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ABSTRACT

The continuous growth of freight transportation rovecent years has resulted in an
increasing proportion of commercial vehicles on pations’ highways which has led to
higher truck volumes and more severe truck-relatedshes every year. Safety
proponents have therefore been advocating for mestictions to be placed on these
commercial vehicles in order to reduce the intéoacbf these larger vehicles and
passenger cars. A popular strategy is the use ftdreht lane restrictions for trucks.

However, the effectiveness of these restrictiomdriecks differs from case to case due to
unique factors of each site, including the typeesitriction used, traffic conditions and

the geometric characteristics at the site. This rhativated the author to conduct this
study to evaluate the impact of these restrictionstraffic operations and safety on

freeways with different traffic and geometric chaeaistics.

For the safety evaluation, this research measheesitpact of different truck lane
restriction strategies (TLRS) using conflict as theasurement of effectiveness (MOE).
Conflict has been proven to be highly related #dfitt crushes on freeways (FHWA,
1990; Sayed and Zein, 1999; Kaub, 2000). The higipuiency of conflicts has also made
it possible to collect adequate data for statisacalysis. The MOEs used to evaluate the
impact of different lane restrictions on operatioparformance were lane changes,
average speed, speed distribution, and volumeilnisibn. Due to the lack of existing
highway locations with different lane restrictioognsidered in this study, the conflict
data were collected using a traffic simulation tedPARAMICS V3.0 (Quadstone Ltd.,

2000), which can simulate the emergent interachietween vehicles but not random



iii
crashes on the road network. The effectivenessfigrent lane restrictions in terms of
the above MOEs were evaluated for 14,400 diffesemulation scenarios by varying

lane restriction strategies, traffic conditions I(noe, truck percentage) and geometric

characteristics (gradient, speed limit, interchadegesity).

The simulation results showed that all the geomeitnd traffic characteristics had
a significant impact on freeway safety and operatia addition, truck percentage and
volume were identified as key factors that hadgaificant impact on the selection of the
optimal truck lane restriction strategy. The ANOWAalyses indicated that the degree of
effect of truck lane restriction strategies on safatensify with the increase in truck
percentage and traffic volume. Optimal alternatieégruck lane restriction strategies
under different truck percentages and volumes wvieeatified with the objective of
reducing traffic conflicts and enhancing LOS (lewélservice). Guidelines were then
developed for the application of truck lane resitsits under alternative traffic and

geometric conditions.
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CHAPTER 1 INTRODUCTION

1.1 Resear ch Background

With the development of logistics in highway traogption, the operations of
commercial vehicles in the traffic mix have incredgapidly in terms of both volume
and dimensions which have lead to additional andensevere truck-related traffic
crashes each year. As a result, various truckicégt strategies have been employed to
reduce the interaction between trucks and passenges on the highways, and
consequently to diminish multi-vehicle incidentwaiving large trucks and passenger
cars. Among these truck restrictions, lane resbrsthave been widely implemented as a
popular strategy across the United States. Howekliergffectiveness of different truck
lane restriction strategies (referred as TLRS latethe thesis) for trucks differs from
case to case with respect to operations and sdfegfyto the unique factors of each site
including types of restriction used, traffic chamistics, and geometric design. This
project will therefore focus on evaluating the imofsa of traffic and geometric
characteristics on the effectiveness of TLRS wébpect to safety and traffic flow, and
developing guidelines for engineers to facilitatee tapplication of lane restriction

strategies on freeways.

TLRS are expected to reduce freeway crashes as agelincreasing traffic
mobility. Previous studies have mainly focused aentifying the operational impacts of
TLRS due to the extremely limited availability aush data on the investigated site. In
measuring the operational performances of TLRSedp&avel time, and throughput

were usually employed as MOEs (measurements ottafémess) (Gan and Jo, 2003;



Mussa, 2004; Hoel and Peek, 1999; Vidunas and H#7; Zavoina et al, 1991).
However, limited and inconsistent operational bi#sdfave been found in such studies.
In identifying the safety effects of TLRS, lane-nlgang frequency and speed differential
were used as MOEs. However, the connection betaeemn MOEs and crush rates on the
freeway has not been established. Even thoughatetysbenefits from applying TLRS
are apparent in most cases, these benefits haugeantidentified at a quantitative level.
This has motivated the researchers conductingstiidy to identify safety impacts of
TLRS using conflict as the MOE. Conflict has beeoven to be highly related to traffic
crushes on freeways and the high frequency of mtsthave made it possible to collect
enough data for a statistical analysis (FHWA, 1%dyed and Zein, 1999; Kaub, 2000).

Due to the limited availability of existing sitesitiv different TLRS, this
evaluation was conducted through simulation ushiey RARAMICS V3.0 (Quadstone
Ltd., 2000) program. Its advanced Application Pamgrinterface (API) functions can be
used to simulate and collect interaction data betweehicles. The effectiveness of
different lane restrictions in terms of the abov®B&s was evaluated for 14,400 different
simulation scenarios by varying lane restrictioratstgies, traffic conditions (volume,
truck percentage) and geometric characteristicad{gnt, speed limit, and interchange
density).

Based on the data acquired from the simulation,f&etprs (traffic or geometric),
which have significant impact on the MOEs underfedént TLRS, were identified
through ANOVA analysis. The influence of TLRS ore thafety and operational MOEs

was analyzed for each category decided by the cmatibnh of number of lanes, demand



volume, and truck percentage. In addition, guicddiwere developed for the selection of

an appropriate TLRS for different traffic and gedneecharacteristics.

1.2 Purpose and Scope

The purpose of this thesis was to evaluate thetfeness of different TLRS on
safety and operational characteristics for diffeggometric and traffic conditions.

This study used conflict as a surrogate measurerfwgntrash in the safety
evaluation and used conventional MOEs of averageedp lane changes, speed
distribution, and volume distribution between rieséd and unrestricted lanes for the
operational evaluation. Only 3-, 4-, and 5-lane @ach direction) freeways were
considered in this study as they are typical in éxéting freeway systems. 2-lane
highways were not considered, as it may not be wisapply restrictions on such a
limited number of lanes. The lane restriction wagéstrict trucks from using certain
lanes - exclusive truck lanes were not consideredhis study because, in practice,
assigned truck lanes also allow other vehiclesrawet on them. Grade, density of
interchanges, volume, truck percentage, and posigeed limits were used as
independent variables. In the traffic mix, only téypes of vehicles were considered -
passenger cars and trucks. The simulation softRARAMICS was used as the tool to
collect data for the analysis because of its ade@ipplication Program Interface (API)

functions.



1.3 Study Objectives
The specific objectives of this study were as folo
= identify the effectiveness of different TLRS on ffi@ safety using surrogate
measurements;
» identify the effectiveness of TLRS on traffic opéoa;
» identify the impacts of traffic and geometric fast@n the safety and operational
performance of TLRS;

= produce guidelines on the application of TLRS faffic engineers.

1.4 Structure of Thesis

The remainder of this thesis is organized as fdlo@hapter 2 is a review of
relevant literature including previous studies arck lane restrictions, safety surrogate
measurements, and relative functions of simulasoftiware. Chapter 3 gives detailed
algorithms of safety surrogate measurements twbected in simulation while Chapter
4 provides the methodology describing TLRS, MOHEs] aimulation designs that have
been used in this study. Chapter 5 presents tHgsaaf safety performance of different
TLRS, while Chapter 6 shows corresponding resutt®erational performance on the
basis of simulation data. Chapter 7 gives guidslibased on analysis results from
Chapters 5 and 6 for application of TLRS. In addhifia list of future research topics is

presented.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

This chapter consists of three components - awewfeprevious studies on truck
lane restrictions, an introduction to the safetyrr@gate measurements, and an
explanation of functions of PARAMICS API in colleoy the data required in this
research. The first part reviews the methodologseaulation tools, conclusions from
previous studies and the deficiencies which coddwercome in this study; the second
part gives the concepts of the safety surrogatesanement (conflict) and its connections
to the crash rate, which has been proven by prewstudies; while the third part explains
how the advanced API functions in PARAMICS can beduto simulate and collect data

on the interaction between vehicles on the freeway.

2.2 Previous Studies

There are four types of popular truck restrictioetihods, i.e. lane, speed, time-of-
day, and route restriction. Each method may be smgoon a section of roadway
separately or together with other method(s) in mlmaed strategy. The TLRS restricts
certain types of vehicle (e.g., a truck) from usogggtain lanes in order to reduce slow
traffic or interactions between cars and heavyalekiwhen sharing the same lanes. The
speed restriction usually gives trucks a lower ddamit than that for passenger cars with
the premise that traveling at a lower speed makesasier for heavy vehicles to
accommodate their differences from passenger camse strucks have limited

maneuvering and braking capabilities due to the&irgit, length, and configuration. The



time-of-day restriction prevents trucks from usoegtain lanes or entire facilities during
a special period when the facility is not capaldflaacommodating trucks well under the
current LOS. The route restriction prohibits theck from using certain routes, which
have inadequate geometric design, congested traffliigh residential density that could
be harmed by hazardous materials possibly carrigdtriscks. All TLRS can be
categorized into two major types of strategiesesjricting trucks from certain lanes, and
2) exclusive truck lanes. In the former strategycks are prevented from using certain
lanes, which actually act as passing lanes sovéfactles with higher speeds can overtake
the low speed traffic, i.e. trucks. This may redtlee opportunity to form a truck leading
shock wave when trucks cannot keep up with the sppéecars at grades on freeway
sections. The other type of TLRS is the exclusiuek lane which confines most trucks
within such lanes and prevents cars from using @ng time. Theoretically, this strategy
would dramatically reduce interactions betweenksuand cars unless they needed to
change lanes to enter or leave the highway. Howeawepractice, most states allow
passenger cars to travel on the exclusive truckslaHence, in this study, only the former

strategy is applied in the evaluation process.

Garber and Gadiraju (1990) conducted a study usinlation (SIMAN) to
identify the impact of different TLRS with respdoct differential speed limit (DSL) on
operational and safety performance. Different satiah scenarios were produced by
varying the traffic volume, truck percentage, D@&hd truck lane restriction strategies.
They used volume distribution (trucks and carsiffeent lanes), speed distribution (in
restricted lanes), time headway, and accident i@dethe MOEs. The evaluation results

indicate that 1) imposing the strategy of DSL al@u®s not impact significantly the



distribution of the volumes of trucks and cars iffiedlent lanes of the multilane highway;
2) imposing the strategy of both DSL and lane i&#in will lead to an increase of
interaction between trucks and cars which createsmsh potential; 3) restricting trucks
to the right lane decreases the headway in theatest lanes and the magnitude increases
with the increase of AADT and truck percentage; dh@ skewed distribution of speed
and a potential crash increase will result withithposition of such strategies. The MOE
of “accident rate” was a similar concept to “cocifliand the analysis was based on
simulation data. However, simulation tools, sucPARAMICS, VISSIM, and CORSIM
etc are more advanced. In addition, few lane wgin strategies were applied in this
study with no consideration of the geometric chiméstics, and emphasis was placed on

the effectiveness of differential speed limits.

Hanscom (1990) evaluated the operational effectisenof TLRS at three
highway locations by comparing the observed prinrmeasures of effectiveness (MOES)
before and after imposition of TLRS. Two types &fRIS were applied, i.e. restricting
trucks from using the leftmost lane at two 3-laeach direction) highway segments, and
restricting trucks from using the right lane at oPdane (each direction) highway
segments. The study results indicate that 1) retlaoagestions were achieved in the 3-
lane segments with left-lane restrictions in tewhslecreased rates of vehicles impeded
by trucks and reduced queue lengths; 2) reduceeldspef vehicles impeded by trucks
were found at 2-lane and right-lane restrictiontisas due to crowding of trucks on the
left lane and fewer passing gaps remaining forvéétacles following such trucks; and 3)

no speed changes were observed to indicate ansadeffect of imposing truck lane



restrictions. Few TLRS were incorporated in thigdgtdue to the limited site data and the

evaluation focused only on the operational aspedtnat on safety.

Zavoina et al (1991) analyzed the operational &fet left-lane truck restriction
imposed on I-20 (three lanes in each directiony eat Worth, TX. Based on the field
data collected on the investigated section on [x&hicle distribution with respect to
classification, vehicle speed, and time gaps betwedicles were examined. The results
showed significant changes in the distributionratks due to lane restrictions while no
significant effect was observed in the distributmincars, vehicle speeds, and time gaps
attributed to lane restrictions. However, no traresble results were produced in this
study since data were collected and analyzed ¥&ryaspecial case with respect to grade,

volume, truck percentage, geometric condition, method of lane restriction.

Hoel and Peek (1999) evaluated the impacts of TbRS& simulation method
(FRESIM) upon traffic operation characteristicsdeinsity, speed differential, and lane
changes under different scenarios taking into aucodifferent volumes, truck
percentages, initial volume distributions, grades] TLRS. A total of six TLRS were
applied in the simulation: restricting trucks frotime left lane on a 3-lane (in each
direction) freeway, restricting trucks from thehidane on a 3-lane (in each direction)
freeway, restricting trucks from the far left laoe a 4-lane (in each direction) freeway,
restricting trucks from the far two left lanes orddane (in each direction) freeway,
restricting trucks from the far right lane on aa#é (in each direction) freeway, and
restricting trucks from the far two right lanes @d-lane (in each direction) freeway. The
MOEs used in this study consisted of density, spiferential, and lane changes. As a

result, it was found that restricting trucks frone tleft lane with steep grades may cause



an increase in the speed differential while a desreof density and the number of lane
changes, and restricting trucks from the right lrsels to an increase in the number of
lane changes for sites without exit and entry rantpswever, crash rates were not
directly addressed in this research and merging diverging movements around the

ramp areas were also not considered.

Gan and Jo (2003) developed operational performamaels using VISSIM to
identify the most operationally-efficient TLRS ahative on a freeway under prevailing
conditions in terms of number of lanes, interchadgasity, free-flow speed, volumes,
truck percentages, and ramp volumes. This resaanctaled that 1) truck restrictions
generally increase the average speed under lowciaege density, low truck volume
and low ramp volume condition while causing a rgagle reduction in average speed
under densely-spaced interchanges, high truck pexges, or high ramp volumes; 2)
truck restrictions produce a higher throughput than-restriction alternatives and such
effectiveness became more apparent with the inergathe number of restricted lanes
under low interchange density; 3) speed differéntiaetween restricted and non-
restricted lane groups are significant and the ntade increases with the increase in the
number of interchanges, ramp volumes, truck peageds, and free-flow speed increases;
4) lane changes are generally reduced significdntlihe application of truck restrictions
which indicates a potential improvement of freewesffic safety; and 5) restricting
trucks from the leftmost lane gives good perforneaimc3-, 4- and 5-lane freeways while
restricting from the two leftmost lanes is moretabpie for 4- and 5-lane freeway

corridors unless the interchanges are denselyildiséd and high truck volume exists.
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However, operational performance models developedeatremely complicated and

could not be used easily to select appropriate TaRSsite.

Mussa (2004) evaluated the operation and safetyactaistics of the 1-75
corridor of the 6-lane facility in north Florida wie trucks are restricted from the
leftmost lane throughout the day. Both field anchidation analyses were conducted.
Based on the field data on geometrics and vehitdeacteristics at various times of the
day, the simulation study was conducted to detezrthie effect of travel time and speeds
on the corridor with truck restrictions for differte simulation scenarios taking into
account traffic volume, vehicle type distributiaime of day, and other pertinent factors.
Further, the study also investigated crashes irsth@y corridor to determine the safety
experience associated with the left-lane truckrictgin. The simulation results showed
no significant difference in travel time and delagtween restricted and non-restricted
corridors but the truck restriction decreased thmiper of lane changes. In addition, the
crash data analysis results indicate that imprégres changes contribute to traffic crash

occurrence.

