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ABSTRACT

Analysis and Evaluation of Safety Impacts of Median Typesand Midblock L eft
Turn Treatmentsfor Urban Arterials

by
Timur Mauga
Dr. Mohamed Kaseko, Examination Committee Chair

Associate Professor of Civil Engineering
University of Nevada, Las Vegas

Urban growth leads to new land-uses abutting arterials requinnemdrys for their
accessibility. Uncontrolled number and locations of such access maintes safety,
mobility and accessibility problems. The solution to these problésnsaccess
management (AM) which controls the number and location of the apogss. AM
techniques are normally documented in the form of guidelines fimesrg and planners
to follow when implementing the techniques. However, AM guidelineg nta cover
every technique due to the fact that AM is still growing. Faneple, the current AM
guideline prepared by The Nevada Department of Transportation addreasg AM
techniques. The guideline, however, addresses the design of lengthsdarmaf enedian
openings but not spacing and type of the openings in segments with raised median (RM

Spacing, location, and types of median openings have impacts ondafeiyblock
sections of arterials. Short spacing of median openings resutgerlapping functional
areas and consequently high number of traffic conflicts and cradlm®y spacing of
median openings results in few median openings in a given sedargih hence
concentrating turning traffic at those few median openings. Contiagttarning traffic
at the openings increases potential conflicts, impedance to throaffic, and

accessibility problems. This study evaluates the impaatsedian type, density, spacing,



location, and type of median openings and proposes optimal spacingsitinaize
number of crashes.

This study deviates from past studies that evaluated safpgcimof an aggregate
number of median openings using crash data collected over shoitatspef one to
three years. The studies reported mixed results, making itutifto transfer findings
across geographical locations. Aggregating the impacts mightdwancealed the impacts
of individual spacing between median openings.

Statistical models were calibrated for median openings in &hents at aggregate
and disaggregate levels of analysis. Other variables suclyred spacing, number of
driveways, land-use, AADT, and speed limits were included.

Results of the analyses reveal that density, spacing, locatidrtype of median
openings do have significant impacts on midblock crashes. The rebolis that one
median opening in a mile corresponds to 5.7% and 5.3% total and injsty r@is,
respectively. Optimal spacing of the median openings is found imtige rof 340 feet to
730 feet based on types of crashes and speed limits. Median odenatgs adjacent to
signalized intersection have up to 30% more crashes than intermediate openings.

The results of this research are expected to assist traatgporiagencies in
prioritizing retrofit projects, updating existing, and developing AdWstrategies related

to spacing between median openings.
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CHAPTER 1
INTRODUCTION
1.1. Background

Urban growth leads to new land-uses abutting arterials requiringways for their
accessibility. Uncontrolled number and locations of such access posnbeéa reported
to cause safety, mobility and accessibility problems (TRB, 2008).sblution to these
problems is access management (AM). Access management iAtBfined as the
systematic control of location, spacing, design, and operation wéwhys, median
openings, interchanges, and street connections to a roadway (TRB, 2008)rddee of
AM is to improve safety and mobility by controlling the number docdation of
accessing points while balancing the need for accessibility.

Several studies have reported various benefits of carrying ouprdigrams. As an
example of the effectiveness of AM programs, before and aftdies have reported
reduction in crashes by an average of 40%, increase in level of servicemkakgeriod
(Maze and Plazak, 1997; Plazetkal, 1998; Mazeet al, 2000), and positive economic
impacts (Maze and Plazak, 1997; Frawley and Eisele, 1998; ktaz¢, 2000) on
corridors where AM programs were carried out.

One AM technique is that of designing roads with medians tiitdée land-use
accessibility for left turning traffic. Several divided aiés built in growing areas
consist of two-way-left-turn lanes (TWLTL) in their medianhe TWLTL provides a
continuous space for left-turning traffic into or out of land-usestialguthe arterials.
With TWLTL, left turning traffic can access any adjacenidiaise directly. In other

words, TWLTL provides uncontrolled or unrestricted accessibility fer left turning



traffic. As land-use activities increase, midblock left turniradfic increases and so do
crashes. Controlling median access through raised medians $RMyally a means for
improving arterial safety and mobility. However, these RM reduaxdaccessibility of
the adjacent land-uses in midblock sections. The reduction in diredsauntity depends
on the extent of control of access. Fully controlled access csenakriidblock left
turning traffic into U turning traffic at signalized intersections.

The extent of access control in RM can be quantified by the nuofberedian
openings and their types. These median openings are used ttatacifind-use
accessibility for crossing, left and U-turning traffic. Thesarece of median openings
relieve signalized intersections of huge loads of U-turning traffic and laisim&e extra
travel distances and travel times that motorists would have tw tocaccess land-uses
adjacent to roads without median openings. The median openings, howevarngict
zones that cause safety and congestion problems.

Safety at the median openings is usually improved by contralhegnumber of
movements that use the openings. For example Florida—as reported (3006) and
Pirinccioglu (2007)— has a policy of restricting vehicles out of land-uses fxeoueng
direct left turns onto arterials. Instead, vehicles have to mgke turns followed by U
turns at downstream median openings. Restricting direct lefntutraffic out of land-
uses has shown success in terms of reducing number of crashest@dsame time
reducing delay especially during peak periods. A combination of thefusumber of
median openings and proper control of movement type can resulety Baprovements
in the long run of arterials. Although the initial costs may be htlge benefits may

outweigh the costs.



1.2. Statement of the Problem

Spacing, location and types of median openings (like other conflicttspan
highways) have impact on safety of midblock sections of artei&isrt spacing of
median openings (implies high density) results in overlapping theatibnal areas and
hence high number of traffic conflicts and crashes. Long spadimgedian openings
results in few median openings in a given segment length hencentating turning
traffic at those few median openings. Concentration of turningdratfthe openings
increases potential for conflicts for turning and through traffietning traffic over-
spilling turning bays usually impede mobility of through traffience leading to safety
and congestion problems. Congestion problems also have negative impacts on
accessibility of land-uses especially when median openings eckell and turn bays
oversaturated.

Adjacency of median openings to signalized intersections has adwepscts on
safety due to overlapping their functional areas. Overlapping uhetibnal areas of
median openings and intersections results in increased number oéscatshoth the
intersections and median openings. However, no research has been publisadety
problems of individual spacing between median openings and betweedian opening
and a signalized intersection. Only three studies (Cribbtnal 1967, Squires and
Parsonson 1989, and Xu 2010) were found to have evaluated safety impaots of a
aggregate number of median openings in a given length of arterial segments.

Cribbins et al. (1967) conducted a study consisting of 92 rural and urban highway
sections, each longer than half a mile. The study used multgresston techniques with

accidents per equivalent mile as the dependent variable. The study that generally



the density of median openings has impact on safety only wheopéhéegs do not have
turn lanes. In another article published by Criblahal. (1967), it was found that median
openings are not accident prone under conditions of low volume, wide medidriigjhé
roadside development. At high values of the mentioned conditions, crash rates were high.

Squires and Parsonson (1989) conducted a regression analysis to corfgigire sa
performances of RM and TWLTL median treatments. The study aedal sections
longer than 0.75 mi. The regression analysis of total arterighcrates resulted in
insignificant coefficient for the density of median openings. Howeegression analysis
of arterial mid-block crash rates resulted in negative mefit for the density of median
openings. The negative coefficient might imply that the median opemmysve safety
while they are conflict points.

Xu (2010) conducted a regression analysis to evaluate the safetyoaiidy impacts
of AM in the Las Vegas Valley. Xu focused on developing simultaneous modelstyf safe
and mobility both being dependent on AM features. Panel data was udedetop the
models where arterials were considered as panels and segntbmdshwse arterials as
repetition of observations. Crash data used was for the year 2003ataheduded RM
and TWLTL segments. A dummy variable was used to estimagtysafpacts of median
type while density of median openings was used to estimate isnpiattie openings on
crashes. The density of one-directional median openings was fouhdvéo adverse
impact on safety. However, the densities of full and two-directioredian openings
(which have more number of conflicts than one-directional one® mat found to have

significant impact on safety.



All the three studies (i.e. Cribbiret al. 1967, Squires and Parsonson 1989, and Xu
2010) evaluated safety impacts of an aggregate number of median op@&hegssults
from the studies are mixed and it is difficult to draw a casioin whether or not median
openings pose safety threats. The use of density of median openighgs hmave
concealed the impacts of individual spacing between median openirngashres. Had
the studies focused on evaluating the impacts of individual spacingdretmedian
openings the results could have been different. Moreover, the stusdidscrash data
collected over short periods of time i.e. 21 months, 3 years, and 1 year, respectively.

