58).

dr (t)
i (t) — vn ()

Where dX(t) is the through lag gap between the through lag vehicle k and the merging vehicle n
at time t, and vy (t) is the speed of the through lag vehicle k at time t.

TTCE(t) =

The TTC between the merging vehicle and the through lead vehicle k-1 can be calculated as:

' (t)
Un (t) - vk—l(t)
Where dX=1(t) is the through lead gap between the merging vehicle n and the through lead
vehicle k-1 at time t, and vy_, (t) is the speed of the through lead vehicle k at time t.

TTCK=1(t) =

In terms of the threshold of TTC, large values are not included because they are not safety
critical. A value of 6 s was the threshold applied following Vogel’s research in which vehicles
with a headway of more than 6 s chose their speed independently of the leading vehicle (59).
Furthermore, no research points to a TTC larger than 6 s as affecting safety; instead, some
studies have suggested an even smaller TTC threshold of 4 s.

Time-exposed time-to-collision (TET)

The TET indicator expresses the total time spent in safety critical situations, characterized by the
TTC value below the threshold value TTC* (54, 60) (Figure 3.2).

1VOLSTTC(t) <TTC”
0 else

T
TET" = 8; () " t5c 6;(t) =
]Z:;]t T i (L {

The superscript * indicates that the parameter has been calculated with respect to a prefixed
threshold value.
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Figure 3.2 TTC Profile and Corresponding TTC-based Safety Indicators (54).

» Time-integrated time-to-collision (TIT)

The TIT indicator, which evaluates the entity of the TTC lower than the threshold, allows
expression of the severity associated with the conditions of approach that take place in time.
The most efficient values of threshold of TTC were considered to be 2.5 and 3 s (54).

T
TIT* = Z[TTC* —TTC,(Dltse VO < TTC(j) < TTC*
=1

> Headway distance (time)

Headway distance serves as a buffer zone of an urgent stop for the hazardous situation. For a
safety concern, headway time is often required to be sufficient for drivers to stop without crash,
which is subject to vehicles’ dynamic driving speed. For a safe following distance, the U.S.
National Safety Council recommended 3-seconds rule for the dry and straight road situations.

> Post-Encroachment-Time (PET)

Post-Encroachment-Time (PET) is used as a surrogate measure for conflict severity. PET is the
time difference between the time when the first vehicle leaves a potential point of conflict and
the moment when the second vehicle subsequently arrives at the same point. The advantage of
PET is that it considers both the speed and the acceleration of vehicles involved in conflicts.
Small values of PET indicate high severity levels of the expected crashes (61).

> Deceleration rate difference
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The deceleration rate difference (DRD) is the difference between leading and following vehicles’
deceleration rates. In certain cases, when the deceleration rate of the leading vehicle is not very
high and the deceleration rate difference is within a reasonable range, the following vehicle
probably does not need to take an aggressive braking maneuver (62). It was found that the
deceleration rate differences for all the non-crash vehicles were less than 15 ft/sec?.

Deceleration Rate to Avoid Crash (DRAC)

DRAC is another widely used surrogate measure. It was defined by Cooper and Ferguson (63) as
the minimum deceleration rate required by the following vehicle to come to a timely stop (or
match the leading vehicle’s speed) and hence avoid a crash, which can be denoted as:

V-1
TTC

DRAC is recognized as an effective measure of safety performance (64). A higher value indicates
a more dangerous car-following scenario. The above equation expresses the relationship
between DRAC and TTC. In general, TTC is negatively related to DRAC. The American Association
of State Highway and Transportation Officials suggests that a given vehicle is in conflict if its
DRAC exceeds a threshold of 3.4 m/s?(65). Archer (66) recommends a slightly lower threshold of
3.35 m/s? for most drivers.

DRAC =
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3.3 Experiment Design

A driving simulator study was conducted to evaluate the safety impacts of the weaving distance
between on-ramp/off-ramp and MLs entrance/exit. Also, the effects of the implementation of
VSL technology were evaluated in this study. Considering all the factors need to be explored in
this study, the experiment is firstly designed. Overall three parts were included in the
experiment design including geometric design, traffic flow setting, and design of scenarios.

3.3.1 Geometric Design

The layout design is as shown in Figure 3.3. A segment with two four-lane GPLs and one two-
lane TML are employed in this study. Meanwhile, two ramps are used as transition lanes
(acceleration and deceleration lanes) to connect the GPL and the TML.
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580ft 2801t and 14001t per lane change)

Figure 3.3 - Layout of the I-95 Study Area
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All the lengths of acceleration lanes and deceleration lanes are determined by the design speed
and the adjacent lane according to the standard of Florida Green book (67) (Table 3.4).

Table 3.4 - Designed Length of Acceleration Lanes and Deceleration Lanes

Type Designed Length (ft)
Total length 860
Acceleration (40mph-60mph)
Taper 280
Total length 640
Deceleration (60mph-40mph)
Taper 300

As for the weaving distance per lane change, the recommended values are different across
different states. For examples, in California, they recommended that the weaving distance per
lane should be larger than 500 ft (68). In New York, it was suggested that the weaving distance
per lane should be larger than 500 ft and 1,000 ft is desired (14). In Texas, different weaving
distances per lane change were used for different traffic condition. For the serious condition,
the weaving distance per lane should be larger than 950 ft and smaller than 1,200 ft (69). Based
on the above recommendations, we will try to investigate the safety impacts of three different
weaving distances for each lane-change maneuver (i.e., 600 ft, 1,000 ft, and 1,400 ft).

3.3.2 Pavement Marking and Gantry Sign

The pavement marking and gantry sign employed in this experiment were developed based on
the existing I-95 TML and guidelines from the MUTCD (70).