In summary, most of the previous studies were gotetl under limited geometric
and traffic conditions. In evaluating the impacfstrmck lane restriction strategies on
safety, only conventional MOEs such as lane charages speed differentials were
considered. Although some crash data were collecteseveral studies, the statistical
analysis seems unreliable due to a lack of adegsité¢ée data. To overcome these
shortcomings, this research used conflict as aogate measurement of safety as
adequate conflict data could be collected from $tion that can be used for statistical

analysis.
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2.3 Safety Surrogate M easurements

Traffic safety studies have put a lot of effort riglating the crash rate to the
operational independent variables such as AADTumel to capacity ratio, and average
speed, etc. These studies usually produce regresmdels with dependent variables of
crash rates and the independent variables menti@bede. Hence, calibration of
parameters is required within each model to fipacg&l local site. However, the crash
rate is difficult to predict due to the low frequgnof crashes and their random
occurrence which may be caused by factors beyonihttependent variables considered
in the model. In other words, similar facilities ynlaave different crash rates which may
result in unstable calibrated values of parameféris situation has diverted researchers’
interests from crash rates to safety surrogate umneaents which are directly related to
crash rates but occur at a higher frequency. Antbegsafety surrogate measurements
investigated over the yearspnflict is one of the most popular and the high corretatio
between crash rates and conflicts has been proyeprdvious work (FHWA, 1990;
Sayed and Zein, 1999; Kaub, 2000). In this stubg, concept of conflict follows the
definition first given by Amundsen and Hyden (19788 “An observable situation in
which two or more road users approach each othémi@ and space to such an extent

that there is risk of collision if their movememénain unchanged.”

Once a conflict is defined, the occurrence an@sBvare decided by the value of
a certain related measure. The primary occurreneasare of conflict used in previous
research isime to collision(TTC) which is defined athe expected time for two vehicles

to collide if they remain at their present speed an the same pattiFrHWA, 2003). The
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algorithm developed by FHWA (2003) computes TTC the time it takes the
encroaching vehicle to reach the current positibthe other vehicle if the encroaching
vehicle remains at its present speed on the sathe Plae shorter the TTC, the higher
probability of a collision. At the same time, somesearchers also use TTC as an
indication of crash severity (Hyden, 1987; Haywat@y72) which is under debate by
other researchers because TTC does not directlg ¢gme absolute speed of the
encroaching vehicle even though it involves spedl lleadway during the calculation
(Kruysse, 1991; Tiwari et al., 1995). Hence, inleating the severity of the collision,
other values such as deceleration rate (DR) andlibsspeed are highly recommended
in addition to TTC (Cooper and Ferguson, 1976; Batas et al., 1980). In this initial
study, only the frequency of conflict occurrenceised as an MOE to evaluate the safety
performance of truck lane restriction strategiegufe work will be done on investigating

the influence of lane restriction upon crash séyeri

The research report FHWA-RD-03-050 gave detadedinitions of different
conflicts in 2003 at intersections including poartd line conflicts and framed out the
basic process to acquire such conflict data framukition. This study follows a similar
concept and process set out in the above repoisladjusted to fit the case of freeway.
Here, the conflict data collected in the simulatcmmsist oflane-changing, mergingnd
rear-end conflictsThe lane-changing conflict is defined as thateein the vehicle that
makes a lane-changing maneuver and the vehiclewimlj immediately after it in the
target lane; the merging conflict is defined ad thetween the vehicle merging to the
main road from a ramp and the vehicle following iethately after it in the target lane on

the main road. The rear-end conflict is definedhas between the vehicle that suddenly
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reduces its speed and the vehicle following imntetiiaafter it in the same lane and in
the same direction. In the simulation, the proaddgsacing potential conflict is triggered
by a lane-changing maneuver, a merging maneuvera @udden start of braking
maneuver. Once a process is triggered, the posiipaed, and acceleration of the
vehicles involving the potential conflict will beated for a certain period at each
simulation time step. At each step, the time tofledn(TTC) is calculated and updated if
the current TTC is less than all the previous ah@sng the tracing period. If the final
TTC is less than a certain threshold set in advyaaceonflict of certain type will be
counted. Chapter 3 discusses detailed informatemarding algorithms of safety and

surrogate measurements.

Field data collection of conflicts is a cost-consnigntask because each one needs
to be identified at the site by observers regasddsvhether this task is conducted at the
site or through extraction of data from video relsal in advance. In addition,
inconsistencies may exist among different obserf@rshe same set of data and the
accuracy could be ruined by the subjectivity of esliers. Hence, the attention of
researchers has been diverted to traffic simulatimdels to collect safety surrogate
measurement (FHWA, 2003). To be a candidate taosddety surrogate measurements
through simulation, the software should have theabdity of modeling driver/vehicle
interactions (car following, gap acceptance, lahange, etc), extracting detailed data
from the simulation (location, speed, acceleratlenéleration, etc), and
calibrating/selecting the parameters for each modellot of microscopic traffic
simulation software packages such as VISSIM, CORSAMISUM, PARAMICS, etc

are capable of performing these functions. In ghigly, VISSIM and PARAMICS were
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available for use, but the latter was chosen becd)sPARAMICS has advanced
application programming interface (API) functionsigh could collect and deal with
conflict data during the process of simulation @&lrtime; 2) the author has extensive

experience in PARAMICS simulation modeling and ARdgramming.

2.4 PARAMICS API Functions

PARAMICS 3.0 (Parallel Microscopic Simulation), ddeped by Quadstone Ltd,
is a suite of high performance software tools csimgy of PARAMICS Modeler,
Processor, Programmer, Analyzer and Monitor (Quamst 2002). The PARAMICS
Modeler simulates lane changing, gap acceptanakcanfollowing behavior for each
vehicle on urban and freeway networks with inpubggaphic and traffic data in a
graphic user interface (GUI). It allows the useisé a time of less than one second, at
which the state (position, speed, accelerationidesi®on, etc) of each vehicle will be
updated. This makes it possible to investigateitiberaction between the vehicles in
subtle details. The PARAMICS Processor can runtridiic simulation in a batch mode
without visualization which dramatically increas#ise speed of simulation. The
PARAMICS Analyzer is a tool that is used to reaslufes from simulation, conduct data
analysis at certain levels, and presents the amahlgsults in a GUI format. The
PARAMICS Programmer is a Quadstone framework prdidor advanced users to
customize many features of the underlying simutatimodel through an Application
Programming Interface (API). In this research, tMedeler is used to build up the
simulation network, to set up the truck lane resitvh strategies, and to input traffic data;

the Processor is used to run the different scemarfosimulation in a batch mode by
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different lane restriction strategies, geometricndibons, and traffic inputs; the
Programmer is used to develop a process embedder iModeler to compute safety
measurements in the simulation, to extract requitatd, and to summarize the results.
This process is called Safety Surrogate AssessiiiEthodology (SSAM) (FHWA,

2003).

The success of developing the SSAM process heaéributed to the merits of
the advanced API functions in the PARAMICS Progrannihe Programmer is able to
pass additional network-wide configuration paramseteto the simulation, read or write
information from any of the objects used to repnéske network (such as intersection,
link, lane, vehicle, signal, loop detector, etc)dancrease the detail of the measured data
available from the simulation by vehicle taggingt@cing the process of the simulation
(FHWA, 2003). The Programmer generally provides grmaups of functions: control and
callback. The control functions are event-driverucures which are triggered at a
specific simulation stage or when special eventsuQcfor example, when a vehicle
makes a lane-changing maneuver or passes a loegtatetThe callback functions return
information about some of the attributes of therentr vehicle (position, speed,
acceleration/deceleration, etc) and its environmerg. the relationships between the
current vehicle and other facilities in the networkhe callback functions provide
adequate inputs for computation in the SSAM proedsige the control functions assure
only indispensable cases are considered and onbseary data are collected for a high

efficient process.
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2.5 Summary

The literature review of the previous researcheaty that although much effort
has been placed in evaluating the effectivenessiok lane restriction strategies, most of
these studies focused on special cases and thisrpsoduced cannot necessarily be
transferred to other conditions not consideredhiesé studies. In addition, the safety
performance was evaluated on the operational messuwch as speed differential and
lane changes. In order to effectively evaluate kriame restriction strategies, more
reliable MOEs, such as safety surrogate measunes|dsbe used. The extensive studies
that have been conducted on safety surrogate nesabaxe proven a direct correlation
between traffic crashes and traffic conflicts (FHW&90; Sayed and Zein, 1999; Kaub,
2000). The merits of PARAMICS in both microscopimslation and advanced API
functions have also made it possible to colleatrenttion data between vehicles in the
simulation. The literature review indicates theeassity for this study as its results should
make a significant contribution to the safety oé thrt on the impact of truck lane

restriction on safety and operation on freeways.
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CHAPTER 3 ALGORITHMSOF SAFETY SURROGATE MEASURES

3.1 Introduction

The most popular measurement of safety of a highevayeeway facility is the
expected number of crashes that occur at the igegstl facility during a certain period.
To evaluate the safety level of a newly-built ocarpied facility, researchers have been
relating crashes that have not occurred to someabpeal independent variables (such
as the AADT) that can be predicted at a certairalvtd level. These usually result in a
regression model with a dependent variable of crasth independent variable(s) of
AADT and other operational variables. Most of theeg, calibration is usually a
prerequisite for the model. However, the rarendssrash occurrence has made such
calibration less reliable, and the crash rate ilk difficult to predict despite the large
body of studies in this area. This has diverteditherest of researchers over time to
obtain surrogate measurements that reflect theyskefeel of a facility, but have a much
higher frequency of occurrence than that of crastsong all safety surrogate
measurements, conflict is the most popular. Hegectinflict is defined as an observable
situation in which two or more road users approaath other in time and space to such
an extent that there is the risk of collision ifeith movements remain unchanged
(Amundsen and Hyden, 1977). It should be noted tatdefinition of conflict in this

study includes only the potential collisions invialy two vehicles.

Conflict is a potential collision event that doest occur due to evasive action
during a collision course. It could occur eitheaaiarticular location in time and space or

during a range of times and locations. The formeralled a conflict point and the latter
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is a conflict line (FHWA, 2003). For example, at imtersection, conflict points exist
between the left-turn traffic and the through t@ih the opposite direction because they
could only collide in one possible location. Howewhen a vehicle on a freeway makes
a lane-changing maneuver, a conflict line existsvben the current vehicle and the
vehicle immediately behind it on the target lan¢haf lane-changing action because there
are a series of times and locations that the twocles could collide on the target lane
during a short time period after the lane changiameuver begins. A conflict line exists
at both intersections and freeway sections butndlicopoint only exists at intersections.
Since this study intends to evaluate the safetyaghpf truck lane restriction strategies

on freeways, only conflict lines are incorporatedhe conflict data collection.

The research report of FHWA-RD-03-050 gives detiadefinitions of different
conflicts at an intersection including point coafi and line conflicts and frame out the
basic process to acquire such conflict data frarukition. This study followed a similar
concept and process set out in the above repoffitted them for freeway. Here, three
kinds of conflicts are considered in the simulatiame-changing, merging, and rear-end
conflicts. As shown in Fig. 1, lane-changingconflict is defined as the conflict between
the vehicle that makes a lane-changing maneuvéiqieeA) and the vehicle following
immediately after it in the target lane (vehicle Bhe merging conflicis defined as the
conflict between the vehicle merge to the main rsach a ramp (vehicle D) and the
vehicle following immediately after it in the tatgane on the main road (vehicle E). The
rear-end conflictis defined as the conflict between the vehicle sualdenly reduces its
speed (vehicle B) and the vehicle following immeelya after it in the same lane and in

the same direction (vehicle C).
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Figure 1 Definition of Conflicts

The typical crashes involving two vehicles on fregvgegments are rear-end and
sideswipe crashes assuming a physical partitiostexietween opposite directions.
However, it is difficult to simulate the conflictsat would potentially lead to a sideswipe
crash because the position of the vehicle in thrlsition is given by the current lane and
the distance of the vehicle from the end of therenirlink (freeway section between
ramps). Within a lane, there is no exact transveosgdinate provided. Hence, all three
types of conflicts defined above are rear-end evant are categorized into three types
of conflicts by the different triggering conditiotisat are mainly described by the original
positions by the lane of the encroaching and eeasghicles. Such categorization of
conflicts assumes the lane restrictions will enageror discourage different vehicles (car
or truck) to change lanes or stay in the currené land the rate of these three types of
conflicts will reflect the potential risks when veles make lane changes, merge or
suddenly start to brake under such motivations. fdlewing paragraphs will give
details of the descriptions, algorithms of theseflacis, and the process to obtain them

from simulation.
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3.2 Lane-Changing Conflict and Merging Conflict

3.21 Description of Events

The lane-changing and merging conflicts are simit@ctause encroaching
vehicles in both cases make a lane-changing manéetere the occurrence of a conflict
except that the encroaching vehicle in a mergingliod changes from the acceleration
lane to the rightmost lane. Since lane restrictinsgally restrict trucks from using the
left lane, the rightmost lane is a sensitive aesaecially for traffic from entrance ramps.
This is the main reason that these two types oflicts) are investigated separately.
However, in the following conflict event descripticonly a lane-changing conflict event

is introduced because the conflict event for maygionflict is almost the same.

A timeline of a conflict line event for a vehicleaking a lane change in front of a
vehicle progressing in the same direction on thgetalane is described in Fig. 2. This
timeline is adapted from the research report of FHRD-03-050 (FHWA, 2003). The
upper curve represents the time-space trajectottyeoéncroaching vehicle (which makes
a lane change), while the lower curve represemgithe-space trajectory of the evasive
vehicle (which immediately follows the encroachiwmghicle in the target lane). In the
simulation, the whole timeline ends at a predefineakimum reference time. In this
example, six time points from to & are employed to describe the first two conflict
points:

» Attime t;, the encroaching vehicle makes a lane-change man&io the same lane

as the evasive vehicle;
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At time t, the evasive vehicle realizes that a collisionhhimccur and begins braking
to avoid the collision;

At time t;, the next time step of the simulation is reached state variables for each
vehicle are updated;

At time t;, the evasive vehicle would reach the first cobfloint if it did not
decelerate at t2;

At time &, the evasive vehicle would reach the second ainfloint if it did not
decelerate at t3;

At time t, the predefined maximum reference conflict timeeesched.
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Figure 2 Conflict Line of L ane-Changing Conflict

(Adapted from FHWA-RD-03-050, FHWA final report, @8)

Here, the difference between timeand t is the TTC for the first conflict point,
e.g. for the initial states (position, speed, aa@ion/deceleration) immediately after the
start of encroachment, the TTC is the projecteck tihe evasive vehicle needs to reach
the position where the encroaching vehicle initage lane-changing maneuver if the
evasive vehicle’s speed stays unchanged. Simildo¢ydifference between timeand §
is the TTC for the second conflict point, e.g. tbe updated states (position, speed,
acceleration /deceleration) at the beginning ofrtéxet simulation time step after the start
of encroachment, the TTC is the projected timedhasive vehicle needs to reach the
position of the encroaching vehicle at the starthef second time step if its speed stays
unchanged. During the course of a lane-changingenging conflict line event, there
could be more than two conflict points dependinglmvalue of time step parameter in
the simulation and the predefined maximum referexacdlict time. The whole course of
conflict event may end before the predefined maxmmaference time is reached earlier
if the evasive vehicle makes a lane change to aacadlision or the encroaching vehicle

makes a lane change to get off the lane or mauh roa

3.22 Computational Algorithm

The computational algorithm in simulation to caétel and collect the safety surrogate

measurements of lane-changing or merging confligiven in detail as follows:
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Triggering A vehicle on the main road accepts a gap and makase change to
condition: the adjacent lane in the same direction or a veharl the ramp
accepts a gap and makes a lane change to the ragttiane of the

main road from the acceleration lane.