The problem of mixed results has been observed for other AM feadls®s For
example, Glucket al (1999) summarized findings of 16 studies revealing safety
improvements of RM as ranging from -15 to 57 percent. This rangHBeatieeness of
using RM makes it difficult to judge whether or not installing R&&ults in safety
improvement.

The combination of mixed results and different functional forms of maeédsing
crashes to AM features pose a problem of transferabilityndfrfgs across geographical
regions. Milleret al (2001) studied transferability of five models relating crasbesV
features. Figure 1-1 (extracted from Miller al, 2001) shows two models out of five
models they studied, one with exponential like and another with logaeitikaiforms.
Similar figure is also presented by Gluekal (1999) for nine studies. From the figures,
it is difficult to pick the right form for transferring and apiplg the findings in other
locations without doing some research.

Miller et al (2001) also reported that transferability of models across geogahphic

regions without site-specific adjustments may lead to erroneoudictiwas and/or



estimation of the safety impacts. Miller found that the eroans be as high as a few
hundred percent when models developed in one location are used to estipaatts iin
other locations. However, such errors can be reduced to as low ad 2iféespecific
adjustments are made. The error of 27% is significant enouggisttty motivation for

conducting a local study with local data.
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Figure 1-1. Variation of functional forms across studies.

1.3. Research Hypotheses
In this study it is presupposed that:
1. Both very short and very long spacings between median opening&Min
segments lead to high number of crashes. Very short spaompgys that many
median openings are within a given segment while very long gsaciply few
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median openings. Very short spacings degrade safety due to overlagping
functional areas of the openings and that U-turn traffic does not dramegh
space to weave especially during peak periods. Vehicles haveheo wait for

large simultaneous gaps to occur in all directional lanes or marge
mainstreams and look for gaps in individual lanes and makingclaaeges in
succession. Aggressively looking for individual gaps under heavy traffic and short
spacings might cause safety and congestion problems. Less a@yasgers
might travel past at least one median opening before they readintagb
performing U-turns.

Very long spacings cause traffic to concentrate at few abtail median
openings or at signalized intersections. Concentration of these mutgeatdew
median openings increases potential for more traffic conflictsceashes. Also
U-turning vehicles have to travel long distances hence incurddigi@nal travel
time. If capacity of the few available median openings ss han demand, the
turning traffic might impede through traffic and cause safetyngestion, and
accessibility problems. Therefore, for any given segment tiser@n optimal
number of median openings (hence optimal spacing between the openings) that
will minimize crashes.

Median openings that are located adjacent to signalized irtierseare likely to
have higher crash rates than those located elsewhere. The maghobe that of
interaction with queuing vehicles and traffic activities atittiersections. Where
spacing between median openings and signalized intersectiony ishegt, the

median openings are likely to be blocked by queues generated bgtthratffic.



If turning traffic is subjected to long delays due to blockagehef openings,
drivers might become impatient and attempt to accept shortgépe in through

traffic which might result in crashes.

1.4. Objectives

This research has four objectives:

. To evaluate the impacts of median openings at aggregate and egtgdevels
on safety. At both levels of analysis, the safety impacts \akiated by total,
type and severity of crashes. At the aggregate level, midbtaskes are related
to the density of median openings. Other variables included are AARERd
limit, number of lanes, land-use characteristics, and other Adturfes. Other
AM features considered in the study are signal spacing, densitiunsignalized
public approaches and driveways.

At the disaggregate level, crashes occurring in median opeaiagglated to
individual spacing, type, and location of median openings. Similathéo
aggregate analysis, other variables are also considered. Thblesriaclude
AADT, speed limit, land-use characteristics, and number of drivewatysn
functional areas of the median openings. Results obtained from #uygychigate
analysis will lead to determination of optimal spacing betweediam openings
based on crashes.

. To evaluate the impacts of type and location of median openings dy. safe
Location of a median opening refers to its adjacency to a sigdaiintersection.

Only two categories of location are considered: adjacent to lizigda



intersections and intermediate. Type of median openings reféns ttumber of
left turning movements permitted by geometric channelization of the openings.
3. To evaluate the safety impacts of AM features in midblock TWk&gments and
compare with those in RM segments (under objective number 1). Theaom
AM features are signal spacing, densities of unsignalizedgapproaches, and
driveways. Also, AADT, speed limit, number of lanes and land-uagackeristics
are included in the analysis.
Along with evaluating median specific impacts of AM featuremdels
including both types of medians are calibrated for the purpose ofa¢nglu
advantages of RM over TWLTL. The density of median openings is1doided

in these models because it is not a common denominator.

1.5. Study Contributions

This study evaluates the impacts of individual spacing between megkaaings and
estimates marginal impacts of types of median openings btidoc The study proposes
optimal spacings between median openings and between median openingsaimbg
intersections for different posted speed limits. The resultdeftudy may be used by
local transportation agencies in updating existing or developing newgiidklines. The
new guidelines include spacing between median openings, proximitiieomedian
openings to signalized intersections, restriction of turning movemaht median
openings, and installation of auxiliary signals at median openings.

The results obtained from evaluating the safety impacts of éiMufes in RM and

TWLTL segments may be used to develop median specific cnaslification factors



(CMFs) for the features. These CMFs can be used in priagtiand decision making
when evaluating AM programs. The CMFs are simple numbers whgdieations are
easy to understand by the general public as well as leatlersnake decisions on their
behalf.

The CMFs may also be used by local transportation agencies inngpéatsting
land-use guidelines and policies. For example, there are krtéhat were once
residential but they have changed to commercial land-uses nosvablagse arterials
have high posted speed limits and still have driveway spachegsdbn’t meet the
existing AM guidelines. The guidelines can be updated through mgetansportation
and land-use planning such that future policies on frontages dflgpame in agreement

with minimum spacing requirements for driveways.

1.6. Organization of the Report
This dissertation consists of eight chapters. Chapter 1 psesismtintroduction,
statement of the problem, hypotheses and objectives. Chapter 2 pthserggiew of
relevant literature on the topic in focus. Chapter 3 documents in thetashethodology
used to accomplish the mentioned objectives. Chapter 4 to 7 presemtandatses,
results and their discussions. Chapter 8 consists of conclusionscantmendations for

future studies.
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CHAPTER 2
LITERATURE REVIEW
2.1 Types of Medians

Medians are continuous spaces, landscapes, slabs, or barriersdinstétie middle
of a roadway for the purpose of separating opposing traffiastNhew projects that
incorporate AM aspects in their planning and designs have medighsodds that did
not consider AM in their designs are subject to retrofit progranesder to improve their
service to the community. One of the most common AM feature coadidle retrofit
projects is the median. It can be traversable (two wayueft lane—TWLTL) or non-
traversable (also known as raised medians—RM). TWLTL are used wigrading 2-
lane or undivided multilane highways with average daily traffis than 24000 vehicles
per day in developing areas (TRB, 2003). Raised medians are uses tvdic is
higher than 24000 vehicles per day and TWLTL roads need safety improvement.

Raised medians may consist of physical barriers, wallsyrtyed slabs (usually six
inches high from pavement surface) that are installed between ogiefic directions
for the purpose of reducing conflict points. The related traffic lm&fusually result
from left turning maneuvers across a length of an undivided rodd\VTL. In short,
raised medians limit left turning and crossing traffic to a lesations known as median
openings. Therefore, raised medians reduce many conflict pointsdchyspgging
(overlapping left turns to-and-from offset driveways) and crgss{for aligned
driveways) movements in TWLTL segments.

For street segments with RM, median openings and signalizegectiens are used

to provide access for vehicles to turn left into and out of the adjdard-uses and
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unsignalized public approaches. The unsignalized public approachexcess sxads of
low functional classification that are designed to serve moreadgessibility than
mobility and connect other land-uses to major roads.