(2) Pavement Marking

Figure 3.4 shows the marking sign (express only) at the entrance of TML. This marking sign
specifies the distinct usage of TML.
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Figure 3.4 - Pavement Marking in the Entrance of TML (Source: Google Earth)

Figure 3.5 shows the pavement marking (merge) at the exit of TML. After this marking sign,
drivers should merge to the GPLs.

Google Earth

Figure 3.5 - Pavement Marking in the Exit of TML (Source: Google Earth)

(2) Gantry Sign
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Figure 3.6 shows the gantry sign at the % mile upstream of TML entrance that reminds drivers is
the existence of a TML entrance at the % mile downstream.

Figure 3.6 - Gantry Sign in ;2 Mile Upstream of the Entrance of TML
(Source: Google Earth)

Figure 3.7 shows the first gantry sign in front of the entrance, which reminds the drivers to
change lanes to the inner-most lane and prepare for entrance into TML.

A
:s,é'-/fé

Figure 3.7 - Gantry Sign in the Entrance of TML (Source: Google Earth)

Figure 3.8 shows the second gantry sign in front of the entrance. The function of this gantry sign
is the same as the pavement marking “Express Only”.
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Figure 3.8 - Half Gantry Sign in the Entrance of TML (Source: Google Earth)

Figure 3.9 shows the sign at the exit of TML, suggesting drivers to prepare to exit.

Figure 3.9 - Half Gantry Sign in the Exit of TML (Source: Google Earth)

3.3.3  Traffic Flow Setting

The 20-seconds radar based traffic data of April 6, 13, 20 and 27, 2016 (Wednesday) on 1-95 for
both MLs and GPLs were collected.

The traffic flow on GPLs during the period 7:00 AM to 9:00 AM was selected for the input of
peak volume, and the period of 9:00 AM to 11:00 AM was selected for the input of off-peak
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volume. Meanwhile, the corresponding traffic flow on MLs was employed for the setting of
traffic flow on MLs.

Based on the field data and the previous study about the impacts of VSL on traffic flow, the
traffic conditions for VSL could be also determined (Table 3.5).

Table 3.5 - Parameters of Traffic Flow Setting

Without VSL With VSL
Lane
Type Off-Peak Peak Off-Peak (60Mph) Peak (50Mph)
GPL Average Volume Average Volume Average Volume Average Volume
speed speed speed speed
1 60 1385 53 1659 60 1511 50 1810
2 54 1372 47 1667 60 1497 50 1819
3 63 1384 56 1679 60 1510 50 1832
4 59 1115 52 1524 60 1200 50 1624
Off-Peak Peak Off-Peak (60Mph) Peak (60Mph)
ML Average Volume Average Volume Average Volume Average Volume
speed speed speed speed
65 1317 63 1478 65 1317 63 1478
2 62 1208 59 1522 62 1208 59 1522

3.3.4 Design of Scenarios

Generally, there are three types of scenario designs which have been commonly used by the
researchers. The detailed definition of these methods is as shown in Table 3.6.

Table 3.6 - Summary of Different Scenario Design Methods

Number of factors .
Number of scenarios

S io desi ber of levels i h . D ipti
cenario design (num er;ctivr()e sin eac for each subject escription
Full Factorial
. K K -
Design (a) a
Fractional (Partial) K |is the number of main
Factorial Design K (a) a effects which have been
& confounded
Mixed Factorial K (a) e Jis the number of between
Design group factors

(1) Full factorial design

A full factorial design considers all possible combinations of all factors levels. A full factorial
design may also be called a fully crossed design. Such an experiment design allows the



AL

IM

Phase Il: Operational and Safety-Based Analyses of Varied Toll Lane Configurations

investigator to study the effect of each factor on the response variable as well as the effects of
interactions between factors on the response variable (71). However, such experiment design
can have many experiment conditions and thus can be quite expensive and time-consuming.

(2) Fractional (Partial) Factorial Design

The fractional factorial design is an alternative that offers many of the advantages of a full
factorial design with considerably fewer experimental conditions (72). The fractional factorial
design is a variation upon factorial design, involving the use of a carefully chosen subset of the
experimental conditions of a complete factorial design. In other words, only certain conditions
from the complete factorial are implemented (73).

(3) Mixed Factorial Design

A mixed factorial design involves two or more independent variables, of which at least one is a
within-subjects (repeated measures) factor and at least one is a between-groups factor. In the
simplest case, there will be one between-groups factor and one within-subjects factor. A within-
subjects design is an experiment in which the same group of subjects serves in more than one
treatment. However, in a between-subjects design, the various experimental treatments are
given to different groups of subjects. This kind of method has been used by several driving
simulator studies (74-77).

In this study, the mixed factorial design was employed in order to reduce the number of
scenarios for each participant. The factors for this experiment included distance of lane change
(three levels: 600 ft, 1,000 ft, and 1,400 ft), traffic volume (off-peak and peak), and VSL
technology (Non-VSL and VSL) (Table 3.7).

Table 3.7 - Descriptions and Levels of the Two Factors

Factor Description Factor Levels
1. f | h
Length of the weaving section 600 ft per lane change
Length (for continuous lane change) 2. 1,000 ft per lane change
g 3. 1,400 ft per lane change
Traffic Flow Traffic flow condition 1. Off-peak
2. Peak
. . 1. Non-VSL
VSL VSL implementation 5 VSL

Note: The base length for lane change is based on the recommendations by (Kuhn et al., 2005);

The VSL will coordinate the traffic flow around the driver.