1 Record

1.1 The current time stegt

1.2 The vehicle ID of the current (encroaching)igkeh

1.3 The position of the encroaching vehicle onténget lane;

1.4 The speed of the encroaching vehicle;

1.5 The acceleration/deceleration of the encroaghiehicle;

1.6 The vehicle ID of the vehicle immediately beive encroaching

vehicle on the target lane (evasive vehicle);

1.7 The position of the evasive vehicle on theetalane;

1.8 The speed of the evasive vehicle;

1.9 The acceleration/deceleration of the evasiveclke;

2 Compute

2.1 The first conflict point (position of encroacgivehicle at timep};
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2.2 The project timeg for the evasive vehicle to reach the first conflic

point;

2.3 Thefirst TTC agt t;

2.4 Save TTC = TTCqjt

3 Repeat step 1 until:

The predefined maximum reference time (5 se&gaished, or

The encroaching vehicle makes a lane change tthantane, or

The evasive vehicle makes a lane change to aniather

3.1 Record the updated conflict point of the enchireg vehicle at the

start of the current time steg t

3.2 Compute the projected timedr the evasive vehicle to reach the

updated conflict point;

3.3 Compute the current TTC as-tt;

3.4 Check:

If TTC(t) < TTC (t-1), save TTC = TTC(t).

4 Determine whether a conflict occurs when:

The predefined maximum reference time is reaabred,
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The encroaching vehicle makes a lane change tthantane, or

The evasive vehicle makes a lane change to aniather

4.1 IfTTC < TTC_upper_limit (predefined parametdr sec), count

and save this event;

Otherwise, do not save event data.

End of the process.

3.3 Rear-End Conflict

3.3.1 Description of Events

The rear-end conflict occurs when a vehicle suddehdws down while the
vehicle immediately following it is too close toact at a safe braking speed. This conflict
would force the following vehicle to brake hard @woid a rear-end collision. Such a
slowdown could be caused by emergencies in froth@fleading (encroaching) vehicle
or the maneuver of the leading vehicle to changedaor get off the main road. As
previously discussed, the lane-changing and mergamdlicts are also rear-end events
while the original lane of the encroaching vehidedifferent from that of the evasive

vehicle. In this part, the rear-end conflicts exiduhe events in 3.1.

A timeline of a rear-end conflict line event forvahicle making a lane change in
front of a vehicle progressing in the same direcbo the target lane is described in Fig.

3. This timeline is adapted from the research rteplFHWA-RD-03-050 (FHWA, 2003).
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The upper curve represents the time-space trajeofothe encroaching vehicle (which
makes a lane change) while the lower curve reptedbe time-space trajectory of the
evasive vehicle (which immediately follows the evawghing vehicle in the target lane).
In the simulation, the whole timeline ends at adpfmmed maximum reference time. In
this example, six time points fromtb  are employed to describe the first two conflict
points:
* Attime t;, the leading (encroaching) vehicle suddenly sldasn;
* At time t, the evasive vehicle realizes that a collision hhigccur and begins
braking to avoid the collision;
* At time &, the next time step of the simulation is reached state variables for
each vehicle are updated;
» At time t;, the evasive vehicle would reach the first cobfpoint if it did not
decelerate aptt
» At time t;, the evasive vehicle would reach the second argbint if it did not
decelerate agt

« Attime t, the predefined maximum reference conflict timeeeched.
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Figure 3 Conflict Line of Rear-End Conflict

(Adapted from FHWA-RD-03-050, FHWA final report, @B)

Here, the difference between timgsnd { is the TTC for the first conflict point,
e.g. for the initial states (position, speed, am@lon/deceleration) immediately after the
start of encroachment, the TTC is the projectect tihe evasive vehicle needs to reach
the position where the encroaching vehicle initdage lane-changing maneuver if the
evasive vehicle’s speed stays unchanged. Simildmydifference between timesand
is the TTC for the second conflict point, e.g. tbe updated states (position, speed,

acceleration /deceleration) at the beginning ofriévet simulation time step after the start
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of encroachment, the TTC is the projected timedhasive vehicle needs to reach the
position of the encroaching vehicle at the starthef second time step if its speed stays
unchanged. During the course of a rear-end corlitietevent, there could be two more
conflict points depending on the value of the tigtep parameter in the simulation and
the predefined maximum reference conflict time. W®le course of conflict event may
end before the predefined maximum reference timeedkhed earlier if the evasive
vehicle makes a lane change to avoid the collisiothe encroaching vehicle makes a

lane change to get off the lane or main road.

3.3.2 Computational Algorithm

The computational algorithm in the simulation tolcatate and collect the safety

surrogate measurements of rear-end conflict isngineletail as follows:

Triggering A vehicle on the main road suddenly slows dowrvtidsemergency
condition: or to change lane or to get off the main road. Thrges the vehicle

immediately following it to brake hard to avoidear-end collision.

1 Record

1.1 The current time step t

1.2 The vehicle ID of the current (encroaching)iglkeh

1.3 The position of the encroaching vehicle oncilmeent lane;

1.4 The speed of the encroaching vehicle;
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1.5 The acceleration/deceleration of the encroaghiehicle;

1.6 The vehicle ID of the vehicle immediately beire encroaching

vehicle on the target lane (evasive vehicle);

1.7 The position of the evasive vehicle on theenirlane;

1.8 The speed of the evasive vehicle;

1.9 The acceleration/deceleration of the evasiveclke;

2 Compute

2.1 The first conflict point (position of encroacivehicle at time};

2.2 The project time for the evasive vehicle to reach the first conflic

point;

2.3 Thefirst TTC agt t;

2.4 Save TTC = TTCqjt

3 Repeat step 1 until:

The predefined maximum reference time is reached, o

The encroaching vehicle makes a lane change tchantdne, or

The evasive vehicle makes a lane change to antathey or
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The evasive vehicle totally stops.

Record the updated conflict point of the enchoag vehicle at the

start of the current time steg t

Compute the projected timefdr the evasive vehicle to reach the

updated conflict point;

Compute the current TTC as-tt;

Check:

If TTC(t) < TTC (t-1), save TTC = TTC(t).

4 Determine whether a conflict occurs when:

4.1

The predefined maximum reference time (5 sechshed, or

The encroaching vehicle makes a lane change tdhentdne, or

The evasive vehicle makes a lane change to antathey or

The evasive vehicle totally stops.

If TTC < TTC_upper_limit (predefined parameted.5 second),

count and save this event;

Otherwise, do not save event data.

End of the process.
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3.4 Summary

Different algorithms had been developed to compune record conflicts between
vehicles triggered by lane-changing, merging, adem start of braking maneuvers.
These algorithms were adapted from the Federal whghAdministration report of
FHWA-RD-03-050 (2003) exclusively designed for apgtion in simulation through
PARAMICS. In Chapter 4 Simulation Designthese algorithms will be used as the

baseline of the development of APl programs embedidehe PARAMICS modeler to

collect conflict data.
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CHAPTER 4 SMULATION DESIGN

4.1 Introduction

Due to a limited availability of site data, thisadwation project is conducted using
simulation data collected from PARAMICS, a micrggicosimulation tool, which was
calibrated using site data collected on freewayhiwithe state of Virginia before the
evaluation. Different simulation scenarios weredued by applying different truck lane
restriction strategies and varying the geograpfiifit independent variables such as
grade, interchange density, posted speed limitunael and truck percentage. These
simulation scenarios cover different truck lanetrreson strategies under a variety of
geographic and traffic conditions. In addition, sl Application Programming Interface
(API) programs were developed and embedded inithelation. The main functions of
these API programs were to collect and computes#iiety surrogate measurement and

other operational measurements of effectivenessgMO

4.2 Calibration of PARAMICS

4.2.1 Calibration Approach

The PARAMICS calibration in this study follows a tlra Hypercube Design
(LHD) procedure proposed by a previous study cotetlby Park and Qi (2004). This
procedure employs the LHD algorithm to reduce théreenely large number of
parameter combinations into a reasonable levelendtill adequately covering the entire

parameter surface. The results in Park and Qi'dysiadicated that the LHD approach
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would achieve a similar performance in obtainingirapl parameter sets as the popular
Genetic Algorithm (GA) method even though it doex go through all the possible
combinations of parameters. Since the focus of shigly is not the calibration of the
simulation tool, the LHD approach was chosen irtstefathe GA approach to quickly

obtain the optimal parameters.

4.2.2 Calibration Parameters

Parameters related to the car-following and lareging models in the
simulation were selected to be calibrated beceheséarget of this study is to evaluate the
effectiveness of lane restriction strategies. Thpagameters were the mean time
headway, mean reaction time, speed memory, curgedsfactor, headway factor, and
link speed. The descriptions and default valuethe$e parameters are provided in Table
1. The acceptable range of calibrated parametengictbe decided by the discretion of
the research and experience from the previous stadyis study, the parameter ranges
were set the same as those for the freeway sestiay in the work of Park and Qi

(2003).
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Tablel. Calibration Parameters

Parameter Description Dv‘zfl?;gt Acceptable range
Mean headway (sec) The mean target headway, imdeco 1.0 0.6-2.2
Mean reaction time (sed) The mean reaction timeach driver, in seconds 1.0 0.3-1.9

Each vehicle has the facility to remember its own
speed for a number of time steps. This memory
facility is used to implement driver reaction time
by basing the change in speed of the following 3 1-9
vehicle on the speed of the leading vehicle at a
time in the recent past. Changing the size of the
speed memory allows the modeling of larger
reaction times or smaller time steps

Speed memory

Set a factor to control the amount to which 10 10-50

Curve speed factor .
P vehicles slow down due to curvature on road

The target headway for all vehicles can be
modulated using this factor. For example, in a 10 06—1.4
tunnel, the user might know that drivers commonly ™ ' ’
extend their headway by 50%

Headway factor

Link speed (mph) The desired speed when the volarosv 65 60 - 80

4.2.3 Site Data Collection

The field data for calibration were collected or th295 freeway section at Henrico
where 1-295 intersects 1-64 (Fig. 4 from A to BEluding the volumes for every 5 mins
on the ramps and main road, truck percentage, lentravel time for 2 hours from 8:00
to 9:00 am and from 12:00 am to 1:00 pm. Data $e&tnh 8:00 to 9:00 am was used for
calibration and data set Il from 12:00 am to 1:00 was used for validation. Volume
data were the input to the simulation and traveles were used as the measure of

effectiveness (MOE) for the calibration.
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Figure 4 Calibration Network

4.2 4 Calibration Result

Using the default value and range of the calibrafp@arameters in Table.1 as
inputs, the LHD algorithm generated 200 combinationh these parameters which are
uncorrelated. Five random seeded runs were cordlucteARAMICS for each of the
200 cases resulting in a total of 1000 simulatiomst The average travel time of vehicles
was recorded for each 1000 runs. The results floenfive multiple runs were then

averaged to represent each 200 parameter seb Biges the distribution of the average
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travel time of vehicles form the 200 simulation rem@os. The calibration result shows
that the average travel time (61.8 sec) from fadth set | falls within the range of travel

times produced by simulation using different scersaof these parameters.

N
)

61.8 se
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Figure5 Frequency of Travel Time
Twenty combinations (10%) of parameters that predusimilar travel times
(around 61.8 sec) with the site data were chosethé&validation. The validation process
is a similar simulation process with calibratiorcept that the input volume data were
those from data set Il and the parameter sets 2@reombinations which produced a
similar average travel time with the field averageel time (61.8 sec) in data set |. After
the validation simulation runs, the average traiweks produced from the 20 parameter
sets were compared with the real travel time fraetd fdata set Il. One parameter set (as
shown in Table 2) was chosen as optimal that hesoreable parameter values as well as
producing an average travel time (62.5 sec) tHit Wathin a small range around the real

travel time (59.0 sec) of data set Il.
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Parameters Calibrated Value
Mean headway (sec) 1.35
Mean reaction time (sec) 0.53
Speed memory 4
Curve speed factor 15
Headway factor 1.0
72

Link speed (mph)
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4.3 Simulation Scenarios

In order to identify the impact of lane restricticstrategies under different
situations, simulation scenarios were developedvdnying lane restriction strategies,
traffic conditions (volume, truck percentage) anebmetric characteristics (gradient,
speed limit, interchange density). The input valioeseach key independent variable are
shown in Table 3.

Table 3 Input Values of Independent Variables
Independent Variable Input Values

Truck lane restriction strategies R0O/3, R1/3, R2/3
R0/4, R1/4, R2/4, R3/4

RO/5, R1/5, R2/5, R3/5, R4/5

Grade 0%, 1%, 3%, 5%
Interchange density (no/mile) 0.25, 0.50, 0.7501.0

Free flow speed (mph) 55, 65, 75

Main line volume (vphpl) 100, 500, 1000, 1500, 2000
Ramp volume (vphpl) 100, 500, 1000, 1500, 2000
Truck percentage 5%, 15%, 25%, 40%, 50%

The simulation network coded in this study is right 5-mile freeway section
with a varied number of lanes, grade, and interghadensity. The lane restriction
strategies applied depended on the number of lafrtbe freeway in each direction. For a
3-lane freeway (each direction), three strategiesewimplemented: no restriction,
restricting trucks from using the leftmost laned agstricting trucks from using the two
leftmost lanes. Similarly, there are four stratsdier a 4-lane freeway (each direction)

and five strategies for a 5-lane freeway. Fig. @xshdifferent lane restriction alternatives
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considered in this study. Here, “R” represents uzkirestricted lane, e.g. trucks are
restricted from using such lanes, while “U” reprasea non-truck-restricted lane, e.g.

trucks are allowed to use such lanes.

/ 2
UUU?UUU UUR%RUU UIR[R R|R| U
W2 2 PG
RO/3 R1/3 R2/3
,{""““ z,
UUUU/%UUUU U[ UJU[R R{UjUfU Ul U[R|R RIR|UIU Ul R|RIR RIR|RIU
A PR SRRt
RO/4 R1/4 R2/4 3R
UL U UJUUF# U Upupuju UUUUR/RUUUU UUURR/RRUUU UURRR/RRRUU URRRR%RRRRU
AT A ZH ) PR AR BB
RO/5 R1/5 R2/5 R3/5 R4/5

Note: R n/N means restricting trucks from usingriieftmost lanes on N-lane (in each directiongivay.

Figure6 Truck Lane Restriction Strategies

The grade of the freeway section was chosen dadmpendent variable in the

evaluation in that the grade has a negative inflaempon the acceleration ability of
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trucks with a much greater mass than passengerdagsgrade of the freeway changes
from 0%, 1%, 3% to 5%. The number of ramps (botiagce and exit) will impact the
lane-changing maneuvers when a vehicle on the noaith intends to get off the road or
when a vehicle on the ramp intends to merge intontainstream. Hence, the density of
interchange (entrance ramps and exit ramps) wasiaerporated into the independent
variables. The interchange density varies from @d2%.00 with an incremental step of
0.25. Fig. 7 gives a typical schematic layout ofrgerchange in the simulation network.
At each interchange, an off-ramp is followed byoamramp with at a distance of 800 ft.
The lengths of acceleration and deceleration lamesfixed at 1000 ft. The number of

lanes on the ramp is fixed to be 1, and the widthach lane is 12 ft.

J A

—
=
e

N

700 ft 1000 ft 700 ft
>

Figure 7 Layout of Interchangein Simulation Networ k

The posted speed limits were 55, 65, and 75 mglover a range around 65 mph
which is a typical posted speed limit on intersthighways in Virginia. The traffic
volumes on both main road and ramp were 100, 5000,11500 to 2000 vphpl to
incorporate different LOS traffic conditions in tbealuation. For the traffic volume, it is
assumed that there are only two types of vehiclehe traffic mix: passenger cars and

trucks. The configurations of the two types of wis are given in Table 4. The truck
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percentage starts from 0% and incrementally ine®as 50% which is nearly the

maximum recorded on I-81, which carries the higlpestentage of trucks in Virginia.