As far as safety of medians is concerned, Maze and Rl428K) reported a decrease
in crash rates by 36.5% and 41.7% in the cities of Ankeny and Qiiveowa,
respectively, after installing RM. Gluakt al (1999) summarized finding of 16 studies
comparing crash rates by median type. Some of the studiesbegrne-and-after and
others were cross sectional. The safety improvement reportgéesrénom -15% to 57%
with an average of 27% reduction in crash rates. Also, the authorsecegor studies
that had a decrease in side-swipe, angle, and head-on crastzgnavdi%, 40%, and
54%, respectively. The percent decrease in rear-end crashed feomge-15% to 50%
with an average of 27%. The implication from the literature i$ tth@a RM has mixed
impacts and the real marginal effect is either not known devdrom a location to
another.

Parsonsoeet al (2000) reported two studies comparing TWLTL with RM in the State
of Georgia. The authors reported that segments with RM on thatesahad lower total
crash rates by 36% and 45%, and injury crash rates by 38% and 48%. Eisekdey F
(2005) reported a decrease of 17% and 58% in crash rates on twao Jitess after RM
replaced TWLTL on selected streets. Schelial (2007) conducted before and after
analysis to evaluate the safety effectiveness of RM over TMWIhe authors concluded
that the RM did not reduce the total crash rates but improvetysafterms of reducing

high severity crashes, namely, angle, fatal and injury crashes.
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2.2 Median Openings and Their Types

Bonneson and McCoy (1997) built analytical models to evaluate the opedati
impacts of midblock left-turn treatments on through and left turn traffic. The sodee
used for evaluating alternatives for midblock left turn treatigin other words:
evaluating alternative median types). Their model for raisett coedian assumed
presence of median openings at all active access points (titbseolume of at least 10
vph). The authors pointed out that the models fit situations of low density of active acces
points. On purpose, the study did not vary the number/spacing of median ophkrertgs
the difficulty of accounting for effects of closure of openings oneralioices without
considering the surrounding street network. Delay was found to be @d@oaame for
raised curb and TWLTImedians However, delay was slightly more for raised curb than
TWLTL median at high traffic and frequency of bay overflow. Tlesuits showing
TWLTL being better than RM were also documented as reviewerhtlire in their
report.

Analysis of traffic conflicts reported by Gluokt al (1999) in the NCHRP 420
reveals that full median openings comprise of 18 major and 20 minfirct® whereas
directional median openings have only 4 major and 2 minor conflictse\Walys that are
not aligned to median openings have only 2 conflict points. Gltiek listed studies and
findings regarding types of median openings. The studies inditaédeplacing direct
left turns from driveways with indirect left turns reducesshbreates by 22%. Among the
listed studies is a Michigan based study that reported aras&ie crash rate by 14% on

directional median crossovers where highways were not signaligglided highways
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with directional crossovers had lower crash rates in the ragg8%fto 50%. Summarized
were also studies reporting improvement in capacity by 18% to 50%.

Brown et al (1998) developed a model to predict crushes on multilane highways by
total and severity of crashes. The study found that presence ofnmaédiproves safety
and that RM sections with no median openings between signalizesenttens are safer
than those with the openings. However, evaluation of benefits of RNbwti median
openings should consider crashes in both midblock sections and theictikespe
signalized intersections. Migration of crashes to signalizeztsattions might still be
present in sections where median openings are closed but the digrasbes might
probably not outweigh the total safety benefits.

Jagannathan (2007) reported that, in Michigan, there is a signifieanber of
signalized intersections which prohibit U and left turning trafiicthe intersection.
Instead, the turning traffic has to cross the intersections andrmper) turns at
downstream median openings followed by right turns. Jagannatharecepwat the use
of the crossovers improves safety by 20% to 50%. Capacity impemtsrare also in the
same range. An earlier study reported a reduction of total rgady icrashes by an
average of 30% after directional crossovers replace non-direcboral (Tayloret al
2001).

Pottset al (2004) conducted a study on the safety of unsignalized median openings in
seven states. The study found that average crash rates forodiméthiree-leg median
openings are 48% lower than that of full three-leg median openingsavEnage crash
rates for directional four-leg median openings are 15% lower than of four-leg

intersections. In addition, Potts reported that overall, there wasdigaiion that U-turns
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constituted major safety concern although they make 58% of the gumonements at
median openings. Potts also concluded that there was no indicationféftyatpsablems

resulted from occasional use of short spacings in the range of 300 to 500 ft.

2.3 Determination of Spacing between Median Openings

Yang (2001) evaluated operational performance of direct left wtersmis right-plus
U-turns from driveways. The study focused on figuring out traéfonditions under
which it is worthy replacing direct left turns with right plusturns. Yang found that at
200 vph of traffic left turning from major streets, delay for clireeft turns is always
bigger than that of right-plus U turns for all through traffic candg. For volumes of
left turns from major streets lower than 200 vph, direct lefistialways have bigger
delay for left turn volumes of 150 from driveways. Holding constanttraiéic left
turning from main street, the cut point of through traffic atollthe delay for right-plus
U-turns is smaller than that of direct left turns increas#is decrease in left turn volume
from driveways. Also, the study reported that when weaving distaareevery long (700
feet and over) there may be no benefits of the right-plus U-twhen through traffic is
between 6,000 and 7,000 vph, the direct left turns fail to operate andiginthplus U-
turns are recommended.

Zhou et al. (2003) conducted a study on location of median openings for U-turning
traffic downstream of directional median openings. Zhou stated tbblepn as
unavailability of procedure or guidelines for determining optinoalation of U-turn
median openings. They added that if spacing is long, travel tnaivierted left turning

traffic increases and if short there may be safety problems.
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In determining optimal location, they considered vehicles leagmgways would
join tails of platoons in one direction. On arrival at downstreatard median openings,
the vehicles would join the tails of other platoons in the oppositetidined’he model
used signal offset as the main input and hence appropriate wheaktsigngs are likely
to last long unchanged. The model is also appropriate when thetstitiyesvays (and
their directional median openings) are halfway from both signalinéersections
otherwise problems of asymmetry design may arise. Symmedsy e important if
traffic reversal may demand reversal of signal offdeestricting vehicles from directly
turning left onto major roads was reported to reduce delay of divedéicc and to
improve safety by 68%.

Liu (2006) stated similar problem of lacking regulations or guideliaesninimum
and optimal separations between upstream driveways and downstréam tdedian
openings. Liu used the BOpercentile crash rate to determine the minimum separations.
On 4 lane roads, the study recommended 350 feet and 500 feet for Odatiorls in
midblock and at signalized intersections, respectively. For 6-8 taads, the study
recommended 450 and 750 feet for U-turning traffic in midblock and atlsigd
intersections, respectively. The numbers imply that 1,320 fgetesgs might have one
median opening while 2,640 feet segments might have 3 median opéhthgsmiddle
median opening is 570 feet from the two). Table 2-1 summarizesetdoenmended
spacings.

Although Liu (2006) demonstrated that the separation between upstragways
and downstream U-turn median openings affects both safety and operatitms end

recommended that only safety criteria should be used in determining theisepéarat
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Table 2-1. Recommended Minimum Separation Distances

Number of  Location of U-turn Bay  Critical Separation Recommended

Lanes Distance (feet) distances (feet)
4 Median Opening 341 350
4 Signalized Intersection 508 500
6to8 Median Opening 457 450
6108 Signalized Intersection 774 750

Source: Liu (2006), pp. 94, Table 6-4

did not clarify why the 56 percentile was taken as the threshold value instead of lower
percentiles which correspond to lower crash rash rates.

A study similar to Liu's (2006) study was conducted to determinginmoim
separation of upstream driveways and downstream U-turn median openings ig@lincc
2007). The study used rates of conflicts (evasive actions for cragtaace) as surrogate
for safety. The separation of the median openings was determirtae 58 percentile
conflict rates. The study yielded results similar to thoseepted by Liu (2006) but a
little longer spacings (Table 2-2). The separation of 1,000 feetebata signal and an
upstream driveway (or directional median opening) looks big for lesedaccessibility.
The implications are that segments 1,320 feet long won’t havedsam opening and

those 2,640 feet will only have two.

Table 2-2 Recommended Separation Distance Values

Location of U-turn Bay =~ Number of Critical Separation = Recommended

Lanes Distance Separation Distance
Median Opening 4 419 400
Median Opening 6108 687 700
Signalized Intersection 4 614 600
Signalized Intersection 6108 1005 1000

Source: Pirinccioglu (2007), pp. 90, Table 6-3
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2.4 Guidelines on Spacing of Median Openings
Koepke and Levinson (1992) reported that several states had cfiterspacing
between median openings for suburban and rural areas. Theacdberesponded to
spacing ranging from 300 feet to 2,640 feet. The study also repguiddlines from
another study (NCHRP 93) which used arterial speed for spegifginimum spacing
(Table 2-3). Generally, the guideline specifies a spacing of &0fér urban roads on
principal and minor arterials, and 300 feet for collectors. The hoedalso recommends

spacing of 1,320 feet for rural highways.