All the subjects will be randomly separated into three groups based on the three different
distances and each participant will be randomly assigned to four scenarios (Off-peak with non-
VSL, Off-peak with VSL, Peak with non-VSL, and Peak with VSL) to reduce the order effects
(Figure 3.10).
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Length1(600£t) Length1(1000ft) Lengthl(1400ft)
Off-Peak Peak Off-Peak Peak Off-Peak Peak
Non- Non- Non- ; Non- ; Non- ; Non- .
VSL VSL VSL VSL VSL VSL VSL WSL VL VSL VL VSL

Figure 3.10 - Schematic Diagram of Experiment Design

3.4 Experiment Development

3.4.1 Scenarios Development

NADS MiniSim™ driving simulator was employed in this study, and three software including Tile
Mosaic Tool (TMT), Interactive Scenario Authoring Tools (ISAT), and MiniSim were used among
the procedure of scenario development.

(1) Driving Simulator Equipment

This experiment is conducted with NADS MiniSim™ at University of Central Florida (UCF), which
is a highly flexible PC-based driving simulator system and designed for research, development,
clinical and training applications (Figure 3.11).
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Figure 3.11 - NADS MiniSim™ at the UCF
(2) Simulation Software

At first, the Tile Mosaic Tool (TMT) was used to assemble the road network based on the
established road tile files (Figure 3.12).

I ciy | comm | fitler | 4 »] Al
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Figure 3.12 GUI of Tile Mosaic Tool (TMT)
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Secondly, the Interactive Scenario Authoring Tools (ISAT) was used to implement the Triggers,
vehicles and objects in the scenarios (Figure 3.13).

B He Eat yem Imet Mode fircow tep -8
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Figure 3.13 - GUI of Interactive Scenario Authoring Tools (ISAT)

After establishing the scenario, the experiment will be conducted by MiniSim™. It provides
different setting for the data collection mode (Figure 3.14).

Control

Scenario : |tst_dev10.scn

Vehicle : |default

Start Drive

Experiment : TestExp Time :

DAQ Output :

/ Vessage | DAG  Setings | Sysem |

Experiment : Comments :

TestExp

Participant :

TestSubj

Override DAQ File Name

New Comment :

Figure 3.14 GUI of MiniSim™
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As previously noted, 54 participants are needed to complete this study. The general criteria
required participants to be in the age range of 18 to 65 with a valid driver’s license and they
must not have a history of motion sickness, which ensures the safety and comfort of the
participants.

3.4.2 Participants

able 3.8 shows the statistical summary of the participants have been recruited. In total, 54
participants were recruited to meet the requirements of different gender and age group.
However, there are 9 old participants (7 female and 2 male) suffered motion sickness when they
were doing the experiment. Finally, the data of 45 participants were used for the analysis.

able 3.8 - Descriptive Statistics of Participants Recruitment

Participant Number of Participants Number of Participants
Type Gender Age Required Recruited
1 F YOUNG 9 9
2 F MIDDLE 9 9
3 F OoLD 9 9 (7 sickness)
4 M YOUNG 9 9
5 M MIDDLE 9 9
6 M OoLD 9 9 (2 sickness)

3.4.3 Experiment Procedure

Upon arrival, each participant would be informed about the requirements of the experiment
and asked to read and sign an informed consent form. Afterwards, they would be required to
complete a questionnaire about the personal information (e.g. age, education, driving
experiences etc.) before the experiment. The participants would be advised to drive as they
normally do in real-life situations. Before the formal test, each participant would be asked to
perform a practice driving of at least 5 minutes to make sure the participant becomes familiar
with the driving simulator (with automatic transmission). In this practice session, the
participants would exercise maneuvers including straight driving, acceleration, deceleration,
lane changing, and other basic driving behaviors. In addition, participants would be notified that
they could quit the experiment at any time in case of motion sickness or any kind of discomfort.

During the experiment, each participant would be randomly assigned to a group of scenarios
with the same weaving length. For each group, the participant would be asked to drive in four
scenarios with different traffic condition: off-peak, peak, off-peak with VSL and peak with VSL.
Besides, in order to eliminate the experiment order effect, participants would be assigned to the
four scenarios in a random sequence. After all the scenarios, the participants would be required
to complete a questionnaire about all the feedbacks and suggestions.
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3.5 Result Analysis

In each experiment, participants need to enter from GPLs to MLs and then exit from MLs to GPLs
(see Figure 3.15). Since this study focuses on the safety impacts of varied Toll Lane Configuration
(i.e. weaving length), only two parts of the trajectory were collected for the analysis, i.e., GPLs
entrance, and GPLs exit.

The trajectory and speed data of the participant vehicle and other vehicles were recorded by the
NADS MiniSim™ and then were processed by using MATLAB®. Based on the processed data,
speed distribution, lane-change duration, and two surrogate safety measures were chosen as
dependent variable to conduct repeated measures ANOVA for five independent variables (i.e.,
weaving length, volume, variable speed limit, gender, age).

MANAGED
LANES

GENERAL
PURPOSE
LANES

U Entrance

Figure 3.15 - lllustration of the Study Area

3.5.1 Average speed

A repeated measures ANOVA was carried out with weaving length (600 ft vs. 1,000 ft vs. 1,400
ft) as between subjects variable and gender (female vs. male), age (young vs. middle vs. old),
volume (non-peak vs. peak) and VSL (non-VSL vs. VSL) as within subjects variables.

Table 3.9 - Results of Repeated Measures ANOVA (Average Speed)

Entrance Exit
Effect

F Value Pr>F F Value Pr>F
Weaving Length F(2,42)=2.02 0.145 F(2,42)=0.01 0.986
Gender F(1, 43)=0.07 0.786 F(1, 43)=0.18 0.674
Age F(2,42)=0.34 0.713 F(2,42)=1.28 0.290
Volume F(1, 44)=443.87 <.0001 F(1, 44)=318.3 <.0001
VSL F(1, 44)=2.54 0.118 F(1, 44)=0.63 0.433

(1) Entrance

As presented in Table 3.9Error! Reference source not found., the weaving length is insignificant
at the 0.05 level, which means there is no significant difference in average speed between three
types of weaving lengths. However, the post hoc test results in Table 3.10 indicate that the
difference between 600 ft and 1,000 ft, is significant at the 0.1 level. The same result has been
also observed for the difference between 600 ft and 1,400 ft.
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Table 3.10 - Results of Post Hoc Test for Weaving Length (Entrance)

Weaving Lengths Estimate Standard Error DF t Value Pr> |t|
600 1000 -2.0166 1.1937 42 -1.69 0.0986
600 1400 -2.0622 1.1545 42 -1.79 0.0813
1000 1400 -0.04563 1.1755 42 -0.04 0.9692

Figure 3.16 shows that the average speed of the scenario with the weaving length of 600 ft
(mean: 50.51 mph) is much lower than 1,000 ft (mean: 52.52 mph) and 1,400 ft (mean: 52.57
mph), while the difference between 1,000 ft and 1,400 ft is very small.