Table 4 Configurations of Carsand Trucksin Simulation

Top
Type | Length | Height | Width | Weight | Speed | Acceleration | Deceleration
ft (m) ft (m) | ft(m) | (Tonne) mph ft/s.s(m/gls) | ft/s/s(m/g/s)
(km/h)
Car 13.1 4.9 5.2 0.8 98.2 8.2 (2.5) 14.8 (4.5)
(4.0 (1.5) (1.6) (158)
Truck 36.1 131 8.2 38.0 80.0 4.6 (1.4) 12.1 (3.7)
(11.0) (4.0 (2.5) (128)

Hence the total number of simulation scenaria®mputed as:

Scenarios (3-lane freeway) = 3 (strategies) *3L{PPH(volume levels) *5(truck

percentage) * 4 (gradients) *4(intersection densitya,600;

Scenarios (4 lanes) = 4 (strategies) *3 (FFS) bh(wme levels) *5(truck

percentage) * 4 (gradients) *4(intersection density,800;

Scenarios (5 lanes) = 5 (strategies) *3 (FFS) bhk(we levels) *5(truck

percentage) * 4 (gradients) *4(intersection density,000;

Hence this produces a total of 3,600 + 4,800 +@®;60Q24,400 different scenarios. In
addition, each scenario was applied for 5 differandom seeds which would eliminate
the impact of the random factors in the simulatibmerefore, the analysis of simulation

results was based on 72,000 data points.

4.4 APl Programs

The effectiveness of different truck restrictions this study was evaluated

through MOEs of conflict rate, lane changes, spekstribution by lane, speed
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distribution by vehicle types, volume distributiby lanes, and average speed. To acquire

these measurements, different APl programs wereldpegd to control or collect data

from the simulation runs:

Control_Program.exec a C++ program controlling the batch execution of
PARAMICS simulation. 14,400 different simulationesarios were run through
this program in a batch simulation mode. The maincfion is to select an
appropriate simulation network, apply certain iestn strategies, set the posted
speed limit on each link, release a certain nunobe&ehicles (trucks and cars) to
the simulation network and control the rhythm o thaffic volume, and adjust

the grade of the freeway section.

Lane _changing_conflict.dll: a PARAMICS API program embedded in each
simulation scenario to trace the actions of endrmacand evasive vehicles after
a lane change maneuver and compute safety surnogateurements to identify a
lane-changing conflict in accordance with the athon given in Chapter 3. At

the same time, this program collected the numbé&ref changes.

merging_conflict.dll: a PARAMICS API program embedded in each simufatio
scenario to trace the actions of encroaching amldie® vehicles after a vehicle
merges into the main line from an on-ramp and cdmpafety surrogate
measurements to identify a merging conflict in adeace with the algorithm

given in Chapter 3.

Rear_end_conflict.dll: a PARAMICS API program embedded in each simutatio

scenario to trace the actions of encroaching amsdie® vehicles after a vehicle
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suddenly brakes severely and compute safety sueregaeasurements to identify

a rear-end conflict in accordance with the algonithiven in Chapter 3.

* Speed.dll: a PARAMICS API program embedded in each simutasoenario to
collect the average speed of vehicles on bothicestrand unrestricted lane(s).
At each simulation time step, speeds of all vekidtethe network are scanned
and averaged so the average travel time produced this program is the
average travel time of vehicles existing at eantetstep and any places within

the network during the whole simulation process.

* Density.dll: a PARAMICS API program embedded in each simuhatioenario to
collect average densities on both restricted anckatnicted lane(s). At each
simulation time step, the number of all vehiclesha network were recorded and
averaged along the length of the investigated &ns¢ the average density
produced from this program is the average dendityebicles existing at each

time step during the whole simulation process.

4.5 Summary

This chapter describes the process of PARAMIC Sratiion, simulation designs,
and API (Application Program Interface) programseleped to collect both safety and
operational MOEs. The calibration is a generalbcation of parameters in the car-
following and lane-changing models in the simulatirogram using data collected on
Interstate Highways in Virginia although most oé tteases considered in the study do not
exist in practice. Another consideration for thélration is that the author believed the

calibrated parameters, which are basic driver hemrsvwould not change significantly
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when a new lane restriction is applied. The sinmmatscenarios were produced by
varying different factors that would impact safatyd operational performance and these
factors were the number of lanes, grade, posteddsfmit, volume, truck percentage,

and density of interchanges. The simulations weneim a batch mode under the control
of a program. During the simulations, data upon ldre-changing conflicts, merging

conflicts, rear-end conflict, average speed inriedsd and unrestricted lanes, and density
in restricted and unrestricted lanes were collebiethe APl programs embedded in the

simulation.
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CHAPTER 5 SAFETY PERFORMANCE ANALYSIS

5.1 Introduction

The effectiveness of truck lane restriction stregegTLRS) can be evaluated

through safety performance as well as operatioedbpmance because traffic safety and

traffic mobility are both of importance in evaluai the effective performance of a

freeway facility. This chapter focuses on the safetrformance analysis of TLRS using

the MOEs of lane-changing, merging, and rear-endlicts collected from simulation

experiments as designed in Chapter 4. The safefgrpence analysis for each type of

conflict was conducted in three stages:

Stage I: Evaluating the impacts of independentaldes on conflicts and

identifying the key independent variables that nmlyience the application of
truck lane restriction strategies. The objectivetto§ stage was to omit the
independent variables that have no significant cha the effects of the
implementation of TLRS.

Stage Il: ANOVA analysis for the significance ofpacts of different TLRS

on conflicts within each category defined by the kedependent variables.
The objective of this stage was to identify sitaati under which the truck
lane restrictions could be considered becauselibeg significant impacts on
the conflict rates. However, such significant imgacould be positive or

negative.

Stage lll: Analysis of the impact of key independesmriables on the

application of different truck lane restrictionshél objective of this stage was

to identify the impacts of truck lane restrictionder each specific situation
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(defined by the key independent variables) on theisbof the ANOVA
analysis in stage Il. This analysis result is utsdr in Chapter 7 for the
development of guidelines for the application offedent lane restriction

strategies.

5.2 Lane-Changing Conflict Analysis
5.2.1 Impacts of Independent Variables on Lane-Changing Conflicts
5.2.1.1 Aggregation of Resultsfor Impact Analysis of Independent Variables

The simulation results for lane-changing conflipi©duced from the 14,400
simulation scenarios were aggregated for diffeneadties of independent variables -
grades, posted speed limits, interchange denstypadd volumes, and truck percentages
vs. different truck lane restriction strategiesblEab gives an example of the number of
lane-changing conflicts for 4-lane in each directiceeway for different lane restriction
strategies and traffic and geometric charactesistic each cell of this table, the first
value gives the average number of total lane-cmangonflicts (including truck-related
and car-car conflicts), and the second value gities for truck-related conflicts only.
Here, the truck-related conflict is defined as tred at least one of two vehicles involved
is a truck while the car-car conflict is the caskeeve both vehicles are passenger cars.
Similar concepts are also applied to the mergirgyraar-end conflicts. For example, the
value in the first cell for a grade of 0% and rieson R0/4 is the average of lane-
changing conflict rates from 3 (posted speed liyfits(demand volumes)*5 (truck

percentages)*4 (intersection densities) = 300 difiesimulation scenarios.
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Table5 Number of Lane-Changing Conflictsfor a 4-L anein Each Direction
Freeway for Different Lane Strategies and Traffic and Geometric Characteristics

Number of Lane-Changing Conflicts (all/truck relde
. Lane Restriction Strategy
Independent Variable RO/ R1/4 R/ R3/4
0% 127/35 125/37 124/34 121/27
Grade 1% 122/32 120/33 117/29 117/25
3% 112/29 111/30 111/27 113/23
5% 96/23 97/25 100/22 104/20
55 102/24 101/27 100/24 104/21
PSL (mph) 65 116/30 115/32 114/28 116/24
75 124/34 123/35 124/32 122/25
2000 135/30 149/37 168/38 177/31
Volume 1500 185/46 170/45 175/42 183/37
(vphpl) 1000 176/50 172/51 152/40 143/32
500 70/19 71/21 65/18 62/15
100 5/2 5/2 4/1 4/1
5% 170/13 168/14 171/16 178/18
Truck 15% 141/27 136/30 132/28 148/31
Percentage 25% 114/35 111/36 111/33 117/31
40% 81/36 82/38 83/32 73/21
50% 65/36 69/38 67/30 54/16
Intersection 0.25 50/13 49/13 51/12 50/10
density 0.50 102/26 100/28 100/26 94/21
(Inter./mile) 0.75 133/35 133/37 131/35 134/29
1.00 171/43 172/46 170/38 178/34

* all: number of conflicts for all vehicles
truck-related: number of conflicts in whiat least one truck is involved
R n/N means restricting truck from usihg n leftmost lanes on N-lane (in each directioeg¢way

In order to analyze the impact of different indeghemt variables on the lane-changing
conflicts, conflict data were further aggregatederodifferent truck lane restriction

strategies as shown in Table 6 which gives theameefrequency of total lane-changing
conflicts (sum of truck-related and car-car confljcaverage frequency of truck-related
conflicts, lane-changing conflicts, average frequyeaf car-car lane-changing conflicts,

and the average frequency of lane changes.
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Table 6 Number of Lane-changing Conflictsfor Different Traffic
and Geometric Characteristics

(a) 3-Lane Highway (in each direction)

Three Lanes in each direction

Lane-changing Conflicts

Independent Variables Total Truck-related| Car-Caf Lane changes
0 92 21 71 1699
Grade 1 86 18 68 1678
(%) 3 82 17 65 1696
5 72 13 59 1725
. 55 73 15 58 1760
Posted speed limit
(mph) 65 84 18 66 1692
78 91 20 71 1646
0.25 30 7 23 1078
Interchange Density 0.5 72 15 57 1486
(no./mile) 0.75 101 21 80 1938
1 128 25 103 2295
100 2 1 1 282
500 42 11 31 1243
Volume
(vphpl) 1000 113 27 86 1949
1500 143 28 115 2404
2000 114 20 94 2619
5 129 8 121 1814
K 15 103 17 86 1760
True (Po/i)rcentage 25 83 22 61 1719
40 56 21 35 1636

50 44 19 25 1567
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Table 6 Number of Lane-changing Conflictsfor Different Traffic
and Geometric Characteristics

(b) 4-Lane Highway (in each direction)

Four Lanes in each direction

Lane-changing Conflicts

Independent Variables Total Truck-related| Car-Cal lane changes

0 124 32 92 2163

Grade 1 118 29 89 2136

(%) 3 111 27 84 2159

5 98 22 76 2217
- 55 101 23 78 2229

Posted speed limit

(mph) 65 115 28 87 2165
78 123 31 92 2114
0.25 49 28 21 1422
Interchange Density 0.5 98 25 73 1875
(no./mile) 0.75 132 34 98 2462
1 172 40 132 2916

100 5 2 3 358
500 66 18 48 1583

Volume

(vphpl) 1000 160 43 117 2449
1500 178 42 136 3036
2000 157 34 123 3421
5 171 15 156 2271
Truck Percentage 15 139 29 110 2224
(%) 25 113 34 79 2193
40 80 31 49 2124

50 63 29 34 2034
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Table 6 Number of Lane-changing Conflictsfor Different Traffic
and Geometric Characteristics

(c) 5-Lane Highway (in each direction)

Five Lanes in each direction

Lane-changing Conflicts

Independent Variables Total | Truck-related Car-Car| lane chang

0 146 39 107 2466
Grade 1 138 36 102 2444

(%) 3 130 33 97 2469

5 116 27 89 2564
- 55 118 29 89 2540

Posted speed limit

(mph) 65 134 34 100 2478
78 145 38 107 2439
0.25 58 14 44 1699
Interchange Density 0.5 116 31 85 2181
(no./mile) 0.75 153 40 113 2803
1 201 49 152 3248

100 6 2 4 403
500 76 23 53 1849

Volume

(vphpl) 1000 180 51 129 2823
1500 200 48 152 3456
2000 203 45 158 3934
5 198 17 181 2475
Truck Percentage 15 159 34 125 2514
(%) 25 132 41 91 2528

40 96 40 56 2492
50 76 37 39 2419

5.2.1.2 Impact of Grade on Lane-Changing Conflicts

The frequencies of lane-changing conflicts for botick-related and car-car types
generally decrease with the increase of the grédleeofreeway segment. However, the
lane changes increase with the increase of theegeadept that the lane changes at 0%
grade is a little higher than that at 1% grade. Bigives an example of this trend for 5-
lane (in each direction) freeway. The reason f@s thay be due to 1) the slope of the

freeway section decreases the speed of vehiclds2)athe weak acceleration ability of

trucks increases the gap between trucks and oéhecles.
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Figure 8 Number of Lane-Changing Conflicts and L ane Changes on 5-L ane
(each direction) Freeways with Different Grades
5.2.1.3 Impact of Posted Speed Limit on Lane-Changing Conflicts
The frequencies of lane-changing conflicts for botick-related and car-car types
generally increase with the increase of the posieeled limits at an evident level.
However, frequency of lane changes decrease wehirtbrease of the posted speed
limits. This phenomenon coincides with the onehia grade analysis and proves that
high speed is a potential cause for lane-changamdlicts. When a vehicle accepts the
same space gap, the higher the speed of the evasivele on the target lane is, the
higher the opportunity is for occurrence of a chflFig. 9 gives an example of this

trend for a 5-lane (in each direction) freeway.
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Figure 9 Number of Lane-Changing Conflicts and L ane Changes on 5-L ane
(each direction) Freewayswith Different Posted Speed Limits
5.2.1.4 Impact of Interchange Density on L ane-Changing Conflicts
The frequencies of lane-changing conflicts for botick-related conflicts and

car-car conflicts increase with the increase irertttange density. The increase in
interchange density directly leads to an increasthé number of lane changes made by
the vehicles intending to get off the main roadfrexit ramps at the interchanges or the
vehicles intending to move to the left lanes aftearging into the main road from the
entrance ramps. The increase of car-car lane-chgmginflicts is more evident than that
of truck-related lane-changing conflicts. This ntsybecause the TLRS force the trucks
to stay on the right lane(s) of the freeway sectidance, the trucks on the main road
need less lane changes to get off and the truckBeoentrance ramp usually stay on the
right lane as soon as they get on the main roadth®mrontrary, cars would go through
more lane-changing maneuvers to get from thedek(s) or get from the ramp to the left

lanes. Fig. 10 gives an example of this trend fb+lane (each direction) freeway section.
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Figure 10 Number of Lane-Changing Conflicts and L ane Changeson 5-Lane
(each direction) Freeways with Different Intersection Densities
5.2.1.5 Impact of Demand Volume on Lane-Changing Conflicts
The frequencies of lane-changing conflicts for batick-related and car-car

conflicts increase dramatically with the increasedemand volume when it is less than
1000 vphpl. However, after this point the increasguces and the frequency of truck-
related conflicts goes down even further with acreéase in demand volume. However,
the number of lane changes continues to increade am increase in demand volume.
Fig. 11 gives an example of this trend for a 5-l@neeach direction) freeway segment.
This could be explained that a high volume, esfligatane on unrestricted lanes where
trucks travel, results in lower speeds on the netvewen though lane changes continue
to increase. This indicates that the number of leim@nges - the conventional safety
measurement - may not be able to explain the patenit crashes in some cases, for

example, when the demand volume is greater tha@ ¥pipl.
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Figure 11 Number of Lane-Changing Conflicts and L ane Changeson 5-Lane
(each direction) Freewayswith Different Demand Volumes

5.2.1.6 Impact of Truck Percentage on L ane-Changing Conflicts

The frequency of a car-car lane-changing conflenegally decreases with the
increase in truck percentage in the traffic mixwdweer, the truck-related lane-changing
conflicts increase at the same time. The combiffiledteof these two phenomena resulted
in an overall decrease in lane-changing conflicith whe increase of truck percentage.
The reason for this may be that the increase ofrtlek percentage increased the truck-
related conflicts but also increase the number aificles that have a limited lane-
changing ability on the unrestricted lane(s). Hertbe total number of lane-changing
conflicts decreases with the increase of the tpmicentage as the total demand volume
keeps stable. At the same time, the increase ok fpercentage means a decrease in car
percentage. The frequency of lane change increasts the increase of truck
percentages when truck percentage is lower than Z5%% may be because the increase
in the number of trucks on the unrestricted lameses more cars to stay on the left lanes

which require more cars to undertake a lane-chagngianeuver in order to get on or off
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the main road. However, at a higher truck percentagpre trucks are confined on the
unrestricted lanes resulting in a decrease in timber of lane changes. Fig. 12 gives an

example of this trend for a 5-lane (each directiosgway section.
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Figure 12 Number of Lane-Changing Conflicts and L ane Changeson 5-L ane
(each direction) Freewayswith Different Truck Percentages

5.2.1.7 Identification of Key Independent Variables

From the analysis of aggregated data (see examplable 5), it was found that
the independent variables influence the effect I0RS differently even though they all
have some impact on the frequency of lane-changinglicts and lane changes as shown
above. At different values of grade of the freevsmction, posted speed limit, and
interchange density, the lane-changing conflictiofo a similar trend with the increase
of the number of restricted lanes. Fig. 13 showsexample of the variation of truck-
related lane-changing conflicts with the increaséhe number of lanes restricted on a 5-
lane (each direction) freeway segments with difiegrades. This means these variables
do not impact the selection of a suitable TLRS lam@e-changing conflict is used as the

MOE for evaluation.
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Figure 13 Truck-Related L ane-Changing Conflicts on 5-L ane
(each direction) Freewayswith Different Grades

However, the impact of TLRS on lane-changing cotdlivaries with different demand

volumes or truck percentages. Fig. 14 gives exasnplenow the frequencies of truck-

related lane-changing conflicts vary among differeack lane restriction strategies at

different volumes and truck percentages.
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Figure 14 Truck-Related L ane-Changing Conflicts on 5-lane (each direction)
Freewayswith Different Demand Volumes and Truck Percentages
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This means that the variables that lead to a dectigoon the application of TLRS are
demand volume and truck percentage if the frequehtane-changing conflict is used as
a decision-making criterion. Hence, thereaftery@@mand volume and truck percentage

will be considered in the evaluation.