Table 2-3.Spacing Criteria between Median Openings

Speed (mph) Spacing Recommendations (feet)
Desirable Minimum
30 370
35 460
40 530
45 670
50 780
55 910

Source: Koepke and Levinson (1992), pp. 63, Table 7-8

Harwood et al. (1995), in the NCHRP 375, reported that very few state highway
agencies had design policies with provisions for spacing between nwgz#amgs. The
study reported one anonymous state that didn’'t have specific minispacing for
unsignalized median openings but required spacings that accommoddteneanes
with proper taper and storage length. The state, however, recomingr@deninimum

spacing of 1600 feet for openings that might potentially be sigmhlia the future.
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Harwoodet al. also reported spacings ranging from 0.25 to 1 mile being recodede
for rural areas in another state.

The Transportation Research Circular number 456 (1996) recommendseitiain
openings should relate to block spacing. The circular adds that @&diam openings
should be consistent with signal spacing criteria or be suseeptibtlosure. It is not
clear whether or not the circular refers to signalized median openings only.

Potts et al (2004) reported that 50% of state and local highway agencies had
guidelines on minimum spacing between median openings. The author reported that some
states had guidelines that included several variables in deterrtheimginimum spacing.
Those guidelines with one variable had minimum values ranging 3@oro 2,460 feet
for rural areas and 300 to 2,460 feet for urban roads. The report &sbthe state of
Nevada having a guideline specifying the minimum spacing of 660/deetrral areas
and nothing for urban areas. Henderson, a city in the Las Vedlag,\Weas listed having
a guideline specifying the minimum spacing of 660 feet forrubbghways and nothing
for rural. Potts concluded that there was no indication that safebjepns result from

occasional use of short spacings in the range of 300 to 500 feet.

2.5 Density or Number of Driveways
With respect to driveways, Maze and Plazak (1997) reported a ce@fed3.3% in
crash rates in the City of Fair Field, lowa, resulting frdosing eight driveways in a 0.6
mile section along with adding signals and improving side strédtk et al (1999)
reported that addition of a driveway in a mile increaseshcrates by 4%. The data in

their report shows that driveways on roadways having RM had lomgact on crashes

18



than those having TWLTL. The authors also reported data showing acdsefiety

impacts of driveways in segments with high signal densityel&iand Frawley (2005)
reported that driveways on roads with TWLTL have bigger impactrashes than
driveways on roadways with RM.

Bonneson and McCoy (1997) conducted median specific regression anaigses a
found that increasing the density of driveways and unsignalized pubimaches
increases the number of crashes. The authors also found that thevagisvand
unsignalized public approaches had the same safety impacts for different typd@m

In another literature, Bonnesson & McCoy (1997) summarized a numipee\obus
studies that reported safety impacts of driveway densityy of median. Tables 2-4
and 2-5 below (reproduced from Bonnesson & McCoy, 1997) show variatidime of
safety impacts of driveway density across studies. Segtudies found driveway
density to have no significant impact on safety. Studies which founewdrys having
significant impacts on safety reported mixed results imgeof signs and magnitudes of
the impacts. Some indicated that increasing driveway dengiiypues safety while some
report the opposite. The marginal impacts of driveway density nlightvarying by

geographical location.

2.6 Summary
In summary, major studies which evaluated safety of artewdls RM did not
consider the density of median openings as a safety factorTgde 2-4 below).
Moreover, several guidelines reported in the literature do not prosideytound studies

and information used in developing the guidelines. Therefore, it isnoetn how safety
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influenced the making of the guidelines. The guidelines also vawebatjurisdictions
and settings, for example in urban areas, Ratil (2004) reported that New Mexico
State requires the minimum spacing of 300 feet while Arizona nex)@60 feet. This
variation of spacing requirements adds to the problem of trandfigradfi guidelines
across geographical regions. The problem of transferability ofgthéelines partly

justifies motivation for conducting a local study with local data.
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Table 2-4 Impacts of AM features in studies for segments with RM

Parameter Accidents/mile Accidents/MVM

Component Var Name Parker | Squires| Parker | Chatterjee | Harwood | Squires
(1983) (1989) | (1991) (1991) (1986) (1989)

Exposure Bo Interpept 1 1 1 1 1 1

(non-linear) B1 Traffic (ADT) 0 0 0 0 1 1

B2 Segment length L 1 1 1 1 1

Co Intercept -12.7 -14.8 -12.6 11.0 2.55 1.92

C, Traffic (ADT) 0.0015| 0.00192| 0.00137 0.0035 0 0

C, Population -0.0000098 -- -- -- -- --

C: | Driveway density -0.00228 0° 0° 0° 0.013 0°

Explanatory| C4 Signal density 8.04 16.1 8.3 0 -- 2.72

(linear) Cs Unsig. approach density H- 0 -- 0 0.127 0
Cs Public St. approach density 0 -- 0 -- -- --

Cy Truck percentage 1 -- -- -- -0.111 --

Cs Left-turn volume -- -- -- -- 0 --

Cq Development type -+ -- -- -- 3.51 --

Database Years of accident data 3 3 3 3-4 5 3

Number of sections 1P 15 3 11 44 15

Total section length (mi) 282 247 NA® 19.9 21.8 24.7

R 0.73 0.77 0.84 0.65 NA® 0.80

Through lanes 4 4 4 4 4 4

Source: Bonnesson & McCoy (1997), pp. 98, Table 4-4
Dashes indicate the factor is not specifically included in the model

1. Commercial only
2. The factor was considered but not found to be statistically significant

3. NA=Not available
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Table 2-5.Impacts of AM features in studies for segments with TWLTL

Parameter Accidents/mile Accidents/MVM
Component Var Name Walton Parker Mcoy | Squires| Parker | Chatterjee| Harwood | Squires
(1979) (1983) (1986) | (1989) | (1991) (1991Y (1986) | (1989)
Exposure Bo Interpept 1 1 1 1 1 1 1 1
(non-linear) B1 | Traffic (ADT) 0 0 0 0 0 0 1 1
B2 | Segment length L 1 1 1 1 1 1 1
Co | Intercept -43.5 -28.8 9.44 -21.7 -22.3 19.7 16.9 4.01
C, | Traffic (ADT) 0.00203 0.00173| 0.00214| 0.00388| 0.00153 0.0035 0 0
C, | Population 0.000175-0.0000058 -- -- -- -- -- --
C; | Driveway density 0.491 0° 0° 0° 0° 0° 0.013 0°
C, | Signal density 9.20 5.43 0 22.7 5.6 0 -- 2.29
Explanatory| Cs | Unsig. approach
(linear) density -- -- 0 -8.85 -- 0 0.127 0
Cs Publi_c St. approach B 216 -- B 194 B B B
density
C; | Truck percentage - -- -- -- -- -- -0.111 --
Cs Left-turn volume -- -- -- -- -- -- 0 --
Cy | Development type -+ -- -- -- -- -- 2.56 --
Database Years of accident data 3 4 3 3 3-4 5 3
Number of sections 17 4 42 5 12 135 42
Total section length (mi) 12.2 4.35 62.5 NA® 19.7 91.2 62.5
R 0.75 0.71 0.84 0.60 0.73 0.65 NA® 0.44
Through lanes 4 4 4 4 4 4 4 4

Source: Bonnesson & McCoy (1997), pp. 97, Table 4-3
Dashes indicate the factor is not specifically included in the model
1. Commercial only
2. The factor was considered but not found to be statistically significant
3. NA=Not available
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CHAPTER 3
METHODOLOGY
3.1 Introduction
This chapter describes the methodology for analysis of safgiacts of median
openings and other AM features in midblock segments of urban artéiasdblock
segment is defined as a roadway section that is bounded by twawireseignalized
intersections and without any control device such as stop or ygis $or through
traffic. The methodology is divided into two levels of analyses. fireelevel involves
evaluating the safety impacts of median types and density ofamegienings at an
aggregate level. The second level involves evaluating the safetyctsnpf median
openings at a disaggregate level. The level focuses on the impagbesflocation and
spacing between median openings on crashes in functional areasdi@innopenings.
Before discussing in detail the two levels of analyses, aigéen of the terms used in

the analyses is presented below.