Distribution of Average Speed by Different Weaving Length
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Figure 3.16 - Distribution of Average Speed by Different Weaving Length (Entrance)

Volume (F(1, 44)=443.87, p<0.0001) was found to have significant effect on average speed. The
average speed (mean: 46.42 mph) of peak traffic condition is much lower than the off-peak
(mean: 57.31 mph) traffic condition (Figure 3.17).
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Distribution of Average Speed by Different Volume
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Figure 3.17 - Distribution of Average Speed by Different Volume (Entrance)
(2) Exit

As seen from Table 3.9, only volume is significant at the 0.05 level for the exit segment. Similar
to the entrance segment, the average speed (mean: 51.55 mph) of peak traffic condition is
much lower than the off-peak (mean: 59.06 mph) traffic condition (Figure 3.18).
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Figure 3.18 - Distribution of Average Speed by Different Volume (Exit)
3.5.2 Speed standard deviation

As presented in Table 3.11, age (F(2, 42)=3.09, p=0.056), volume (F(1, 44)=11.49, p=0.002) and
VSL (F(1, 44)=3.50, p=0.068) were found to have significant effects on the speed standard
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deviation on the entrance segment, while only weaving length (F(2, 42)=4.62, p=0.015) was
significant on the exit segment.

Table 3.11 - Results of Repeated Measures ANOVA (Speed Standard Deviation)

Entrance Exit
Effect

F Value Pr>F F Value Pr>F
Weaving Length F(2,42)=2 0.1482 F(2,42)=4.62 0.0153
Gender F(1, 43)=0.32 0.5744 F(1,43)=1.51 0.2261
Age F(2, 42)=3.09 0.0561 F(2, 42)=1.72 0.1907
Volume F(1, 44)=11.49 0.0015 F(1,44)=1.21 0.2782
VSL F(1, 44)=3.5 0.0682 F(1, 44)=2.58 0.1151

(1) Entrance

To further investigate the effects of the different weaving lengths and age groups, the post hoc
test was applied and the results are shown in Table 3.12 and 3.13.

Table 3.12 - Results of Post Hoc Test for Weaving Length (Entrance)

Weaving Lengths Estimate | Standard Error | DF | tValue | Pr> |t|
600 1000 -0.00484 0.3031 42 -0.02 0.9873
600 1400 -0.5103 0.2932 42 -1.74 0.0891
1000 1400 -0.5054 0.2985 42 -1.69 0.0978

Table 3.13 - Results of Post Hoc Test for Age (Entrance)

Age Groups Estimate Standard Error DF t Value Pr> |t]
Middle old 0.4940 0.3310 42 1.49 0.1431
Middle Young -0.3255 0.2703 42 -1.20 0.2352

old Young -0.8195 0.3310 42 -2.48 0.0174




%FMK Phase II: Operational and Safety-Based Analyses of Varied Toll Lane Configurations

As seen from Figure 3.19, in the scenario with the weaving length of 1,400 ft, drivers tend to
have higher speed standard deviation (mean: 4.65 mph) compared with the scenarios with the
weaving length of 600 ft (mean: 4.14 mph) and 1,000 ft (mean: 4.15 mph).

Distribution of Speed Standard Deviation by Different Weaving Length
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Figure 3.19 - Distribution of Speed Standard Deviation by Different Weaving Length (Entrance)

In terms of age group, Figure 3.20 implies that old drivers are more likely to have lower speed
standard deviation (mean: 3.80 mph) while the young drivers prone to have higher speed
standard deviation (mean: 4.62 mph). The result implies that young drivers are more aggressive

and may increase the crash risk.
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Distribution of Speed Standard Deviation by Different Age Group
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Figure 3.20 - Distribution of Speed Standard Deviation by Different Age Group (Entrance)

Comparing to the off-peak scenarios (mean: 3.92 mph), the peak scenarios tend to cause higher
speed standard deviation (mean: 4.73 mph). Peak scenario is more complex than off-peak
scenario, which may increase the frequency of acceleration and deceleration maneuvers (Figure
3.21).
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Figure 3.21 - Distribution of Speed Standard Deviation by Different Volume (Entrance)



Phase Il: Operational and Safety-Based Analyses of Varied Toll Lane Configurations

The speed standard deviation of the scenarios having VSL (mean: 4.10 mph) is significantly lower
than that of the scenarios without VSL (mean: 4.55 mph). This result indicates that the
implementation of VSL strategy could effectively improve the traffic safety by harmonizing
speed (Figure 3.22).

Distribution of Speed Standard Deviation under VSL and Non-VSL Condition
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Figure 3.22 - Distribution of Speed Standard Deviation under VSL and Non-VSL Condition
(Entrance)

(2) Exit

As shown in Table 3.11, weaving length (F(2, 42)=4.62, p=0.0153) was found to have significant
effects on speed standard deviation. To investigate the significance of the difference between
varied weaving lengths, the post hoc test was applied and the results are shown in Table 3.14.