5.2.1.8 Summary of Impacts of Independent Variables on L ane-changing Conflicts
The impacts of independent variables on lane-cmgngpnflicts were summarized and

presented in Table 7.
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Independent
Variables

Impact Analysis

Reference
Figure

Key
Factors

Reference
Figure

Grade

The frequencies of lane-changing conflicts for botick-related and car-car types
generally decrease with the increase of the grateedreeway segment. However,

the lane changes increase with the increase afrtiue except that the lane change

at 0% grade are a little higher than that at 1%gra

s Figure 8

No

Figure 13

Posted speed limit

The frequencies of lane-changing conflicts for botick-related and car-car types
generally increase with the increase of the pospegd limits at an evident level.

However, frequency of lane changes decrease waetintlrease of the posted speec
limits.

i Figure 9

No

Figure 13

Interchange Density

The frequencies of lane-changing conflicts for botick-related and car-car conflic
increase with the increase in interchange density.

ts Figure 10

No

Figure 13

Volume

The frequencies of lane-changing conflicts for botick-related and car-car conflic
increase dramatically with the increase in demasidrae when it is less than 1000
vphpl. However, after this point, increase redueesl, the frequency of truck-relate
conflicts goes down even further with an increasgemnand volume. However, the
number of lane changes continues to increase natlease in demand volume.

ts

d Figure 11

Yes

Figure 14

Truck Percentage

The frequency of car-car lane-changing conflictegalty decreases with the increa
in truck percentage in the traffic mix. Howeveuydk-related lane-changing conflict
increase at the same time. The combined effettesfet two phenomena resulted in

Sse
S Figure 12

an overall decrease in lane-changing conflicts aithncrease of truck percentage

Yes

Figure 14
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5.2.2 Effectiveness of Truck Lane Restrictions on L ane-Changing Conflicts
5.2.2.1 ANOVA Analysis

In order to test whether truck lane restrictiongeha significant impact on lane-
changing conflicts, ANOVA analyses were conductéith different restriction strategies
as independent variables and the frequency of daaeging conflicts (total, truck-
related, car-car) as the dependent variable. Thestyses were conducted for each
category defined by three variables — number ogdardemand volume, and truck
percentage using raw data from the 14,400 simulaoenarios. The results are shown in
Table 7. In each cell of this table, the first \ala the p value of ANOVA analysis with a
dependent variable of total lane-changing conflitt® second value is the p value of
ANOVA analysis with a dependent variable of truekated lane-changing conflicts, and
the third value is the p value of ANOVA analysisttwa dependent variable of car-car
conflicts. Here, the p value represents the prdipaof a random variable from F
distribution greater than computed statistics Hijcl is calculated as:

_ var(betweengroup) _SM between: SSbetweeri(k —1)
var(within group) SM error SSerror /(N —k)

*

(1)

where:

SS between is threum of squares betweeamputed as:
k m o
SSbetweerr > > (x; —X)? (2)

i=1 j=1

where:
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Zis the mean frequency of lane-changing conflictthivi groupi corresponding to a
value level of the independent variablgjs the jth frequency value in groupk is the

number of group, and m is the number of valueathegroup.

SS within is thesum of squares erraromputed as:
SSerror = > (x, - X)2 (3)
i=1

where:

X is the grand mean of frequency of lane-changindlictsof all the samples;

X, Is theith frequency value.

Here. the statistics F* follows a F-distributiontvdegree of freedom of (k-1) and (n-k).
Hence the p value is obtained as:

p = probability{ F(k -1, n-k) > F*} 4)
The smaller the p value, the greater probabiligt the means of at different values af
are different. Assuming thatrepresents the truck percentage amlthe number of lane-
changing conflict, a p value of less than (1 — 9624d0% means that, at a confidence
level of 90%, there exist significant differencestvieeen the means of lane-changing
conflicts at different levels of truck percentage.

Here, the categories where truck lane restrictimange a significant impact (at a
significance level of 0.10) upon truck-related lam@anging conflicts were preliminarily

identified as highlighted in Table 8.
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Table 8 p Valuesfrom ANOVA Analyses of L ane-Changing Conflicts

(a) 3-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 | .906/.957/.889.981/.737/.864 .143/.285/.064 .533/.039/.738 .193/.008/.729
500 | .905/.851/.916.950/.393/.999 .469/.662/.346 .102/.055/.295 .002/.000/.029
1000 | .997/.873/.996.891/.921/.817 .581/.508/.635 .001/.000/.032 .000/.000/.012
1500 | .934/.146/.902.256/.133/.296 .299/.015/.525 .925/.000/.138 .157/.000/.002
2000 | .492/.012/.586 .003/.001/.005 .001/.089/.000 .019/.000/.001 .007/.000/.00C

Table 8 p Values from ANOVA Analyses of Lane-charggConflicts
(b) 4-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .626/.127/.728.625/.128/.631 .602/.221/.735 .817/.213/.958 .051/.052/.23(
500 .895/.889/.886.943/.179/.967 .541/.187/.651 .062/.008/.301 .001/.000/.041
1000 | .979/.181/.996.751/.742/.594 .112/.099/.108 .000/.000/.001 .000/.000/.007
1500 |.714/.000/.71Q .037/.257/.012 .220/.025/.079 .257/.000/.000 .065/.000/.00¢
2000 | .347/.000/.603 .000/.000/.000 .000/.055/.000 .000/.000/.000 .000/.000/.00d

(c) 5-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .958/.306/.86%.984/.875/.990 .819/.921/.739 .603/.223/.744 .207/.149/.553
500 .977/.141/.97%.992/.104/.928 .669/.780/.509 .042/.045/.035 .000/.000/.014
1000 | .999/.000/.990 .856/.083/.303 .000/.000/.000 .000/.000/.000 .000/.000/.00¢
1500 | .621/.000/.307 .035/.000/.069 .000/.000/.000 .000/.000/.000 .003/.000/.00¢
2000 | .183/.000/.429 .000/.000/.000 .000/.000/.000 .000/.000/.000 .000/.000/.000

Note: In each cell of this table, the first valgdhie p value of ANOVA analysis with a dependemtalde
of total lane-changing conflicts, the second vaduine p value of ANOVA analysis with a dependent
variable of truck-related lane-changing conflietsd the third value is the p value of ANOVA anadysi
with a dependent variable of car-car lane-changordlicts.

5.2.2.2 Impacts of Key Variablesin Application of Truck Lane Restrictions

The ANOVA analysis above only indicates the sigaifice of impact of TLRS

upon lane-changing conflicts with no information whether the impact is negative or

positive. In order to investigate the details oé timfluence of TLRS, lane-changing
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conflicts were analyzed for different TLRS withiategories defined by demand volume
and truck percentage (the same as those in the AN@nAalysis). These results were
presented by column graphs in Fig. AO1 to Fig. AlLBppendix A.

Generally, the frequency of the lane-changing d¢onflecreases with the increase
in the number of lanes restricted when the demasidnwe is lower than 1500 vphpl.
When the demand volume is greater than 1500 vpiwlfrequency of the lane-changing
conflict increases with the increase in the nundjdanes restricted. However, it usually
has a sharp drop when maximum lanes are restriCteddetails of the influence of lanes

restricted are discussed as follows for differearhdnd volume levels:

Demand volume is less than 100 vphpl (Fig. A01, ARBL):

 The frequencies of lane-changing conflicts are véw when the truck
percentage is lower than 40%. After that, both ttital and truck-related lane-
changing conflicts decease with the increase ofbaurrof lanes restricted.

Demand volume is greater than 100 and less thav@®d (Fig. A02, A07, A12):

* Both the total and the truck-related lane-changingflicts decrease with the
increase in the number of lanes restricted. Howether benefit of truck lane
restriction becomes apparent only when the truckgreage is over 25%.

Demand volume is greater than 500 and less thad \if@igpl (Fig. A03, A0S, A13):

* The number of car-car lane-changing conflicts desme with the increase of
number of lanes restricted. The truck-related ¢ctsflincrease with the increase
of the number of lanes restricted when truck peeagmis below 15%. After that,

truck-related conflicts decrease with the increagbe number of lanes restricted.
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The combination effects led to a similar trend ofat conflict with car-car
conflicts.
Demand volume is greater than 1000 and less th@@ \phpl (Fig. A04, AQ9, Al4):

* Truck-related conflicts increase with the incressthe number of lanes restricted
when truck percentage is below 15%. After thatckstelated conflicts decrease
with the increase in the number of lanes restrict#den the truck percentage is
below 40%, car-car conflicts decrease first andease later with the increase in
the number of lanes restricted; When truck pergenta above 40%, car-car
conflicts increase with the increase of the nundfdanes restricted but there is
usually a drop when the maximum number of lanesesticted. The combined
effect results in a similar trend for total conttic

Demand volume is greater than 1500 and less th@@ Aghpl (Fig. A05, A10, A15):

* Truck-related conflicts increase with the increasthe number of lanes restricted
when truck percentage is below 25%. After thatcksrelated conflicts increase
first and decrease later with the increase in timalyer of lanes restricted. Car-car
conflicts increase with the increase of the nundfdanes restricted but there is
usually a drop when the maximum number of lanesesticted. The combined

effect results in a similar trend of total conflict
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5.3 Merging Conflict Analysis
5.3.1 Impacts of Independent Variables on Merging Conflicts
The same analyses for impacts of independent Jasi@m merging conflicts
were conducted as those on lane-changing condliadsthe results were summarized and

presented in Table 9.
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Independent
Variables

Impact Analysis

Reference
Figure

Key
Factors

Reference
Figure

Grade

The frequencies of merging conflicts for both truekated and car-car types
generally decrease with the increase in the graddreeway segment.

Figure 15

No

Figure 20

Posted speed limit

The frequencies of merging conflicts for both truekated and car-car types
generally increase with the increase of the pospesd limit.

Figure 16

No

Figure 20

Interchange Density

The frequencies of merging conflicts for both truekated and car-car conflicts
increase with the increase of interchange density.

Figure 17

No

Figure 20

Volume

The frequencies of merging conflicts for both truekated and car-car conflicts
increase dramatically with the increase in demasidrae when it is less than 1000

vphpl. However, after this point, merging conflitésd to decrease with the increase

of demand volume.

This trend of reducing merging conflicts after ab®@00 vphpl is steeper than that
for lane-changing conflicts because the increaskeisity on the unrestricted lane(
is much higher than the increase in volume asaltitucks are forced to the

Figure 18

5)

rightmost lane by lane restrictions. The high dgndiamatically decreases the speed

of vehicles on the rightmost lane which makes Jekieasier to merge into the ma
road even though the gaps become smaller.

n

Yes

Figure 21

Truck Percentage

The frequency of car-car merging conflicts decrsagiéh the increase of truck
percentage in the traffic mix. This may be causgthb decrease in car percentage
However, truck-related merging conflicts increaseewtruck percentage is lower

A4

than 40%. After that point, it decreases with th@éase in truck percentage. It may Figure 19

be because the trucks occupy nearly half the ¢raifk and more trucks are confined

on unrestricted lanes which blocks some mergingawagrs when a truck barrier is
formed.

Yes

Figure 21
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Figure 21 Truck-Related Merging Conflicts at Different Demand Volume L evels
and Different Truck Percentage

5.3.2 Effectiveness of Truck Lane Restrictions on Merging Conflicts

5.3.2.1 ANOVA Analysis

In order to test whether TLRS have significant ictpaon merging conflicts,

similar ANOVA analyses were conducted for mergingnfticts as those for lane-

changing conflicts in 5.2.2.1. The results of ANO¥¥e presented in Table 10:

Table 10 p Valuesfrom ANOVA Analysis of Merging Conflicts
(a) 3-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .750/.216/.474 .475/.741/.544 .328/.511/.111 .924/.304/.134 .530/.231/.101
500 .846/.470/.921.486/.078/.826 .583/.229/.783 .386/.203/.823 .111/.029/.425
1000 | .544/.002/.789 .575/.001/.927 .917/.025/.199 .303/.625/.021 .002/.002/.001
1500 |.778/.000/.911 .986/.006/.187 .012/.792/.000 .086/.480/.000 .010/.016/.018
2000 | .875/.000/.715 .755/.000/.006 .494/.199/.002 .073/.516/.000 .739/.756/.297
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Table 10 p Valuesfrom ANOVA Analyses of Merging Conflicts

(b) 4-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .861/.638/.896.671/.145/.271 .028/.127/.537 .331/.559/.066 .332/.785/.277
500 |.992/.092/.908 .072/.198/.132 .212/.015/.709 .094/.270/.061 .031/.011/.001
1000 | .565/.000/.899 .094/.000/.895 .875/.084/.683 .017/.002/.001 .000/.000/.00¢
1500 | .082/.000/.692 .358/.000/.169 .740/.239/.002 .313/.129/.000 .837/.021/.00¢
2000 | .439/.000/.998 .119/.000/.841 .909/.430/.063 .987/.249/.001 .380/.025/.001

(c) 5-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .648.744/.206 .901/.636/.9Y(®21/.153/.897 .058/.532/.203 .217/.073/.391
500 |.585/.000/.914 .081/.000/.541 .303/.000/.486 .006/.000/.900 .538/.133/.897
1000 | .607/.000/.987 .727/.000/.021 .014/.464/.000 .000/.003/.000 .001/.043/.00¢
1500 | .932/.000/.075 .020/.000/.000 .058/.024/.000 .083/.752/.000 .125/.519/.001
2000 | .380/.000/.000 .045/.000/.000 .004/.372/.000 .074/.863/.000 .083/.319/.000

Note: In each cell of this table, the first valgdhie p value of ANOVA analysis with a dependemtalde

of total merging conflicts, the second value is phealue of ANOVA analysis with a dependent varéabf
truck-related merging conflicts, and the third \als the p value of ANOVA analysis with a dependent
variable of car-car merging conflicts.