3.2 Definition of Terms
3.2.1 Median
Medians are continuous spaces, landscapes, or concrete structtaksdims the
middle of a roadway for the purpose of separating opposing tréffedians are
categorized as traversable or non-traversable. Traversablanweale middle lanes
mostly known as two-way-left-turn lanes (TWLTL) that ased by left turning traffic to
access land-uses. Non-traversable medians are landscapes, skiltansnete walls, or

barriers intended to prevent left turning traffic from direettgessing land-uses. Curbed
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concrete or asphalt slabs are the most common types of non-traversable e didozs
arterials and they are known as raised medians (RM). TherBMsaally used in access
management programs to replace TWLTL for the purpose of improwafegysand

mobility. Figure 3-1 presents sketches for the TWLTL and RM medians.

TWLTL median RM median

Figure 3-1. Common types of medians.

3.2.2 Median openings

Median openings are spaces in RM used to provide access for sebidlen left
into and out of land-uses adjacent to arterials. There are foes tfpmedian openings,
namely, full, directional, semi-full, and unidirectional median openingbe T
classification of each is based on the number and type of lefingumiovements
permitted by the opening. Figure 3-2 presents snapshots of tlsedfypeedian openings
with the accommodated number of left turning movements. A full mediamrgpallows
all left turning movements at the opening while a directional ogeallows only traffic
turning left into land-uses. On the other hand a unidirectional opelavgsanly traffic

into land-uses in only one of the two arterial directions. Lastly, a sehmédian
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E Flamingg Rd

-

(c) Semi-full median opening.

(d) Unidirectional median opening.

Figure 3-2. Types of median openings.

opening allows full access from the land-uses but only unidirectmewdss from the
arterial streets. It is expected that the smaller the nummbéurning movement at a

median opening the fewer the number of crashes due to smaller numbenflidt
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points. Note that the words semi-full and unidirectional have been usked study for
ease of differentiation but may not be found in the literature.
3.2.3 Midblock segment

A midblock segment is a section of a road bounded by two consesigivaized
intersections excluding physical areas of the intersectionseTéegments do not have
any traffic control device to through traffic along them. Fig8f@ shows a midblock
segment and its bounding physical areas of signalized intersecthe physical areas of
signalized intersections range from 200 to 250 feet from cepofetke intersections
(Brown et al. 1998, Vogt and Bared 1998, Harwoeitdal. 2003, Lyonet al. 2003, Lewis

2006, and Bindrat al.2009).

Signalized intersections
200-250’

Radiut

-
N /

Midblock

A
A

Figure 3-3. Midblock and intersection areas.

Reasons for differentiating between intersections and midblocks in thysestithat:
e Only midblock crashes are assumed to be associated with midblock AM

features such as median types, driveways and median openings,
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¢ Intersections have more crashes than midblocks hence combiningghescra
together might lead to intersection crashes overwhelming midbledhes,
and
e |tis difficult to account for cross traffic in modeling (in calating crash rates
and determining impacts of cross traffic). Although some asu@ispecially
those which considered signal density as one of the variatales)dalculated
crash rates for whole arterials using only traffic along #nerials, the
resulting rates inaccurately estimate safety on those sites.
3.2.4 Driveways
Driveways are features that provide connection between &stand land-uses for
the purpose of providing access. The driveways are consideretbascantrolled
intersections and contribute to safety and mobility problems of puklbldue to the
conflicting movements they generate. Access management prograysinvolve
separating the conflict points by increasing spacing betaaeaways or controlling the
number of movements that use the driveways. Figure 3-4 presentcla gka typical

driveway.

: Drivewan

Land use

Figure 3-4 A driveway connecting a land-use to an arterial road.
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3.2.5 Unsignalized public approaches

Unsignalized public approaches are local roads of low functidassification that
are designed to serve more for accessibility than mobilitycandect other land-uses to
major roads. These local roads, like driveways, are usually stdptied at points
where they meet major roads. The major difference between agnaiized public
approach and a driveway at junctions with major roads is that amdyvearries less
turning traffic and directly links one land-use to an adjacenprmiaad while an

unsignalized public approach links several land-uses to major roads.

3.3 Levels of Analyses

3.3.1 Aggregate Analysis

This level of analysis evaluates the impacts of densityeafiam openings and other
AM features on crashes that occur in the midblock segments aakit&ach midblock
segment is considered as one data point. Other AM features codsaderthe types of
median, signal spacing, density of unsignalized public approachegydsndiiveways,
and land-uses abutting the segments. Additional variables considelgde the number
of through lanes, the average annual daily traffic (AADT), and posted speed limit
3.3.2 Disaggregate Analysis

This level of analysis evaluates the impacts of types, twtatind individual spacing
between median openings on crashes that occur in the functionalo&réee openings.
Each median opening is considered as one data point. Other AMeteatinsidered are

the number of driveways and the land-uses served by the openingghekilaggregate
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analysis, this analysis also includes the number of through lanesetege annual daily

traffic, and posted speed limit.

3.4 Data Collection

3.4.1 Data for Aggregate Analysis

The aggregate analysis needs crash data that occurred only ilmakidbttions of
arterials excluding crashes that occurred at intersections. obfain such data, the
influence area of an intersection has to be determined bef@eadatollected. In this
study, the influence area of an intersection is defined as ttencksfrom the center of
the intersection to a point where spatial distribution of crashes beginetote

A pre-sample consisting of six approaches to signalized iotensg was collected in
order to determine the physical area of an intersection. Theseaapps did not have
driveways, unsignalized public approaches, or median openings within theorhahc
areas of the intersections. Crash data from the approacheswvemarized by distance
of occurrence at intervals of 50 feet. Figure 3-5 presents thalgjiatribution of crash
rates up to 600 feet from the center of the intersections down flreagpes. It is
apparent that beyond a distance of 100-200 feet the distribution of crasicésally
levels off. Therefore, all crashes that occurred within 200dEesignalized intersections
were considered intersection crashes and all crashes outsidantigswere categorized
as midblock crashes. The midblock crashes also included those thaedaeithin 100

feet of arterial center line (Figure 3-3).
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Figure 3-5. Spatial distribution of crashes along segments.

After determining the radius of intersection areas, a total 1&f @presentative
samples of midblock segments were selected from the Lass\X&jkey. The selection
was based on the requirement to obtain a sample of segments covering af/aadfig,
geometric, and land-use characteristics. Crash data for gheests were then extracted
from a GIS (Geographic Information Systems) database maidtdipgeNDOT. The
database had five years worth of data: from 2002 to 2006. The crasteesummarized
by total, type and severity of crashes. Although having the ldatgpe of movement
before impact would be more useful for the analysis, the datalaleaior this study did
not consistently provide information on types of movement.

An inventory of existing AM and geometric features was conductéke laboratory
using satellite imagery from Google Earth and a GIS stretgtork database provided by

the Regional Transportation Commission (RTC) of Southern Nevagaifi&nt effort

30



was put to ensure that the observed AM features in the studeseghad not changed
over the period of analysis. This was achieved by using a rex#nh the Google Earth
imagery that shows history of image acquisition. Whenever negessia visits were
conducted to supplement the laboratory inventory for the sake of @ogrect
misinterpretation of aerial photos in cases they were not déarAM and geometric
features that were collected for each segment are:

e Signal spacing

e Number of median openings

e Type of median openings

e Number of driveways

e Proportion of the driveways serving residential land-uses

e Number of unsignalized public approaches

e Number of through lanes

In addition, the following variables were collected from the NDOT:
e Average annual daily traffic (AADT)
e posted speed limit
3.4.2 Data for Disaggregate Analysis
The disaggregate analysis involves evaluating the impacts of spagpeg and
location of median openings on crashes. For this analysis, refat@genmedian
openings were selected from the midblock segments alreadyesklacSection 3.4.1.

Only arterial crashes within functional areas of median openiege considered in the
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analysis. Also crashes within 50 feet of driveway approaches e@rsidered in order
include driveway crashes related to median openings.