Table 3.14 - Results of Post Hoc Test for Weaving Length (Exit)

Weaving Lengths Estimate Standard Error DF t Value Pr> |t|
600 1000 0.03127 0.2673 42 0.12 0.9074
600 1400 -0.6653 0.2585 42 -2.57 0.0137
1000 1400 -0.6966 0.2632 42 -2.65 0.0114

As indicated from Figure 3.23, the speed standard deviation (mean: 3.84 mph) in the scenario
with the weaving length of 1,400 ft is significantly higher than the scenarios with the weaving
length of 600 ft (mean: 3.17 mph) and 1,000 ft (mean: 3.14 mph).
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Distribution of Speed Standard Deviation by Different Weaving Length
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Figure 3.23 - Distribution of Speed Standard Deviation by Different Weaving Length (Exit)

3.5.3 Lane-change duration

As shown in Table 3.15, weaving length (F(2, 42)=5.09, p=0.010) and Lane Change (F(2,
88)=12.88, p<0.0001) were found to have significant effects on the lane-change duration in the
entrance segment. However, for the exit segment, the significant variables are totally different.
Gender (F(1, 43)=17.06, p=0.0002), age (F(2, 42)=17.31, p<0.0001), and lane change (F(2,
88)=6.5, p=0.0023) were found to have significant effects on the lane-change duration in the exit
segment.
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Table 3.15 - Results of Repeated Measures One-Way ANOVA (Lane-Change Duration)

Entrance Exit
Effect
F Value Pr>F F Value Pr>F
Weaving F(2, 42)=5.09 0.0104 F(2, 42)=0.96 0.3906
Length
Gender F(1, 43)=1.65 0.2065 F(1, 43)=17.06 0.0002
Age F(2, 42)=1.36 0.2675 F(2, 42)=17.31 <.0001
Volume F(1, 44)=0.36 0.5503 F(1, 44)=0.54 0.4646
VSL F(1, 44)=0.14 0.7103 F(1, 44)=0.4 0.5324
Lane Change F(2, 88)=12.88 <.0001 F(2, 88)=6.5 0.0023

(1) Entrance

To further investigate the significance of the difference between varied weaving lengths, the
post hoc test was applied and the results are shown in Table 3.16. Besides, the post hoc test was
also conducted for lane-change behaviors between different lanes (

Table 3.17).

Table 3.16 - Results of Post Hoc Test for Weaving Length (Entrance)

Weaving Lengths Estimate Standard Error DF | tValue | Pr> |t]
600 1000 -0.1971 0.1386 42 -1.42 0.1624
600 1400 -0.4270 0.1340 42 -3.19 0.0027
1000 1400 -0.2300 0.1365 42 -1.69 0.0994
Table 3.17 - Results of Post Hoc Test for Lane Change (Entrance)
Lane-Change Maneuvers Estimate Standard Error DF | tValue | Pr> |t|
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Lane-Change Maneuvers Estimate Standard Error DF | tValue | Pr> |t|
Lane 12to Lane | Lane 2;0 Lane 02198 0.1343 88 1.64 0.1052
Lane 12to Lane | Lane 3:0 Lane 0.6685 0.1343 88 4.98 <.0001
Lane 23to Lane | Lane 3:0 Lane 0.4487 0.1343 88 3.34 0.0012

Note: Lane 1 is the outer lane; Lane 2 is the middle lane close to the outer lane; Lane 3 is the
middle lane close to the inner lane; and Lane 4 is the inner lane.

As seen from Table 3.16 and Figure 3.24, the lane change duration (mean: 2.55s) in the scenario
with the weaving length of 1400 feet is significantly higher than the scenarios with the weaving
length of 600 feet (mean: 2.12s).
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Figure 3.24 - Distribution of Lane-Change Duration by Different Weaving Length (Entrance)

As presented in
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Table 3.17 and Figure 3.25, the lane-change duration (mean: 1.96s) from lane 3 to lane 4 is
significantly lower than that from lane 1 to lane 2 (mean: 2.63s) and lane 2 to lane 3 (mean:
2.41s).
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Figure 3.25 - Distribution of Lane-Change Duration by Different Lane Change (Entrance)

(2) Exit

Tables 3.18 and 3.19 summarized the results of post hoc test of lane-change durations between
different age groups and different lanes.

Table 3.18 - Results of Post Hoc Test for Age Group (Exit)

Age Groups Estimate Standard Error DF t Value Pr> |t]
Middle old -0.6727 0.1273 42 -5.28 <.0001
Middle Young 0.02176 0.1040 42 0.21 0.8353

old Young 0.6944 0.1273 42 5.45 <.0001
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Table 3.19 - Results of Post Hoc Test for Lane Change (Exit)

Lane Change Maneuvers Estimate Standard Error DF | tValue | Pr>|[t]
L 1 L 2tolL
anelto | lane2tolane | ., .. 0.1161 88 | -1.68 | 0.0962
Lane 2 3
Lane 1 to Lane 3 to Lane -0.4183 0.1161 38 -3.60 0.0005
Lane 2 4
Lane 2t Lane 3 to L
anesto | Lane3tofane | )3 0.1161 88 | -1.92 | 0.0580
Lane 3 4

Figure 3.26 shows that the lane-change duration of male drivers (mean: 2.24s) is significantly
higher than the female drivers (mean: 1.85s).

Distribution of Lane Change Duration by Gender
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Figure 3.26 - Distribution of Lane-Change Duration by Gender (Exit)
As seen from Figure 3.27, together with the post hoc test table, it can be concluded that the

lane-change duration of old drivers (mean: 2.615s) is significantly higher than the young (mean:
1.92s) and middle age drivers (mean: 1.95s).
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Distribution of Lane Change Duration by Age Group
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Figure 3.27 - Distribution of Lane-Change Duration by Age Group (Exit)

As shown in Figure 3.28, it can be concluded that the lane-change duration from lane 1 to lane 2
(mean: 1.86s) is significantly lower than lane 2 to lane 3 (mean: 2.06s), and the lane-change
duration from lane 2 to lane 3 (mean: 2.06s) is significantly lower than lane 3 to lane 4 (mean:

2.28s).