5.3.2.2 Impacts of Key Variablesin Application of Truck Lane Restrictions

The ANOVA analysis above only indicates the sigmifice of the impact of

TLRS upon merging conflicts with no information wether the impact is negative or
positive. In order to investigate the details o thfluence of TLRS, merging conflicts
were analyzed for different TLRS within the categserdefined by demand volume and
truck percentage (the same as those in the ANOVAlyais). These results were
presented by column graphs in Fig. BO1 to Fig. BilAppendix B.

The details of the influence of lanes restricted discussed as follows for

different demand volumes:



71

The average densities are all below 11 vpmpl (B@i, B06, B11):

The magnitudes of the frequencies of merging catsflare very small and not

significantly impacted by the lane restriction.

Demand volume is greater than 100 and less thawvpi®@ (Fig. BO2, BO7, B12):

Generally, the number of merging conflicts incresasgh the increase in number
of lanes restricted but there is usually a drop wtrack percentage is high (>
40%) and the maximum number of lanes are restriciéé frequencies of the
merging conflicts are all below 10 and the increaseruck-related conflict is

only about 2 or 1 even though the ANOVA shows digant influence.

Demand volume is greater than 500 and less thad \i8igpl (Fig. BO3, BO8, B13):

Generally, the frequency of car-car merging cotdlidecreases with the increase
in the number of lanes. The frequency of truckteglamerging conflict increases
with the increase in the number of lanes restrietden the truck percentage is
lower than 40%. When the truck percentage is higjten 40%, it decreases with
the increase in the number of lanes restricteds Thimbined effect has led to a
similar trend for the total merging conflicts. Hoves, total merging conflicts start
to decrease with the increase in the number oSlaestricted - around 25% truck

percentage.

Demand volume is greater than 1000 and less th@@ \ihpl (Fig. BO4, B09, B14):

Generally, the frequency of the truck-related meggtonflict increases with the
increase in the number of lanes restricted whenrtlok percentage is lower than
40%. When the truck percentage is greater than 48%frend first becomes flat

and then decreases with the increase of the nuaflbanes restricted. The car-car
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merging conflicts decrease with the increase of menber of lanes. This
combined effect resulted in a similar trend for tb&l merging conflict as that for
car-car conflicts except that the total mergingflicts do not change much with
the increase in the number of lanes restrictedratck percentage of 5%.
Demand volume is greater than 1500 and less th@@ Aghpl (Fig. BO5, B10, B15):

» Generally, the frequency of the truck-related mmeggtonflict increases with the
increase in the number of lanes restricted whenrtlok percentage is lower than
25%. When the truck percentage is greater than 25%trend first becomes flat
and then decreases with the increase in the nuaflb@nes restricted. The car-car
merging conflicts decrease with the increase in mienber of lanes. This
combined effect resulted in a similar trend for tb&l merging conflicts as that

for car-car conflicts.
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5.4 Rear-End Conflict Analysis
5.4.1 Impacts of Independent Variables

The same analyses for the impacts of independeiatolas on rear-end conflicts
were conducted as those on lane-changing condliadshe results were summarized and

presented in Table 11.



Table 11 Summary of Impacts of Independent Variables on Rear-end Conflicts
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Independent
Variables

Impact Analysis

Reference
Figure

Key
Factors

Reference
Figure

Grade

The frequencies of truck-related and car-car redreonflicts decrease with the
increase in the grade of freeway section.

Figure 22

No

Figure 27

Posted speed limit

The frequencies of truck-related and car-car redramnflicts increase with the
increase of the posted speed limits.

Figure 23

No

Figure 27

Interchange Density

The frequencies of truck-related and car-car mgrgonflicts increase with the
increase in interchange density.

This may be because the increase in interchangstgeesults in the increase in the
number of lane-changing and merging maneuvers wdigthrb the traffic stream
and produce more rear-end conflicts.

Figure 24

No

Figure 27

Volume

The frequencies of truck-related and car-car redreonflicts increase dramatically
with the increase in the demand volume when iss than 1500 vphpl. However,
after this point, rear-end conflicts tend to deseewith the increase of demand

volume. This may be because the increase in votertainly increases the chance
of rear-end interaction between vehicles. Howetherse interactions become less
dangerous when the density is extremely high aed/&hicles just follow each other
at low speed.

Figure 25

Yes

Figure 28

Truck Percentage

The frequency of car-car rear-end conflict decreagéh the increase in the truck
percentage in the traffic mix. This may be causgthb decrease in the number of
cars.

However, truck related rear-end conflicts increagh the increase in truck

percentage, but this increase curve is very flats Thay be due to the increase in the
number of trucks on unrestricted lanes which celyancrease the chances of truck-

related rear-end interactions but these chanceslswaliminished by slow speeds
with the increase of truck density on unrestrideate(s).

Figure 26

Yes

Figure 28
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5.4.2 Effectiveness of Truck Lane Restrictions on Rear-End Conflicts

5.4.2.1 ANOVA Analysis

In order to test whether TLRS have significant ictpaon rear-end conflicts, the

similar ANOVA analyses were conducted for rear-esuhflicts as those for lane-

changing conflicts in 5.2.2.1. The results of ANO¥¥e presented in Table 12.

Table 12 p Valuesfrom ANOVA Analyses of Rear-End Conflicts
(a) 3-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .775/.124/.530.418/.202/.498 .991/.571/.702 .111/.318/.215 .309/.120/.013
500 .888/.487/.906.926/.617/.982 .412/.913/.239 .856/.972/.673 .494/.144/.972
1000 | .952/.829/.960.913/.655/.943 .936/.327/.692 .170/.000/.626 .000/.000/.265
1500 | .825/.849/.785542/.006/.321 .174/.000/.352 .015/.000/.00Q .047/.000/.00C
2000 |.172/.022/.127 .000/.039/.000 .000/.002/.000 .001/.000/.000 .000/.000/.00C
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Table 12 p Valuesfrom ANOVA Analyses of Rear-End Conflicts
(b) 4-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .279/.611/.22%.946/.133/.604 .615/.734/.618 .057/.105/.060Q .405/.297/.756
500 .945/.449/.942 .891/.915/.822 .687/.845/.595 .663/.831/.490 .168/.039/.063
1000 | .936/.993/.926.838/.652/.880 .666/.033/.11Q .004/.000/.55Q .000/.000/.069
1500 | .512/.842/.469.163/.025/.038 .019/.000/.000 .000/.000/.000 .002/.000/.00¢
2000 | .002/.178/.001 .000/.094/.000 .000/.398/.000 .000/.000/.000 .000/.000/.00d

(c) 5-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .510/.175/.241 .695/.241/.933 .491/.837/.383 .080/.331/.128 .377/.521/.483
500 .901/.212/.92%.493/.045/.775 .776/.647/.756 .313/.092/.009 .031/.000/.008
1000 | .958/.156/.984.253/.071/.214 .597/.000/.194 .001/.000/.226 .000/.000/.002
1500 | .700/.372/.608.425/.000/.128 .000/.000/.000 .000/.000/.000 .000/.000/.00¢
2000 | .065/.356/.030 .000/.044/.000 .000/.000/.000 .000/.000/.000 .000/.000/.000

Note: In each cell of this table, the first valadtie p value of ANOVA analysis with a dependenialde
of total rear-end conflicts, the second value &sptvalue of ANOVA analysis with a dependent vdgaif
truck-related rear-end conflicts, and the thirdueais the p value of ANOVA analysis with a depeniden
variable of car-car rear-end conflicts.

5.4.2.2 Impacts of Key Variablesin Application of Truck Lane Restrictions

The ANOVA analysis above only indicates the sigaifice of impact of TLRS

upon rear-end conflicts with no information on wietthe impact is negative or positive.

In order to investigate the details of the influenaf TLRS, rear-end conflicts were

analyzed for different TLRS within the categoriedided by demand volume and truck

percentage (the same as those in the ANOVA analydhese results were presented by

column graphs in Fig. C01 to Fig. C15 in Appendix C

Generally, the frequency of the car-car rear-entflid has a much higher value

than that of the truck-related rear-end confliatl #me former increases with the increase

of the number of lanes restricted while the lattecreases at the same time. The details
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of the influence of lanes restricted are discussetbllows for different demand volume
levels:
Demand volume is less than 100 vphpl (Fig. CO1,, @14):

» The frequencies of rear-end conflicts are very & not significantly influenced
by TLRS.

Demand volume is 500 vphpl (Fig. C02, C07, C12):

» The frequencies of rear-end conflicts are very & are significantly influenced
only when truck percentage is as high as 50% ftané- (in each direction)
highways and 40-50% for 5-lane (in each directlughways.

Demand volume is greater than 100 and less thawv@i®@l (Fig. C03, C08, C13):

* Generally, the frequencies of truck-related andceaarrear-end conflicts increase
with the increase in the number of lanes restriothen the truck percentage is
below 40%. However, when truck percentage is ab®f#, the increase in the
car-car rear-end conflicts becomes flat and thektrelated conflicts decrease
with the increase in the number of lanes restrictée combined effect results in
a similar trend for total rear-end conflicts ast thoat truck-related conflicts.

Demand volume is greater than 1000 and less th@d @hpl (Fig. C04, C09, C14):

* Generally, the frequency of the car-car rear-endflicd increases with the
increase of the number of lanes restricted whié tf the truck-related conflict
decreases at the same time. The combined effadtg@s a similar trend for the

total rear-end conflicts as that for the car-car+end conflicts.
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Demand volume is greater than 1500 and less th@@ ?ehpl (Fig. C05, C10, C15):

Generally, the frequency of the car-car rear-endfliod increases with the
increase of the number of lanes restricted whié tf the truck-related conflict
does not show a significant variation except fodrap when the maximum
number of lanes are restricted. The combined effsatlts in a similar trend for

total rear-end conflicts as that for the car-car+end conflicts.
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5.5 Summary

This chapter evaluates the safety performance féérdnt TLRS using safety
surrogate measurements, i.e. lane-changing, mergimg) rear-end conflicts. Generally,
the independent variables (grade, posted speet Iimterchange density, volume, truck
percentage, lane restrictions) show significantaotp upon different safety surrogate
measurements in different categories (truck-reladed car/car conflicts). Demand
volume and truck percentage are identified as #e ikdependent variables that may
lead to a decision on an appropriate TRLS. Thaiénfte of the TLRS depends on which
category (defined by demand volume levels and trpekcentage) the evaluation is
conducted. Generally, the truck lane restrictiols bBapositive influence on the lane-
changing and merging conflicts while it has a negatmpact on rear-end conflicts.
These impacts are greater for trucks than for @adsare greater for lane-related conflicts
(such as lane-changing and merging conflicts) floarother conflicts (such as rear-end

conflicts).
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CHAPTER 6 OPERATIONAL PERFORMANCE ANALYSIS

6.1 Introduction
The objectives of application of truck lane restoiss are twofold - providing fast

lane(s) by removing slow traffic (truck) from suéme(s) and reducing truck-related
crashes by constraining trucks to certain land{sis chapter focuses on the operational
performance analysis of truck lane restrictiontefyees (TLRS) using operational MOEs
of average speednddensitycollected from the simulation experiments as desigin
Chapter 4. The operational performance analysigdch type of conflict was conducted
in three stages:

» Stage I: Evaluating the impacts of independentaides on average speed or
density;

» Stage Il: ANOVA analysis for the significance ofpacts of different TLRS
on average speed or density within each categdmeteby demand volume
and truck percentage

» Stage lll: Analysis of the impacts of demand voluamel truck percentage on

the application of different TLRS.

6.2 Average Speed Analysis

6.2.1 Impactsof Independent Variables on Average Speed
The same analyses for the impacts of independeiatolas on average speeds
were conducted as those on safety surrogate measot®and the results were

summarized and presented in Table 13. The onlgreiffce is that the dependent variable
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discussed here is the average speed on the regtlactes or on the unrestricted lanes
instead of truck-related or car-car conflicts. did@ion, the key independent variables
were chosen to be the same as those in the caafiadysis in order to keep consistency
with the safety performance analysis in develogipglication guidelines for TLRS later

in Chapter 7.



Table 13 Summary of Impacts of Independent Variables on Average Speed
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Independent
Variables

Impact Analysis

Reference
Figure

Key Factors

Grade

The average speeds decrease with the increase gnatle on both restricted and
unrestricted lanes. However, this trend is steépehose on unrestricted lanes
because the grade has a less negative influenttee@cceleration ability of cars on
restricted lanes than that of trucks on unrestlitdees. Besides, the average spee
on restricted lanes is much higher that that oesinicted lanes.

Figure 29

No

Posted speed limit

The average speeds increase with the increase ppodted speed limit on both
restricted and unrestricted lanes.

Figure 30

No

Interchange Density

The average speeds decrease at a small magnittidéhevincrease in the
interchange density on both restricted and unagsttilanes.

Figure 31

No

Volume

The average speeds decrease dramatically witmthease in the demand volume

both restricted and unrestricted lanes. Howeves ttend is steeper for the average

speed on unrestricted lanes.
This may be because all the trucks within the iaseel demand volume will be
forced to the unrestricted lanes by the truck lasriction strategies.

Figure 32

Yes

Truck Percentage

The average speeds decrease with the increase fruttk percentage on both
restricted and unrestricted lanes. However, teisdris steeper for the average spe
on unrestricted lanes.

The increase in the truck percentage increasesutle density on the unrestricted
lanes. The reason for the decrease of average speats on the restricted lane mg
be the increased waiting time for getting off thaimroad caused by more trucks o

ed

y
n

the rightmost lane.

Figure 33

Yes
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6.2.2 Effectiveness of Truck Lane Restrictions on Average Speeds
6.2.2.1 ANOVA Analysis

In order to test whether TLRS has a significantaotpon average speed, similar
ANOVA analyses were conducted for average speedhase for safety surrogate
measurements in 5.2.2.1. The only difference i¢ tha dependent variables in this
ANOVA analyses are average speed on restricted lang unrestricted lanes instead of
truck-related or car-car conflicts. The resultADIOVA are presented in Table 14.

Table 14 p Valuesfrom ANOVA Analyses of Average Speed
(a) 3-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .000/.232 .000/.162 .000/.169 .000/.186 .000/.175
500 .000/.042 .000/.011 .000/.003 .000/000. .000/000.

1000 .000/.001 .000/000. .000/000. .000/000. .000/000.
1500 .000/000. .000/000. .001/000. .001/000. .000/000.
2000 .000/000. .000/000. .000/000. .000/000. .000/000.
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Table 14 p Valuesfrom ANOVA Analysis of Average Speed
(b) 4-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .001/.041 .000/.029 .000/.068 .000/.122 .000/.079
500 .000/.007 .000/.001 .000/000. .000/000. .000/000.
1000 .000/000. .000/000. .000/000. .000/000. .000/000.
1500 .000/000. .000/000. .000/000. .000/000. .000/000.
2000 .000/000. .000/000. .000/000. .000/000. .000/000.

(c) 5-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .000/.641 .000/.519 .000/.229 .000/.138 .000/.168
500 .000/.013 .000/000. .000/000. .000/000. .000/000.
1000 .000/000. .000/000. .000/000. .000/000. .000/000.
1500 .000/000. .000/000. .000/000. .000/000. .000/000.
2000 .000/000. .000/000. .000/000. .000/000. .000/000.

Note: In each cell of this table, the first valgdhie p value of ANOVA analysis with a dependemtalde
of average speed on restricted lanes and the seadunelis the p value of ANOVA analysis with a
dependent variable of average speed in unrestiiatexs.