The functional area of a median opening was defined as the zonmengaveee
distances: perception reaction distancg, (thaneuver distance J{d and storage distance
(ds) (TRB 2003, AASHTO 2004). Drivers’ reaction time was assumdzketone second.
Since crashes were not classified by direction of traffis, $tudy could not differentiate
near and far functional areas at median openings. Figure s6alles the dimensions of
the functional area of a median opening. The figmaws the total functional lengthy D
for full and directional median openings anglfbr semi-full and unidirectional.

For segments having median openings with overlapping functional &rgt)s of
turn pockets were taken as their functional areas in order to avainnghtsvo median
openings in one functional area or double counting their crashes. Crashbs i
functional areas were then summarized by total, type and severity of crashes.

The AM and geometric features that were collected for each median opexing ar

e Location of a median opening

e Distance to the nearer median opening

e Distance to the farther median opening

e Distance to the nearer signalized intersection (for median aggeadjacent to

intersections)

e Alignment of driveways to the median opening ( 3-legs or 4-legs)

e Number of driveways served by the median opening

e Proportion of the driveways serving residential land-uses and

e Total number of through lanes
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(b) Functional areas of semi-full and unidirectional median openings.

where
d = perception reaction distance
d = maneuver distance (braking and lane changing)
g = storage length
Q = functional distance for full and directional median opening
D, = functional distance for semi-full and unidirectional median opening

Figure 3-6. The functional area of a median opening.

Location of a median opening refers to whether it is bounded by anuodgian
opening and a signalized intersection, by two signalized intesasctor by two other
median openings. Median openings that are bounded by at least oradized

intersection are referred to ‘adjacent to signalized inteese(ATS).” Those bounded by
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two median openings are referred to as ‘intermediate.’ Figutesi®sws the difference

between median openings by location.

_ ATS INT ATS
(] === | o0 2 a0 3 o D

OO0
SVANVL |

where
ATS = median opening adjacent to signalized intersection
INT = intermediate median opening
Ds; = the distance from median opening number 1 to the adjacent intersection
D, = the shorter distance for median opening number 2
Ds = the longer distance for median opening number 2
Ds = the distance from median opening number 3 to the adjacent intersection

Figure 3-7. Distance measurements for median openings.

Distance to signalized intersection for ATS median openings isdhter-to-center
distance from the subject median opening to the nearer signitizeskection. In Figure
3-7, Ds is the distance to the signalized intersection for median openimipper 1. Also,
Dsis the distance to the signalized intersection for median opening number 3.

Distance to the nearer median opening is the center-to-centanagisfrom the
subject median opening to a median opening closer to it. In FigureoBekdmple, Ris
the distance from median opening number 2 to the nearer median openibgrrium
Also, Dy is the distance from median opening number 2 to the farther mediamgpe

number 3.
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3.5 Statistical Modeling

For both aggregate and disaggregate analyses, multivariatssiegranalysis was
used to develop relationships between crashes and AM explanatoaplesr The
relationships between crashes and the variables are importaatuateng the impacts of
each AM variable on safety of midblock and median openings.

Theoretically, the number of crashes per time in a midblock segarentedian
opening is considered to follow Poisson distribution. Eq. (3.1) presensrtivéure of
Poisson distribution as the probability of a number of cra¥hasa given time interval.

In the equationp is a positive real number equal to the expected number of crashes

that time interval.

HYe_P-
y!

p(Y; ) = ; ¥y=0,12,.. (3.1)

where
y is the number of crashes observed per time
U is the expected number of crashes per time
In this study, the observed number of crashes (outcodesused to estimate the

impacts of AM variables on the unobserved Poisson parametirhe parameterg are
Gamma distributed, based on empirical Bayesian setting, Negaih@mial (NB)
regression model is used to estimate coefficients of explanetoigbles (Berger, 1980;
Hauer et al., 1988; Hauer, 1997) because the NB is known to be the contimxtue
of Gamma and Poisson distributions. However, if the Poisson pararaeterst Gamma
distributed, the relationship might be unknown and using the NB regrassigryield
incorrect results. Moreover, it is difficult to preliminarilytdemine the distribution of the
Poisson parameters due to the fact that midblock segments or ropeiaings do not
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have identical variables. Hence, an appropriate model is entlpisearched or selected
from a number of models using statistical methods and measfugesdness of fit such
as adjusted R and Akaike Information Criterion (AIC) (Faraway, 2005). The prooéss

searching for the appropriate model is presented in the following section.

3.6 Model Selection

This section presents the process of obtaining appropriate liegressdels for the
aggregate and the disaggregate analyses of median openings. fieval geodels are
tested for suitability. The first model is the Generalizgtear Model (GLM), and the
second is Non-linear Least Square (NLS) model. The following sudixssatescribe the
two mentioned models.
3.6.1 Generalized Linear Models

These are models which relate the mean of a dependent vatmaldelinear
combination of explanatory variables while allowing for non-constardnves. The non-
constant variance is allowed for by specifying the probabilityridigion that relates
variance to the expected value of the data. For example, fom@alistribution variance
is related to the square of the mean. Eq. (3.2) and (3.3) show ting sétthe GLM
model.

pt =By + XV BiX; 2) (3.

V=fw (3.3)
where f, is the constant term
fi is the coefficient for an explanatory variable

X is the explanatory variablés
V is variance of a probability distribution
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The ancillary parametéx is used to characterize the functional form of the model.
For example, ik = 1 and variance is constant then the model takes a linear Earm (
3.4), on the other hand if = 0 the model take a logarithmic (or exponential) form (Eq.

3.5).

u=PBo+ X BiX; (3.4)
log(u) = Bo + XV BiX; (3.5)

The GLM models are associated with a problem of selectprglzability distribution
and a functional form (value of) prior to calibration. Selecting an appropriate
distribution and functional form may involve a tedious process of cahgratodels for
several different distributions and valuesiofThe best model is chosen from a list of
calibrated models based on measures of goodness of fit. The chosensmadglthe
best from the list and may not be that which fits the data best.

A method proposed by Basu (2005) may be used to avoid the need for icgjibrat
several models. The method uses explanatory variables to deteiranaeteristics of the
distribution of a dependent variable. The method estimates vacabRéicients, the
ancillary parameter for the model (i, and two additional ancillary parameters (f¢e.
andd®,) for variance functions of the underlying probability distribution ofdependent
variable (Table 3-1). Only two variance functions are consideradelgapower (PV)
and quadratic (QV) functions as seen in Eq. (3.6) and (3.7).
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Table 3-1 presents values of the ancillary parameters for conprnaability
distributions. For example, a power variance-mean relationskipréportingd, andéd,
with values close to one (1) each implies Poisson distribution. For Exponential ndgdels,
and 6, are reported with values close to one (1) and two (2), resplctif quadratic
variance-mean relationship (QV) is usédandé, are reported with values close to one
(1) and zero (0), respectively, for Poisson distribution. For Exponentdel,4; and 6
are reported with values 0 and 1, respectively. Values of the ptmantlose to those
belonging to negative binomial may validate the assumption in se@#bthat crash
counts are Poisson distributed and that the Poisson parampetersGamma distributed.
The dashes in Table 3-1 indicate that the underlying probabibtyiliition does not

have the form of the variance functions under consideration.

Table 3-1. Common values ob; andé, for the Two Variance Formulations

Variance Formulations

Power Variance Quadratic Variance
61 0, 61 6, Distributions
1 1 1 0 Poisson
>0 2 0 >0 Gamma
>0 3 -- -- Inverse Gaussian
-- -- 1 >0 Negative Binomial

Source: Basu (2005), pp. 504, Table 1

The variable coefficients estimated using the Basu’s (2003)adedre then used to
estimate marginal impacts of explanatory variables. EEbmaf the marginal impact is
simple and independent of the values of the variables$ot orl = 0. For other values
of 1, the marginal impacts may be estimated at specified valug¢beoExplanatory

variables. For the purpose of meeting the objectives of this cbsdhe estimates of
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variable coefficients are used to estimate safety impactases. = 1 ori = 0. For other
cases, a GLM model is calibrated for 1(if variance function does not exist) or for

0 with a probability distribution close to that suggested by the salti® andd.. In the
case the values @f andéd, do not suggest any distribution, an NLS model is resorted to.
3.6.2 Non-linear Least Squares (NLS)

The functional forms of these models may be determined based otresmis and
prior expectation. For example, variables in this study have widger of values from
zero (0) to big positive values; also models calibrated in teeareh must predict a wide
range of positive values from small to big ones. The appropriateidnattforms for
such data may be of power or exponential nature. Since some alblgarare dummy,

only exponential form is considered in this study as shown in Eq. (3.8).