Distribution of Lane Change Duration by Lane Change
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Figure 3.28 - Distribution of Lane-Change Duration by Lane Change (Exit)
3.5.4 Minimum TTC
(1) Entrance

Both one-way and two-way repeated measures ANOVA were conducted for three between-
subjects factors (weaving length, gender, and age) and two within-subjects factors (volume and
VSL), the results are as shown in
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Table 3.20.
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Table 3.20 - Results of Repeated Measures ANOVA (Entrance)

Effect Num DF | Den DF | F Value | Pr>F

Weaving Length 2 39 0.33 |0.7177
Gender 1 40 4.04 |0.0513

Age 2 39 0.45 |0.6405

Volume 1 21 0.02 {0.8990

VSL 1 28 2.74 |0.1092

Weaving Length*Gender 2 36 4.60 |0.0166
Weaving Length* Age 4 33 0.28 [0.8860
Weaving Length* Volume 2 19 0.05 |[0.9484
Weaving Length* VSL 2 26 1.01 |0.3792
Gender* Age 2 36 1.59 |0.2187
Gender* Volume 1 20 0.79 |0.3857
Gender* VSL 1 27 0.01 |0.9187

Age* Volume 2 19 0.12 (0.8874

Age* VSL 2 26 0.23 |0.7969
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Distribution of Minimum TTC by Gender (Entrance)
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Figure 3.29 - Distribution of Minimum TTC by Gender (Entrance)

As seen from Figure 3.29, the minimum TTC of female driver (mean: 3.97s) is significantly higher
than the male driver (mean: 3.32s). This indicates that male drivers are more aggressive and
they are more likely to be involved in dangerous situation when they are driving on the entrance
weaving segment.

Distribution of Minimum TTC under Non-VSL and VSL Condition
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Figure 3.30 - Distribution of Minimum TTC under Non-VSL and VSL Condition (Entrance)
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The p-value of VSL strategy is 0.1092, which indicates that there is a weakly significant
difference of Minimum TTC between non-VSL and VSL condition. As shown in Figure 5-16, the
scenarios having VSL strategies (3.88s) could have higher mean value of minimum TTC compared
with the scenarios without VSL strategies (3.35s), suggesting that the implementation of VSL
could improve traffic safety. To break down the significant two-way interaction (weaving
length*gender), two separated repeated measures ANOVA were carried out for female drivers
and male drivers.

Female driver

As presented in Table 3.21, the weaving length (F(2, 15)=4.54, p=0.029) was found to have
significant effects on the minimum TTC.

Table 3.21 - Results of Repeated Measures ANOVA (Entrance-Female)

Type 3 Tests of Fixed Effects
Effect Num DF | Den DF | F Value | Pr>F
Weaving Length 2 15 4.54 |0.0288
Age 2 15 1.80 |0.1994
Volume 1 9 0.30 |0.5995
VSL 1 11 0.98 |0.3436

Table 3.22 - Results of Post Hoc Test for Weaving Length (Entrance-Female)

Weaving Lengths Estimate St::ia:rd DF | tValue | Pr> |t|
600 1000 -0.4852 0.5456 15 -0.89 0.3878
600 1400 1.0260 0.5366 15 1.91 0.0751
1000 1400 1.5113 0.5129 15 2.95 0.0100
Table 3.23 - Results of Post Hoc Test for Age Group (Entrance-Female)
Age Groups Estimate Standard Error DF t Value Pr> |t]
Middle old 1.3319 0.7023 15 1.90 0.0773
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Age Groups Estimate Standard Error DF t Value Pr> |t]
Middle Young 0.4045 0.5122 15 0.79 0.4420
oid Young -0.9275 0.6664 15 -1.39 0.1843

Distribution of Minimum TTC by Different Weaving Length (Female)
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Figure 3.31 - Distribution of Minimum TTC by Different Weaving Length (Entrance-Female)

Based on the results of post hoc test and Figure 3.31, it can be concluded that the minimum TTC
in the scenario with the weaving length of 1,400 ft (mean: 3.15s) is significantly lower than the
scenario with the weaving length of 600 ft (mean: 4.18s) and 1,000 ft (mean: 4.66s) for female
drivers. In addition, the minimum TTC in the scenario with the weaving length of 1,000 ft is the
highest among three types of weaving length, even though the difference between 600 ft and
1,000 ft is insignificant. Above all, it can be concluded that the weaving length of 1,000 ft is the
safest weaving length for female driver.

As shown in Table 3.23, the difference in minimum TTC between middle age and old drivers is
significant at the 0.1 level. Based on the boxplot of different age group, we can reach the
conclusion that the minimum TTC of old drivers is significantly lower than the middle age
drivers, which implies that old drivers are more likely to be involved in dangerous situations.
This might be explained as that old drivers always need more reaction time to take action to
avoid potential conflicts (Figure 3.32).
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Distribution of Minimum TTC by Different Age Group (Female)
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Figure 3.32 - Distribution of Minimum TTC by Different Age Group (Entrance-Female)

Male driver
As presented in Table 3.24, all the factors for minimum TTC are insignificant.

Table 3.24 - Results of Repeated Measures ANOVA (Entrance-Male)

Type 3 Tests of Fixed Effects
Effect Num DF | Den DF | F Value | Pr>F
Weaving Length 2 21 1.12 |0.3461
Age 2 21 0.29 |0.7504
Volume 1 11 0.53 |0.4813
VSL 1 16 1.56 |0.2294

(2) Exit

As shown from Table 3.25, there is no significant relationship between these factors and
minimum TTC in the exit segment.