6.2.2.2 Impacts of Key Variablesin Application of Truck Lane Restrictions

The ANOVA analysis above only indicates the sigmifice of the impact of
TLRS upon average speed with no information on hdrethe impact is negative or
positive. In order to investigate the details & thfluence of TLRS, average speeds were
analyzed for different TLRS within the categoriedided by demand volume and truck
percentage (the same as those in the ANOVA analyEhese results were presented by
column graphs in Fig. DO1 to Fig. D15 in Appendix D

Generally, the average speed on both restricteduanestricted lanes decreases
with the increase in truck percentages. The avespged has a sudden increase in the
restricted lane when the restriction strategy ckanfjom RO to R1. Thereafter, the

average speeds on both restricted and unrestiemed decrease with the increase in the
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number of lanes restricted. However, such a deicrgdiend for speeds on unrestricted
lanes is much steeper than those on restricted.ldie details of the influence of lanes
restricted are discussed as follows for differesthend volumes:

Demand volume is less than 100 vphpl (Fig. DO1, ,[0AB1):

» The average speed (around 65 mph) on unrestrieteds| does not change
significantly with the increase in the number afida restricted and that on the
restricted lane reaches its peak (above 75 mphnhwindy the leftmost lane is
restricted.

Demand volume is greater than 100 and less thawv@®d (Fig. D02, D07, D12):

» The average speed on restricted lanes reachesats (5 mph) when only the
leftmost lane is restricted and it decreases slawly0 mph with the increase in
the number of lanes restricted. The average speathestricted lanes does not
change significantly with the increase in the numiifelanes restricted when the
truck percentage is below 25% and after that itelses from 60 to 40 mph with
the increase in the number of lanes restricted.

Demand volume is greater than 500 and less tha® \if@i¥pl (Fig. D03, D08, D13):

» The average speed on restricted lanes reachesats (5 mph) when only the
leftmost lane is restricted and its value decreadewly to 65 mph with the
increase in the number of lanes restricted. Theageespeed on unrestricted lanes
does not change much with the increase in the nuofllanes restricted when the
truck percentage is below 5% and after that it eses from 60 to 20 mph with

the increase in the number of lanes restricted.
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Demand volume is greater than 1000 and less th@@ dhpl (Fig. D04, D09, D14):

The average speed on restricted lanes reachesats (80 mph) when only the
leftmost lane is restricted and it decreases tarp® with an increase in the
number of lanes restricted when truck percentadgeelisw 40%. However, when
the truck percentage is greater than 40%, the geespeed on restricted lanes
tends to increase with the increase in the numbkmnes restricted. The average
speed on unrestricted lanes decreases with theaserin the number of lanes

restricted.

Demand volume is greater than 1500 and less th@@ ?ghpl (Fig. D05, D10, D15):

The average speed on restricted lanes reachesats (40 mph) when only the
leftmost lane is restricted and it decreases tanph with the increase of the
number of lanes restricted when truck percentadgelisw 25%. However, when
the truck percentage is greater than 25%, the geespeed on restricted lanes
tends to increase with the increase in the numbkmnes restricted. The average
speed on unrestricted lanes decreases with theaserin the number of lanes

restricted from 30 to 15 mph.



92

6.3 Density Analysis
6.3.1 Impactsof Independent Variables on Density

The same analyses for the impacts of independeiatolas on density were
conducted as those on average speed and the msutsummarized and presented in
Table 13. The only difference is that the dependariable discussed here is the traffic

density on restricted lanes or on unrestricteddanstead of average speed.



Table 15 Summary of Impacts of I ndependent Variables on Average Speed
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Irl?:rﬁzrg)?g]t Impact Analysis Rleéfizruernece Key Factors
The average density increases at a small magniitdehe increase in the grade on
Grade both restricted and unrestricted lanes. Howeves ttend is steeper for that on Figure 34 No
unrestricted lanes than that on the restricted lane
Posted speed limit The average density Qecreases with the increabe iposted speed limit on both Figure 35 NG
restricted and unrestricted lanes.
The average density increases at a small magniutieghe increase in the
Interchange Density interchange density on bqth restricted and u_nmeﬁilanes. Ij[ could be concluded Figure 36 No
that the interchange density has much less infli@mcoperational MOESs than on
safety MOEs.
The average density increases dramatically withrittieease in the demand volume
Volume on both restricted and unrestricted lanes. Howetaes trend is steeper for those o) Figure 37 Yes
unrestricted lanes.
The average density increases with the increaeitruck percentage on
unrestricted lanes while that on restricted lar@ssgn the opposite direction. This
Truck Percentage | may be because the increase of truck percentagEases the number of trucks on Figure 38 Yes

unrestricted lanes. However, it also decreasenuh#er of cars on restricted lanes
when the total volume keeps stable.
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6.3.2 Effectiveness of Truck Lane Restrictions on Density
6.3.2.1 ANOVA Analysis

In order to test whether TLRS has significant imipamn traffic density, similar

ANOVA analyses were conducted for density as tHossafety surrogate measurements
in 5.2.2.1. The only different is that the deperideriables in the ANOVA analyses are
density on restricted lane and unrestricted larstead of truck-related or car-car

conflicts. The results of ANOVA are presented irblEal6.

Table 16 p Valuesfrom ANOVA Analysis of Average Density
(a) 3-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .000/.000 .000/.000 .000/.000 .000/000. .000/000.
500 .000/000. .000/000. .000/000. .000/000. .000/000.

1000 .000/000. .000/000. .000/000. .000/000. .000/000.
1500 .000/000. .000/000. .000/000. .000/000. .000/000.
2000 .000/000. .000/000. .000/000. .000/000. .000/000.
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Table.16 p Valuesfrom ANOVA Analyses of Average Density
(b) 4-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .000/.000 .000/.000 .000/.000 .000/000. .000/000.
500 .000/000. .000/000. .000/000. .000/000. .000/000.
1000 .000/000. .000/000. .000/000. .000/000. .000/000.
1500 .000/000. .000/000. .000/000. .000/000. .000/000.
2000 .000/000. .000/000. .000/000. .000/000. .000/000.

(c) 5-lane freeway section

Volume Truck Percentage (%)

(vphpl) 5 15 25 40 50
100 .000/.000 .000/.000 .000/.000 .000/000. .000/000.
500 .000/000. .000/000. .000/000. .000/000. .000/000.
1000 .000/000. .000/000. .000/000. .000/000. .000/000.
1500 .000/000. .000/000. .000/000. .000/000. .000/000.
2000 .000/000. .000/000. .000/000. .000/000. .000/000.

6.3.2.2 Impacts of Key Variablesin Application of Truck Lane Restrictions

The ANOVA analysis above only indicates the sigaifice of impact of TLRS

upon traffic density with no information on whettke impact is negative or positive. In

order to investigate the details of the influenE&IbRS, traffic density was analyzed for

different TLRS within the categories defined by @& volume and truck percentage

(the same as those in the ANOVA analysis). Thesalte were presented by column

graphs in Fig. EO1 to Fig. E15 in Appendix E.

Generally, the average densities on restrictedsland unrestricted lanes decrease

with the increase in truck percentages. The avedagsity has a sudden decrease in the

restricted lane when the restriction strategy ckanigom RO to R1. The details of the

influence of lanes restricted are discussed asvislifor different demand volume levels:

Demand volume is less than 100 vphpl (Fig. EO1, EH14):

* The average densities are all below 11 vpmpl (LQS A

Demand volume is greater than 100 and less thawvii®dl (Fig.EO02, EO7, E12):
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* Most of the average densities are below 18 vpm@IS1B) while some of those
fall above 18 but below 26 vpmpl (LOS B).

Demand volume is greater than 500 and less tha® figpl (Fig.EO03, EO8, E13):

» All the average densities in restricted lanes bel8wpmpl (LOS B). For a 3-lane
freeway, the density in restricted lanes is abovev@mpl (LOS E) when truck
percentage is 50% and R2/3 is applied; for a 4-fmeeway, the density in
restricted lanes is above 35 vpmpl (LOS E) wheokinpercentage is over 40%
and R3/4 is applied; for a 5-lane freeway, the tems restricted lanes is above
35 vpmpl (LOS E) when truck percentage is over 2&8d R3/5 or R4/5 is
applied.

Demand volume is greater than 1000 and less th@@ \iphpl (Fig. EO4, EQ9, E14):

» All the average densities in restricted lanes b&éwpmpl (LOS C). For a 3-lane
freeway, the density in restricted lanes is above/@mpl (LOS E) when truck
percentage is 25% and R2/3 or R1/3 is appliedafdrlane freeway, the density
in restricted lanes is usually above 35 vpmpl (LE)Swvhen truck percentage is
over 15%; for a 5-lane freeway, the density inrfet&td lanes is above 35 vpmpl
(LOS E) when truck percentage is over 5%.

Demand volume is greater than 1500 and less th@@ Aghpl (Fig.D05, D10, D15):

* The average density in the unrestricted lane isllsgreater than 35 vpmpl

(LOS E). The density in the restricted lane deaeasith the increase of the

number of lanes restricted when truck percentagees 25%.
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6.4 Summary

This chapter evaluates the operational performaofcedifferent truck lane
restriction strategies on the basis of operatidl@Es — average speed and traffic
density. Generally, the independent variables @rambsted speed limit, interchange
density, volume, truck percentage, lane restrigfioshow significant impacts upon
different operational MOEs in different categori@ restricted and on unrestricted
lanes). The influence of the truck lane restrictetrategies depends on which category
(defined by demand volume level and truck percesjtdge evaluation is conducted.
Generally, the truck lane restriction has a positimfluence upon the LOS within

restricted lanes while it has a negative impadhose within unrestricted lanes.
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CHAPTER 7 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1 Introduction

This study evaluated the effectiveness of trucle leestriction strategies (TLRS)
under different traffic and geometric conditionsngsconflict as the safety MOE. This
chapter summarizes the evaluation results produtéthapters 5 and 6. These results
were used in combination to develop comprehensiidetines for the application of
TLRS with the objectives of increasing LOS on riestd lanes and decreasing the

probability of truck-related crashes. In additibuture research needs are identified.

7.2 Summary of Analysis

This study examined the safety performance of TlédSa freeway through
simulation. A safety surrogate measurement — adrfliwas used as the MOE for the
evaluation. Three types of conflict events thatr@epnt critical situations that have a
strong potential for crashes on freeways were aedlyor different TLRS under various
geometric and traffic conditions. The geometric dibans consisted of the number of
lanes in each direction (3, 4, and 5), uphill gradl¢he freeway section (0%, 1%, 3%,
and 5%), and the interchange density (0.25/mi/ntile, 0.75/mile, and 1.00/mile). The
traffic conditions include the posted speed linsib (mph, 65 mph, and 75 mph), the
traffic volume (100, 500, 1000, 1500, and 2000 ketdne), and truck percentage in the
traffic mix (5%, 15%, 25%, 40%, and 50%). Thesemgewic and traffic characteristics

produced 14,400 different simulation scenarios émaile freeway section.



101

In order to capture and compute the safety sureogatasurements, three
PARAMICS API programs were developed includingne_changing_conflict.dll
merging_conflict.dll andrear-end_conflict.dll These programs were embedded in the
simulation procedure and run in parallel mode witle simulation modeler. Their
functions were scanning the simulation objectsdamtify potential events that may lead
to a conflict, tracing vehicles involving such patial events, and computing safety
surrogate measurements to decide whether a cooffimiirred. In addition, two other
PARAMICS API programsspeed.dlland density.dll were developed to collect the

operational MOEs — average speed and density dnrbstricted and unrestricted lanes.

From the simulation results produced by the aboweulation design and
PARAMICS API programs, the safety and operation® B4 were separately analyzed
after aggregating the simulation data for differémnick lane restriction strategies on
freeway sections with different grades, interchatgesities, posted speed limits, volume
levels, and truck percentages. These analyzes awaducted in stages: first, the impact
of each individual independent variable was analyzad as a result, the key variables
that had a significant impact on the effect of ThdRS were identified; second, ANOVA
analysis was conducted to examine the significaftlee impacts of the key independent
variables on MOEs for different conditions; thitle details of the variation of MOEs
with the increase of the number of lanes restrigtete discussed for different categories

defined by the key independent variables.
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7.3 Conclusions

Based on the results of the analyses conductetiapt€rs 5 and 6, the following

conclusions were made:

7.3.1 Impact of Truck Lane Restrictions

Generally, the frequency of lane-changing conflaxsreases with the increase in
the number of lanes restricted when the demandwelis lower than 1500 vphpl. When
the demand volume is greater than 1500 vphpl, tquency of the lane-changing
conflicts increases with the increase in the nunatbdégines restricted. However, it usually
has a sharp drop when the possible maximum lareeseatricted. The frequency of the
truck-related merging conflicts increases with thnerease in the number of lanes
restricted while the frequency of car-car mergiogfticts decreases at the same time.
However, this trend for truck-related merging catél tends to go in the opposite
direction when the demand volume is over 1500 vpfple frequency of rear-end
conflicts increases with the increase in the nundjdanes restricted except for cases
when the demand volume is below 1000 vphpl andrtiek percentage is over 40%. For
these cases, frequency of rear-end conflicts deseseaith the increase in the number of
lanes restricted. Significant influences of truand restrictions usually exist when

demand volume is over 1000 vphpl.

The truck lane restriction strategies have a siggnit impact on the average speed
and density on both restricted and unrestricte@daior all combinations of different
demand volumes and truck percentages. Generallyage speeds on both restricted and

unrestricted lanes decrease with the increaseutk tpercentages. The average speed
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suddenly increases in restricted lanes when theSTtiffanges from RO to R1. Thereafter,

average speeds on both restricted and unresttemed decrease with the increase in the
number of lanes restricted. However, the decreasamgl for speeds on unrestricted lanes
is much steeper than that on restricted lanes.ahlaéysis on average densities produces
similar results as those for average speeds anagsihese variables are related to each

other.

7.3.2 Impact of Grade of the Freeway Section

The frequencies of lane-changing, merging, and-eedr conflicts generally
decrease with the increase in the grade of freeseayion. This phenomenon is more
evident for trucks than cars which may be causedhbyweak acceleration ability of
trucks on the uphill freeway sections resultingamincrease in the gaps between trucks
and other vehicles. On the other hand, the avespgeds on both restricted and
unrestricted lanes decrease with the increaseeirgthde while the densities increase at

the same time.

7.3.3 I mpact of Posted Speed Limit on the Freeway Section

The frequencies of lane-changing, merging, and-eadrconflicts increase with
the increase in the posted speed limit. This irtdghigh speed is a potential cause for all
kinds of conflicts. On the other hand, the averapeeds on both restricted and
unrestricted lanes increase with the increaseeptsted speed limit while the densities

decrease at the same time.
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7.3.4 Impact of Traffic Volume on the Freeway Section

The frequencies of lane-changing conflicts incredrsenatically with the increase
in the demand volume when it is below 1000 vphpbwver, the rate of increase
decreases when the demand volume is over 1000 wpitiplthe truck-related lane-
changing conflicts reducing slightly. The mergingnflicts first increase with the
increase in the demand volume when it is below Mflipl and reduces sharply when
the demand volume is over 1000 vphpl. A similandr@ccurred for rear-end conflicts
except that the changing point is around the denvahdne level of 1500 vphpl and the
truck-related curve is much flatter than thoseatéltand car-car conflicts. On the other
hand, average speeds on both restricted and uotedtlanes decrease with the increase

of volume while the densities increase at the stime.

7.3.5 Impact of Interchange Density on the Freeway Section

The frequencies of lane-changing, merging, and-eadrconflicts increase with
the increase in the interchange density. Apparentlyre interchanges will increase the
number of lane changes made by the vehicles theridnto get off the main road from
exit ramps at the interchanges and increase thebaumf merging maneuvers for
vehicles that intend to merge onto the main roathfthe entrance ramps. The frequent
lane-changing or merging maneuvers also give asedre sudden braking actions by the
vehicle immediately following on the target landig'is one of the main reasons for the
increase in rear-end conflicts. However, the ineeeia car-car lane-changing conflicts is
much more evident than that in truck-related lan@naging conflicts because truck lane

restrictions force the trucks to stay on right [@)ef the freeway section. Hence, the
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trucks on the main road need less lane changesttofigand the trucks on the entrance

ramp usually stay on the right lane as soon asdbegn the main road.