U= eBo+El BiX; (3.8)

where [, is the constant term
i is the coefficient for explanatory variable

Xi is the explanatory variabje
N is the number of explanatory variables

Coefficients of variables in nonlinear models are estimated by nonlimaaniiyizing
the sum of square errors. The errors may not be normallibdigtd nor may they have
zero mean (Pindyck and Rubinfeld, 1998).

The process of selecting the appropriate model is presentedgume F3-8. The

calibration of the models is presented later in Section 3.8 and Figure 3-9.
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Data

A 4
GLM regression using
Basu’s (2005) method

l

(01, 02); is

distribution (.01’ QZ);-IS No
NR? distribution ]
Yes identified?
GLM model final, GLM final, Us are v \ 4
Ms are Gama not Gama GLMwith1=0 NLS is
distributec distribute or A =1 isfinal final

Figure 3-8. The procedure for selecting appropriate models

3.7 Evaluation of Marginal Impacts
Coefficients estimated in both GLM and NLS models are usedtitnage marginal
impacts of AM variables on safety. The ease of estimatioheoimipacts depends on the

complexity of a model. The complexity of a model in this aasexpressed by values of
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the ancillary parametérin Eq. (3.2). Simple models are those withalues of zero (0)
and one (1). Below is a description of how coefficients are usttkievaluation of the
marginal impacts.
3.71Case lil =0

GLM models withA = 0 are equivalent to models with exponential functional form.
In this case the GLM (Eg. 3.5) will have the same functional fasrthe NLS (Eg. 3.8).
For marginal analysis, models of exponential form are known asi-&astic’ or
‘constant percentage’ models (Wooldridge, 2006). Their coefficieatssad to estimate
constant percentage change or incident rate ratios (irr) shesadue to an absolute
change in value of an explanatory variable. Below is the descrif the two
evaluations:

1. Constant percentage: Leh and . be the expected values of the dependent

variable corresponding to two valu¥sand ¥; +4X;) of variable j, respectively.

It follows that:

fy = e Bo+El BiXi+BiX; (3.9)
fy = ePo+El BiXi+Bj(Xj+AX ) (3.10)
L, = ePo+El BiXi+BiXj+BjAX; (3.11)

Simplifying Eqg. (3.11)

Uy = pyePit%i (3.12)
The difference betwegm andp; is given as

Au = pyePitXi — (3.13)

Ap = py (ePiMi - 1) (3.14)
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BibX:
100 XA_” =100 XM

U1 251

(3.15)

The percentage change in the expected number of crashes is given by

%Au = 100(efi*%i — 1) (3.16)

where AX; is the change in value of the explanatory varigble
% isthe percentage change in the dependent variable

Removal of 100 from Eq. (3.16) will estimate the fractional chaofe
previous value of the dependent variable. The fractional changdatedreo

‘crash reduction factor (CRF)’ as applied in traffic safety.

2. Incident rate ratioir): this is a ratio of two values of the dependent variable due
to change of value an explanatory variable by one. Using Eq. (8.8.11) and

letting the change in the value for variable j (AX;) be one unit, ther is derived as

follows:
BiAX;
iw=%=@%i (3.17)
1 1
irr = ef (3.18)

If evaluation is done on a change in value other than one (1) for vgriine
irr raised to the amount of change gives the overall change ratio diepleadent

variable (Eq. 3.19).

irrdX = eBAX (3.19)
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Theirr is related to what is known in traffic safety as the crasidification
factor (CMF). The CMF is a factor by which the expectegtgaof a roadway
entity after the geometry of the entity or control is improvedielated to the
initial expected safety before improvement. CMFs are also usedhe
forthcoming Highway Safety Manual (HSM) to express effectisenaf safety

programs. The sum of CRF and CMF is 1 (Bonneson and Zimmerman, 2006).

3.7.2Case llA=1

In this case the GLM model has a linear form (Eq. 3.4) and cazfteciare directly
read as marginal impacts. The value of a coefficient is theuamof change in the
average value of a dependent variable due to unit change in an explaraiable.
Letting 1 andp, be the expected values of the dependent variable corresponding to two

valuesX; and ; +4X;) of variable j, respectively. It follows that:

1y = Bo + XF BiX; + BiX; (3.20)
y = Bo + X1 BiX; + Bi(X; + AX)) (3.21)
o = Bo + X1 BiX; + BiX; + BjAX; (3.22)

Simplifying Eq. (3.22)

t2 = g + BiAX; (3.23)

The difference between and |4 is given as Eq. (3.24)

Ap=py + BiAX; — iy (3.24)

The marginal impact is given as Eq. (3.25)
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where ;  is the regression coefficient for an explanatory variable
AX; is the change in the value of the explanatory varigble
Ap isthe change in the dependent variable
3.7.3Caselll: A #0andr # 1

Letting u1 andp, be the expected values of the dependent variable corresponding to

two valuesX; and & +4X) of variable j, respectively. Using Eq. (3.2), it follows that:

i = [Bo + XN BiXi + BiX, )T (3.26)
1y = [Bo + XV BiXi + B;(X; + AX)T (3.27)
1y = (Bo + IV BiX, + B;X; + BAX;)3 (3.28)

Simplifying Eq. (3.28)

= (uf + BAX)T (3.29)

Taking the ratio gfi, to

1
pz _ (Wi+BAXHA

M1 M1 (3.30)
Simplifying further, Eq. (3.31) is arrived at
BjA 7
B2 _ XA
b~ (1+ . ) (3.31)

Eq. (3.28) estimates the as a function of change in the valng of an explanatory
variable Xj. As it is seen, to estimate tine the value of the explanatory variable, the

change in the value of the explanatory variable, and values ofghef e variables in
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the model must be specified. Therefore, it is difficult to estitnmarginal impacts using

only changes in values of an explanatory variable as in cases 3.7.1 and 3.7.2.

3.8 Calibration of Models

In this study, Stata statistical software (Baum 2006) wad tsestimate variable
coefficients of the GLM and the NLS models. The software provideadaantage for
solving GLM problems mentioned earlier. The models described ind=8y8 were first
calibrated with all AM, geometric, and traffic related ishtes. Coefficients of the
variables were then examined. Variables whose coefficients imsignificant were
systematically removed from the model through stepwise procedubgatistical
significance was evaluated at a p-value of 10%. After systestlg removing all
insignificant variables, a residual analysis was conductedrd=ign® presents the flow

diagram of the calibration process undertaken in this study.
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Figure 3-9. Process of calibration of models
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CHAPTER 4
DATA SUMMARY
4.1 Data for Aggregate Analysis

Twenty five urban roads classified in the Nevada Departmenirafisportation
(NDOT) AM guidelines (1999) as principal arterials, minor aatey and collectors in the
Las Vegas valley were selected. The selection was bas#gk saquirement to obtain a
sample of street segments covering a variety of traffigmgdric, and land-use
characteristics. From these roadways, 319 midbblock segments eleceed for the
study. Since the Las Vegas urban area has only a few ggphalndivided roadways,
only street segments with RM and/or TWLTL were included indfuely. Of the 319
study segments, 134 had RM and 185 had TWLTL.
4.1.1 Access Management Data

Table 4-1 presents a summary of the descriptive statistiiseoAM features and
traffic characteristics for the segments used in this sflidg.table shows, for example,
that the average of signal spacings for the segments is 2,&7Witlh the shortest
segment being 621.2 feet and the longest one being 7,091 feet. Also, the averagé of signa
spacings for TWLTL segments is larger than that of RM segments.
4.1.2 Crash Data

The study dataset was divided into two subsets, one for segmeintg RM and the
other for segment with TWLTL. The RM dataset was used to eeadsety impacts of
median openings. The TWLTL datasets was used to evaluate isapetgts of other AM

features for the purpose of comparing with those under the RM cadde 7-2
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summarizes the descriptive statistics of crashes by tymeghent and also by total

crashes, type and severity of crashes.