Table 3.25 - Results of Repeated Measures ANOVA (Exit)

Type 3 Tests of Fixed Effects
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Effect Num DF | Den DF | F Value | Pr>F
Weaving Length 2 30 0.58 |0.5648
Gender 1 31 0.30 |0.5895
Age 2 30 0.68 |0.5153
Volume 1 16 0.02 |0.8973
VSL 1 15 0.50 [0.4893

3.5.5 Number of conflicts (TTC<3s)

Table 3.26 presents the statistical summary of conflict frequency for different factors. Based on
the statistical results of conflict frequency, several conclusions could be drawn for each factor.
For weaving length, 1,000 ft has the lowest conflicts, followed by 600 ft. The weaving length of
1400 ft was shown to have the highest frequency of conflicts, this might be explained in that
when the weaving length becomes more sufficient, drivers maybe more relaxed at the beginning
of changing lanes while they may need to change lane urgently when they are approaching the
entrance or exit. Besides, drivers would be more likely to get involved in hazardous situation
with longer driving distance. For genders, male drivers are more likely to be involved into
dangerous situations than female drivers, which is consistent with previous studies that male
driver is more aggressive than female driver. As to the age groups, the number of conflicts
increases when the age of driver decreases, which indicate that the young drivers are the most
aggressive drivers when they change lanes. This finding about the young drivers is consistent
with the well-known fact that young drivers prone to be involved in crashes due to the lack of
driving experience.

In terms of traffic volume, the conflict frequency of peak scenario is much higher than the off-
peak scenario. Moreover, the scenarios with the implementation of VSL strategy are found to
have fewer conflicts than the scenarios with Non-VSL. For the segment type, the entrance
segments are more likely to have traffic conflict than the exit segment. In order to figure out
whether there exists difference between different lane-change maneuver, three lane-change
maneuver (i.e. lane 1 to lane 2, lane 2 to lane 3, and lane 3 to lane 4) were compared. The
results indicate that the lane-change maneuver which is more close to the entrance or exit of
MLs tend to have more traffic conflicts.

Table 3.26 - Statistical Summary of Conflict Frequency by Different Factors

Cumulative Cumulative

Variables Frequency Percent Frequency Percent

Weaving Lengths

600 21 31.34 21 31.34
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Variables Frequency Percent il:;l::::‘i:; cupt'f::‘i:’e
1000 17 25.37 38 56.72
1400 29 43.28 67 100.00
Gender
Female 20 29.85 20 29.85
Male 47 70.15 67 100.00
Age
Young 29 43.28 67 100.00
Middle 25 37.31 25 37.31
old 13 19.40 38 56.72
Volume
Off Peak 19 28.36 19 28.36
Peak 48 71.64 67 100.00
VSL
Non-VSL 39 58.21 39 58.21
VSL 28 41.79 67 100.00
Segment Type
Entrance 40 59.70 40 59.70
Exit 27 40.30 67 100.00
Lane Change
Lane 1 to Lane 2 18 26.87 18 26.87
Lane 2 to Lane 3 23 34.33 41 61.19
Lane 3 to Lane 4 26 38.81 67 100.00

Note: Lane 1 indicates the shoulder lane; Lane 2 and 3 indicate the middle lane; Lane 4 indicates

the inner-most lane.

The cross table of conflict frequency in terms of the interaction between weaving length and

gender indicates that the female drivers tend to have much more traffic conflicts in the scenario

with the weaving length of 1,400 ft. However, the male drivers didn’t show any significant

difference among all the weaving lengths (Table 3.27).

Table 3.27 - Cross Tabulation of Conflict Frequency by Weaving Length*Gender

Table of Weaving Length by Gender

109
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Gender
Weaving Length
Female Male Total
600 4 17 21
1,000 3 14 17
1,400 13 16 29
Total 20 47 67

110

As to the interaction between weaving length and age, Table 3.28 shows the cross tabulation of
conflict frequency between different weaving lengths and age groups. The statistical results
indicate that old drivers tend to have much more conflicts in the scenario with the weaving
length of 1,400 ft. However, for the other age group drivers, there seems have no huge
difference between different weaving lengths.

Table 3.28 - Statistical Summary of Conflict Frequency by Weaving Length*Age Group

Table of Weaving Length by Age
Age
Weaving Length
Young Middle oid Total
600 11 8 2 21
1,000 9 6 2 17
1,400 9 11 9 29
Total 29 25 13 67

In terms of the interaction between segment type and lane-change maneuver, Table 3.29 shows
that: in the entrance segment, traffic conflicts are more likely to occur during the lane change
from lane 3 to lane 4 than the other lane change maneuvers. However, in the exit segment,
traffic conflicts are more likely to occur during the lane change from lane 2 to lane 3 than the
other lane-change maneuvers.

Table 3.29 - Cross Tabulation of Conflict Frequency by Segment Type*Lane Change

Table of Part by Lane Change

Lane Change

Part

Laneltolane2 | Lane2tolane3 | Lane3tolLane4 Total
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Table of Part by Lane Change
Lane Change
Part
Laneltolane2 | Lane2tolLane3 | Lane3tolane4 Total
Entrance 12 8 20 40
Exit 6 15 6 27
Total 18 23 26 67

3.6 Conclusions

The driving simulator approach was adopted at the UCF as a part of the second phase, which
aimed at suggesting the optimal weaving length by considering traffic safety at the weaving
section between the general purpose lane and toll lane. Also, the effects of the implementation
of variable speed limit (VSL) strategy were evaluated in this study. Three different weaving
lengths per each lane change were considered: 600 ft, 1,000 ft, and 1,400 ft. Besides, two types
of traffic conditions with/without the VSL strategy were included in the experiment. Totally
twelve scenarios were developed and fifty-four participants were recruited in this experiment.