7.3.6 Impact of the Truck Percentagein the Traffic Mix

The frequency of car-car conflicts decreases with increase in the truck
percentage in the traffic mix. However, truck-rethtconflicts increase first with the
increase of the truck percentage and decreaseudien the truck percentage is over
25%. The combined effect of these two phenomena resuitedtrend of total conflicts
that is similar to that of car-car conflicts. Theason for this may be that the increase in
the truck percentage increased truck-related aisflbut the increase in the truck
percentage also means a decrease in the car @ageentthe traffic mix on both the main
road and ramp. This resulted in a decrease inaacanflicts. However, when the truck
percentage is higher than 25%, the large volunteuoks forms a barrier on unrestricted

lane(s) with extremely slow traffic and blocks sovedicles from entering freely.

7.3.7 Significant Impact of Independent Variables

The ANOVA analysis results indicate that, for andigance level of 0.1, the
independent variables — truck lane restrictionadgr interchange density, posted speed
limit, volume, and truck percentage have a sigaificimpact on all types of conflicts
(lane-changing, merging, and rear-end) for all gaties (total conflict events, truck-
related conflict events, and car-car conflict eggnThese independent variables also

have a significant impact on operational measufesverage speed and density except
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that the influence of grade for car-car conflicdsniot as significant as that for truck-

related conflicts.

The influence of TLRS on conflicts and operatiopalformances depends on
investigated categories defined by the demand weland truck percentage. Generally,
more significant impact is found when demand volum@reater and trucks occupy a

larger portion in the traffic mix.

7.4 Proposed Guidelines

Comprehensive guidelines (Table 17) for the appboaof truck lane restrictions were
developed after combining the results from bothsddety and operational analyses using

the following criteria:

* The truck lane restriction should provide a traffituation of LOS C or better on

a restricted lane, and LOS D or better on an uncésd lane, and

» Ifthe LOS has been as low as E, no restrictioukshbe applied, and

» There should be no significant increase in frequerienerging conflict, and

» There should be a significant decrease in lanegihgnconflict or rear-end

conflict, and

* Reducing lane-changing conflicts has a higher pyidhan reducing rear-end
conflicts in deciding the application of lane regtons when there is a conflict

between the influences of the lane restrictionhamt.
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* Reducing truck-related conflicts has a higher pothan reducing car-car
conflicts in deciding the application of lane regtons when there is a conflict
between the influences of the lane restrictionhamt.

Table17 Comprehensive Truck Lane Restriction Recommendation
(a) 3-lane freeway section

Volume Truck Percentage (%)
(vphpl) 5 15 25 40 50
<100 NA NA NA NA NA
100 - 500 NA NA

500 - 1000

RO/3

1000 - 1500 RO/3 RO/3 RO/3
1500 - 2000 RO/3 RO/3 RO/3
(b) 4-lane freeway section
Volume Truck Percentage (%)
(vphpl) 5 15 25 40 50
<100 NA NA NA NA NA
100 - 500 NA NA

500 - 1000

1000 - 1500 RO/4 RO/4 RO/4
1500 - 2000 RO/4 RO/4 RO/4
(c) 5-lane freeway section
Volume Truck Percentage (%)
(vphpl) 5 15 25 40 50
<100 NA NA NA NA NA
100 - 500 NA NA

500 - 1000
1000 - 1500
1500 - 2000

RO/5

RO/5

RO/5

RO/5

Different guidelines can be produced for differpnbrities and concerns of the
decision-maker. For example, should the reductibnlaoe-changing conflicts take
priority over reducing merging conflicts? In order assist a decision-maker, studies
should be conducted on the severity and crash tipssare associated with different

conflicts on freeways.
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7.5 Future Research

This study has not covered all factors that coudstehbeen considered in the
simulation due to limited time and availability ddéta. Future research should attempt to

incorporate these factors. These future researetisnaclude:

» Develop conflict and average speed regression rmatéhg simulation data;

» Enlarge the range or include more values within ¢herent range of demand
volume level and truck percentage to produce martaileéd guidelines for

application of truck lane restriction in practice;

* Incorporate the severity of crashes occurring fobfierent types of conflicts into

the analysis in addition to the occurrence of dots]

» Consider more types of truck lane restriction sgas, such as restricting trucks

from using certain rightmost lane(s);

» Evaluate truck lane restriction strategies usingg slata, e.g. conflict data

observed from a real freeway section when timelarttjet are sufficient;

» Correlate conflicts in simulation to crashes ore dib investigate or prove a

relationship between the surrogate safety measuntsraed crashes;

* Incorporate differential speed limits for truckslgrassenger cars;

* Incorporate the effect of weather conditions;
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* Incorporate some human factor characteristics, as@ggressive drivers.
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APPENDIX A

Graphsof Lane-Changing Conflicts Analysis

Please note in the following graphs:

» In each category, the first bar represents theueqy of total lane-changing
conflicts, the second the frequency of car-car-emenging conflicts, and the
third represents the frequency of truck-relate@{ahanging conflicts.

» Categories in the horizontal axis are defined bgkipercentage and truck lane
restriction strategy. For example, T25% _ R2 meaadrick percentage is 25%
and trucks are restricted from the two leftmosekan
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Figure AO2 lane-changing conflicts on 3-lane fregwéth demand volume of 500 vphpl
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Figure AO3 lane-changing conflicts on 3-lane fregw#th demand volume
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Figure AO6 lane-changing conflicts on 4-lane fregwéth demand volume of 100 vphpl
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Figure AO7 lane-changing conflicts on 4-lane fregwéth demand volume of 500 vphpl
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Figure A08 lane-changing conflicts on 4-lane fregwéh demand volume
of 1000 vphpl



Frequency of lane-changing

350
300 ~
250 ~
2z
o 200 1
S 150
: 1
100 - l
50 -
o I
DR AR 0BAARANE A0SR
Q0 QI /IO /10 /10 /210 /310 410 /10 /10 QIR /00 010 Q0 010 010 210 10 0 210
NN %&é&\@&é&\@&@&qﬁ&é&‘ﬁ)&b‘ KX DY UKD YD KD
truck percentage and truck lane restriction strategy
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Figure A10 lane-changing conflicts on 4-lane fregwéh demand volume
of 2000 vphpl
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Figure A1l lane-changing conflicts on 5-lane fregwéth demand volume of 100 vphpl
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Figure A12 lane-changing conflicts on 5-lane fregwéth demand volume of 500 vphpl
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Figure A13 lane-changing conflicts on 5-lane frepw#th demand volume
of 1000 vphpl
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Figure A14 lane-changing conflicts on 5-lane fregwéh demand volume
of 1500 vphpl

121



Frequency of lane-changing

conflicts
N
o
o
|
\
3

e RS R e g bR iR ds die S degr gl e giegicdegr gl degle #
ORISR R R S8

truck percentage and truck lane restriction strategy

)\)‘
X
N4
N

Figure A15 lane-changing conflicts on 5-lane frepw#th demand volume

of 2000 vphpl

122



123

APPENDIX B

Graphs of Merging Conflicts Analysis

Please note in the following graphs:

» In each category, the first bar represents theureqy of total merging conflicts,
the second the frequency of car-car merging cdsflend the third bar represents
the frequency of truck-related merging conflicts.

» Categories in the horizontal axis are defined bgkipercentage and truck lane
restriction strategy. For example, T25% _ R2 meaadrick percentage is 25%
and trucks are restricted from the two leftmosekan
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Figure BO1 merging conflicts on 3-lane freeway wddmand volume of 100 vphpl
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Figure BO2 merging conflicts on 3-lane freeway wddhmand volume of 500 vphpl



125

Frequency of merging conflicts

truck percentage and truck lane restriction strategy

Figure BO3 merging conflicts on 3-lane freeway wid#mand volume of 1000 vphpl
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Figure BO4 merging conflicts on 3-lane freeway wddmand volume of 1500 vphpl
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Figure BO5 merging conflicts on 3-lane freeway wid#mand volume of 2000 vphpl
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Figure BO6 merging conflicts on 4-lane freeway wdgmand volume of 100 vphpl



Frequency of merging conflicts

60

50 |
40

30

X ¥V L >V e® ® el ® > &V 2 L >l >

0\0 ANPASIPAS N

NSRRI

ASN

)

230 /10 /10 /0 /o0 /10 /010 4010 010 2010 2010 2010 0 0 0
RS AP AP LA A AR S

truck percentage and truck lane restriction strategy

Figure BO7 merging conflicts on 4-lane freeway wdgmand volume of 500 vphpl
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Figure BO8 merging conflicts on 4-lane freeway wddmand volume of 1000 vphpl
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Figure BO9 merging conflicts on 4-lane freeway wid#mand volume of 1500 vphpl
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Figure B10 merging conflicts on 4-lane freeway wddmand volume of 2000 vphpl
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Figure B12 merging conflicts on 5-lane freeway wdgmand volume of 500 vphpl
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Figure B13 merging conflicts on 5-lane freeway wid#mand volume of 1000 vphpl
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Figure B14 merging conflicts on 5-lane freeway wddmand volume of 1500 vphpl
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Figure B15 merging conflicts on 5-lane freeway wid#mand volume of 2000 vphpl



132

APPENDIX C

Graphs of Rear-End Conflicts Analysis

Please note in the following graphs:

* In each category, the first bar represents theuaqy of total rear-end conflicts,
the second the frequency of car-car rear-end asifland the third bar represents
the frequency of truck-related rear-end conflicts.

» Categories in the horizontal axis are defined bgkipercentage and truck lane
restriction strategy. For example, T25% _ R2 meaadrick percentage is 25%
and trucks are restricted from the two leftmosekan
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Figure CO1 rear-end conflicts on 3-lane freewayhwigmand volume of 100 vphpl
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Figure C02 rear-end conflicts on 3-lane freewayhwigmand volume of 500 vphpl
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Figure C03 rear-end conflicts on 3-lane freewayhwliémand volume of 1000 vphpl
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Figure C04 rear-end conflicts on 3-lane freewayhwigmand volume of 1500 vphpl
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Figure CO5 rear-end conflicts on 3-lane freewayhwliémand volume of 2000 vphpl
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Figure CO06 rear-end conflicts on 4-lane freewayhwliémand volume of 100 vphpl
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Figure CO7 rear-end conflicts on 4-lane freewayhwliémand volume of 500 vphpl
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Figure C08 rear-end conflicts on 4-lane freewayhwigmand volume of 1000 vphpl
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Figure C09 rear-end conflicts on 4-lane freewayhwlié¢mand volume of 1500 vphpl
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Figure C10 rear-end conflicts on 4-lane freewayhwigmand volume of 2000 vphpl
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Figure C11 rear-end conflicts on 5-lane freewayhwliémand volume of 100 vphpl
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Figure C12 rear-end conflicts on 5-lane freewayhwliémand volume of 500 vphpl
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Figure C13 rear-end conflicts on 5-lane freewayhwli¢mand volume of 1000 vphpl
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Figure C14 rear-end conflicts on 5-lane freewayhwigmand volume of 1500 vphpl
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APPENDIX D
Graphs of Average Speed Analysis

Please note in the following graphs:

* In each category, the first bar represents theageespeed in restricted lanes, the
second the average speed in unrestricted laneshartkird bar represents
average speed of trucks.

» Categories in the horizontal axis are defined bgkipercentage and truck lane
restriction strategy. For example, T25% _ R2 meaeadrtick percentage is 25%
and trucks are restricted from the two leftmosekan
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Figure DO1 Average speed on 3-lane freeway withatehvolume level of 100 vphpl
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Figure D02 Average speed on 3-lane freeway withatehvolume level of 500 vphpl
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Figure D03 Average speed on 3-lane freeway withatehvolume level of 1000 vphpl
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Figure D04 Average speed on 3-lane freeway withatehvolume level of 1500 vphpl



144

100
=
o 80
E
B 60
()
7]
o 40 f
(o))
©
® 20
<
0 ,
Q_QQ:\,Q:LQQQ},Q}QQQ} SR AR L SR g
INSEGEN SRS SRS SRS NP S RN SR SEGEN SRR SRS SRR SRR SR S PN S
TR P 02 2 24P P PP (P (B B 4B
truck percentage and truck lane restriction strategy

Figure D05 Average speed on 3-lane freeway withatehvolume level of 2000 vphpl
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Figure D06 Average speed on 4-lane freeway withadehvolume level of 100 vphpl
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Figure DO7 Average speed on 4-lane freeway withadehvolume level of 500 vphpl
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Figure D08 Average speed on 4-lane freeway withatehvolume level of 1000 vphpl
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Figure D09 Average speed on 4-lane freeway withadtehvolume level of 1500 vphpl

100
=
o 80
E
B 60
(3]
&
o 40 fl f i
(o))
©
® 20
<
0 -
X ¥V L Q> V> el ® > V2 Ll >
(8\0 @\o ég\o (go\o @\o ég\e @\0 ég\o ég\e gg\e ég\o ég\o 60\0 60\0 60\0 60\0 60\0 60\0 60\0 60\0 /7
AT R KKV VKV KV A F L E G E LRGP
truck percentage and truck lane restriction strategy

Figure D10 Average speed on 4-lane freeway withatehvolume level of 2000 vphpl
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Figure D11 Average speed on 5-lane freeway withatehvolume level of 100 vphpl

Average Speed (mph)

0 L
B 39338835038 3308s3005s
N

eSSt tette ey

truck percentag

@

and truck lane restriction strategy

Figure D12 Average speed on 5-lane freeway withadehvolume level of 500 vphpl
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Figure D13 Average speed on 5-lane freeway withadtehvolume level of 1000 vphpl
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Figure D14 Average speed on 5-lane freeway withatehvolume level of 1500 vphpl
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Figure D15 Average speed on 5-lane freeway withatehvolume level of 2000 vphpl
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APPENDIX E

Graphs of Average Density Analysis

Please note in the following graphs:
* In each category, the first bar represents theityjensestricted lanes, and the
second represents the density in unrestricted lanes
» Categories in the horizontal axis are defined bgkipercentage and truck lane
restriction strategy. For example, T25%_R2 meaesrtick percentage is 25%
and trucks are restricted from the two leftmosekan
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Figure EO1 Average density on 3-lane freeway wémdnd volume level of 100 vphpl
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Figure EO2 Average density on 3-lane freeway wémdnd volume level of 500 vphpl
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Figure EO3 Average density on 3-lane freeway wémdnd volume level of 1000 vphpl
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Figure EO4 Average density on 3-lane freeway weémdnd volume level of 1500 vphpl
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Figure EO5 Average density on 3-lane freeway wémdnd volume level of 2000 vphpl

Density (veh/mile/lane)

O Density in restricted lanes B Density in unrestricted lanes

100

80

60

40

20

0dm e m  m mm e mmm o mmim o m ma
R R R R A AT SRR AR

SEEEEEEEE P LS ESSEESS™

truck percentage and truck lane restriction strategy

Figure EO6 Average density on 4-lane freeway wémdnd volume level of 100 vphpl
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Figure EO7 Average density on 4-lane freeway weémdnd volume level of 500 vphpl
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truck percentage and truck lane restriction strategy

Figure EO8 Average density on 4-lane freeway wémdnd volume level of 1000 vphpl
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truck percentage and truck lane restriction strategy

Figure EO9 Average density on 4-lane freeway wémdnd volume level of 1500 vphpl
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truck percentage and truck lane restriction strategy

Figure E10 Average density on 4-lane freeway wémdnd volume level of 2000 vphpl
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Figure E11 Average density on 5-lane freeway wémdnd volume level of 100 vphpl
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truck percentage and truck lane restriction strategy

Figure E12 Average density on 5-lane freeway weémdnd volume level of 500 vphpl
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truck percentage and truck lane restriction strategy

Figure E13 Average density on 5-lane freeway weémdnd volume level of 1000 vphpl
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truck percentage and truck lane restriction strategy

Figure E14 Average density on 5-lane freeway wémdnd volume level of 1500 vphpl
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truck percentage and truck lane restriction strategy

Figure E15 Average density on 5-lane freeway weémdnd volume level of 2000 vphpl