Two weaving zones, toll lane entrance and exit zones were considered as two potential
dangerous zones since drivers need to change lanes to merge into/out of toll lanes. Drivers’
speed controlling and lane-changing maneuvers were analyzed and used for the evaluation of
weaving length and VSL operation strategy. Repeated measures ANOVA and post hoc test were
adopted for the analysis.

It was found that drivers were prone to have a higher speed if the weaving length is shorter (600
ft) as compared with 1,000 ft and 1,400 ft at the entrance zone. The participants in the scenario
with weaving length per lane of 600 ft would drive around 2 mph faster than in the scenarios
with weaving length per lane of 1,000 ft and 1,400 ft, whereas no significant difference has been
found between scenarios with weaving length of 1,000 ft and 1,400 ft weaving length. The result
indicates that drivers may become more anxious when the weaving length is shorter.
Meanwhile, the speeds at exit zone were similar for the three different weaving lengths. Larger
speed standard deviation was found for the scenario with the weaving length of 1,400 ft at both
entrance and exit zones. Further, drivers’ lane-changing duration became longer in the scenario
with weaving length of 1,400 ft.

When the VSL strategy was implemented, drivers would drive at a lower speed and have a lower
speed standard deviation at the entrance zone while the effects of VSL on the speed control at
the exit zone were not significant. Besides, drivers’ lane-changing duration would not change
when the VSL was used.

The safety measures, time to collision (TTC) and number of collisions, were employed to
evaluate the safety performance when drivers change lanes under different conditions. The
scenario with weaving length of 1,400 ft would have smaller TTC compared with the scenarios
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with other two weaving lengths, which indicated that more potential dangerous situations could
occur for the weaving length of 1,400 ft. Besides, less potential conflicts were observed in the
scenarios with weaving length 1,000 ft. When the VSL strategy was implemented, longer TTC
and less potential conflicts could be observed.

Considering the results of drivers’ speed controlling and lane-changing maneuvers, it was
recommended that 1,000 ft would be the optimal weaving length for lane change since drivers
could have best driving performance in the scenarios with the weaving length of 1,000 ft.
Besides, the experiment results further validated the usefulness of implementation of VSL.
Hence, the VSL strategy should be adopted when close to the entrance and exit of toll lane.
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4 Summary and Conclusions

Managed lanes have emerged as a dynamic traffic management strategy, which has efficiently
improved traffic mobility and enhanced traffic safety, in addition to generating revenue for
transportation agencies. The current study contributed to suggest the optimal geometric design
for a popular type of ML, which converting the existing facilities to access the ML. The most
effective accessibility level and the optimal weaving length between the general purpose lane
and the ML were investigated through two simulation approaches: microscopic simulation and
driving simulator.

The microscopic simulation study had two major study objectives: first, determining the optimal
accessibility level to maximize system-wide efficiency; second, suggesting the optimal weaving
length for vehicles to enter and exit from the ML based on the traffic flow characteristics.
VISSIM microscopic simulation were developed based on a nine-mile network of a ML segment
on the interstate (I-95) in South Florida. Three accessibility levels with one, two and three
ingresses and egresses were tested. For each accessibility level, five different weaving lengths
(600 feet, 800 feet, 1,000 feet, 1,400 feet, and 2,000 feet) under two traffic flow conditions
(peak and off-peak) were included in the experiment. The experiment results suggested the
Level 1 condition which had one ingress and one egress could have a higher speed, a low delay,
and a greater time efficiency compared with other accessibility levels. In addition, the 1,000 feet
weaving length could provide comparatively less conflict rates for different accessibility levels
and traffic flow conditions. Beside the major study intentions, the monetary benefits based on
different accessibility levels were also evaluated for transportation agencies. It was suggested
that the highest revenue could be obtained if two access zones were implemented in the
studied network.

The driving simulator experiment also had two major study tasks: first, suggesting the optimal
weaving length at the weaving segment between the general purpose lane and the ML by
considering different driving behaviors; second, evaluating the effectiveness of variable speed
limit (VSL) in enhancing the traffic safety on the weaving segment. Totally twelve scenarios
based on a 3x 2 x 2 mixed factor experiment design with weaving length (600 ft, 1,000 ft, and
1,400 ft) as a within-subject variable and traffic flow (peak and off-peak) and VSL strategy
(without VSL strategy and with VSL strategy) as between-subject variables. The experiment
results indicated that drivers would drive faster to merge into the ML under the 600 feet
condition, which indicated that drivers could become more anxious with the limited length.
Besides, larger speed standard deviation and smaller time to collision (TTC) could be found at
both entrance and exit zones under 1,400 feet condition, which suggested drivers could become
too relaxed with the excess length. In addition, less potential conflicts were observed in the
scenarios with weaving length 1,000 feet. Further, the result suggested that, when the VSL
strategy was implemented, drivers would drive at a lower speed, have a lower speed standard
deviation, and experience longer TTC and less potential conflicts. It implies that the VSL strategy
could effectively enhance traffic safety at the weaving segment between the general purpose
lane and the ML.

In summary, based on the results from the microscopic simulation study and the driving
simulator experiment, it is suggested 1,000 feet as the optimal length for lane change at the
weaving segment. It is interesting that both microsimulation and driving simulator experiment
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approaches drew a consistent conclusion. In addition, one accessibility level is the safest option
in the nine-mile network based on the microscopic simulation result. Further, variable speed
limit (VSL) control is recommended to enhance traffic safety for the weaving segment between
the general purpose lane and ML based on the driving simulator experiment result.

The current research could be also extended to further improve the efficiency and safety for the
ML in the future. First, the direct and slip ramps have been used to connect the ramp directly to
MLs without generating weaving segments. Additional study efforts need to be made to explore
the effectiveness of such design. Second, the operation and safety benefits of connected
vehicles and autonomous vehicles along with the ML should be also investigated.
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