Table 4-1 Descriptive Statistics of AM and Traffic Characteristics

Variable Dataset MinimumAverage Maximum Standard
deviation
Signal spacing (feet) All 621.2 2,171 7,091 1,029
RM 621.2 1,955 5,345 842
TWLTL 646.5 2,331 7,091 1,124
Density of median All
openings RM 0 5.00 10.80 2.48
(per mile) TWLTL
Density of public All 0 4.89 28.88 5.39
approaches RM 0 4.42 28.88 5.91
(per mile) TWLTL 0 5.24 24.01 4.95
Density of driveways All 0 41.32 104.52 20.94
(per mile) RM 0 41.06 94.45 20.37
TWLTL 0 41.51 104.52 21.40
AADT All 4,883 37,865 96,080 15,037
RM 29,320 47,566 96,080 12,383
TWLTL 4,883 30,681 71,280 12,616
Speed limit (mph) All 30 41.68 45 5.13
RM 30 43.54 45 3.70
TWLTL 30 40.30 45 5.59

The table also shows, for example, that the average number of goastsegment is
77.61 for all segments combined. However, for TWLTL segments, the average rmimber
crashes is 71.22 which is smaller than 86.18 for the RM segmentsiRaely, it is
unexpectedly observed that RM segments have more crashes byageayel4.96 (or
21.0%) than TWLTL segments. Also, RM segments are observed to have drggege

number of fatal and injury crashes than TWLTL segments by 1%féb 25.4%,
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respectively. Overall, the table shows that the average nuvhisesishes for all types of

crashes except head-on, are higher for RM segments than for TWLTLrgegme

Table 4-2.Descriptive Statistics of Crashes by Type and Severity

Crashes per Dataset Minimum Average Standard Maximum
segment deviation
Total All 0 77.61 67.19 457
RM 0 86.18 79.00 457
TWLTL 2 71.22 56.71 273
By Crash Type
Angle All 0 33.90 33.32 185
RM 0 35.05 37.75 185
TWLTL 0 33.17 29.78 164
Rear-end All 0 28.90 28.11 188
RM 0 36.42 34.38 188
TWLTL 0 23.03 20.38 109
Sideswipe All 0 5.37 5.20 35
RM 0 6.08 5.54 35
TWLTL 0 4.86 491 28
Head-on All 0 0.52 0.83 5
RM 0 0.44 0.84 5
TWLTL 0 0.59 0.82 4
Single Vehicle All 0 4.59 4.38 27
RM 0 4.73 4.39 27
TWLTL 0 4.47 4.40 22
By Crash Severity
Fatal All 0 0.28 0.65 4
RM 0 0.31 0.59 2
TWLTL 0 0.26 0.69 4
Injury All 0 32.87 29.92 231
RM 0 37.14 35.57 231
TWLTL 1 29.62 24.62 118
Property All 0 44.38 38.04 224
Damage Only RM 0 49.35 43.93 224
(PDO) TWLTL 1 40.56 32.69 166
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Since Table 4-1 shows that RM segments have higher AADT thamWHerL
segments, it is better to compare the two types of segrbastsl on crash rates (per
MVMT). It is observed in Table 4-3 that the average crash sdigher for the TWLTL
segments than for the RM segments. The numbers indicate thagrgegvith RM have
lower crash rates by 11.48% than TWLTL ones. Also, RM segments are obsehase t

smaller fatal and injury crash rates than TWLT segments by 22% and 7 [@86tresly.

Table 4-3.Descriptive Statistics of Crash Rates by Type and Severity
Crash rate (per Dataset Minimum Average Standard Maximum

MVMT) deviation

Total All 0 3.9¢ 2.6¢ 16.01
RM 0 3.66 2.40 11.09
TWLTL 0.31 4.13 2.87 16.01

By Crash Typ

Angle All 0 1.70 1.48 10.57
RM 0 1.41 1.33 6.32
TWLTL 0 1.91 1.55 10.57
Rear-end All 0 1.48 1.18 7.15
RM 0 1.61 1.14 7.15
TWLTL 0 1.38 1.21 6.90
Sideswipe All 0 0.27 0.21 1.30
RM 0 0.28 0.21 1.30
TWLTL 0 0.26 0.22 1.17
Head-on All 0 0.03 0.05 0.30
RM 0 0.02 0.03 0.16
TWLTL 0 0.04 0.06 0.30
Single Vehicle All 0 0.22 0.17 1.29
RM 0 0.20 0.17 1.29
TWLTL 0 0.24 0.18 0.74
By CrashSeverit
Fatal All 0 0.01 0.04 0.43
RM 0 0.01 0.02 0.11
TWLTL 0 0.02 0.05 0.43
Injury All 0 1.64 1.17 7.47
RM 0 1.57 1.09 5.11
TWLTL 0.09 1.70 1.23 7.47
Property All 0 2.27 1.60 8.70
Damage Only RM 0 2.10 1.39 6.91
(PDO) TWLTL 0.16 2.40 1.73 8.70

al
o



4.2 Data for Disaggregate Analysis
4.2.1 Access Management Data
The study selected 112 median openings from 11 arte@alg.six-lane arterials
were considered for this study because most four-lane artéridlas Vegas have TWLTL

medians Out of the 112 median openings, 76 were full, 16 directional, 12 semaiiall8
unidirectional. Partitioning the dataset by adjacency to sigmhiitersections, 74 of the
112 openings were adjacent to signals (ATS) while 38 openings wemenediate
median openings. Of the 74 openings, 48 were full, 13 directional, #fskrand 6
unidirectional. Of the 38 intermediate openings, 28 were full, 3 thread, 5 semi-full
and 2 unidirectional. Center-to-center distances to the nearer arfdrtier median
openings were extracted from the GIS database for each openistgndes to adjacent
signalized intersections were also recorded for median openingsrtdiasignals.

Data on AM features, traffic characteristics, geometriaattaristics, and land-use
characteristics were collected from functional areas odiameopenings. Table 4-4
presents a summary of the descriptive statistics of spacingwarys, fraction of
driveways serving residential land-uses, speed limits, afffit ttAADT). For median
openings adjacent to signalized intersections (ATS), it is obsémagdspacing to their
nearer openings ranges from approximately 250 to 1025 feet with ege\s 580 feet.
For intermediate median openings, the range of spacing iswarand the average
spacing is smaller. The distance between the ATS median opeand) signalized
intersections has the range of 250 to 1025 feet with an average oxiapely 630 feet,

which is the longest of the averages of distances collected.
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Table 4-4 Descriptive Statistics of Variables by Location of Median opening

Data element Min Mean Std.Dev. Max

Distance (feet) to the nearest MO

ATS 248 582.4 162.1 1,025

Intermediate 248 5449 180.4 850
Spacing from signal (feet)

ATS 255  629.3 156.7 1,025
Driveways (number)

ATS 1 7.9 5.2 25

Intermediate 1 8.9 5.0 19
Land-use proportion

ATS 0 0.11 0.21 1.00

Intermediate 0 0.11 0.24 0.83
Speed limit (mph)

ATS 35 43.9 3.2 45

Intermediate 35 43.38 3.74 45
Average AADT

ATS 29,740 47,043 11,546 91,200

Intermediate 29,740 43,555 9,884 65,500

1. MO = Median opening
2. ATS= Adjacent to signalized intersection

4.2.2 Crash Data

Crash data within the functional areas of the median openings wareaized by
median type and by type and severity of crashes. Table 4-5 shawpules statistics of
the number of crashes by total and severity of crashes fortgaehand location of
median openings. Generally, the average of total crashes peanmmgaining is highest
for “full” ATS median openings, while it is highest for “diremtal” intermediate
openings. The same general trend is observed for most of thetyggashand crashes by
severity. This is surprising finding as it was expectedtti@tull median openings would
have the highest number of crashes for both ATS and intermediate median op&gi|gs si

they allow the most turning movements.
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Table 4-5.Crashes per Median opening by Type and Location of Median Opening

Crash type Opening type Combined ATS' Intermediate
Full 36.29 40.30 28.74

Total crashes Direc?tional 36.63 36.54 37.00
Semi-full 16.58 20.29 11.40

Unidirectional 13.88 17.17 4.00

Full 0.21 0.18 0.26

Eatal crashes Direc_tional 0.19 0.00 1.00
Semi-full 0.17 0.29 0.00

Unidirectional 0.00 0.00 0.00

Full 16.25 18.12 12.78

Injury crashes Direc?tional 17.88 18.31 16.00
Semi-full 7.42 9.00 5.20

Unidirectional 4.88 6.50 0.00

Full 19.83 22.00 15.70

PDO crashes Direc?tional 18.56 18.23 20.00
Semi-full 9.00 11.00 6.20

Unidirectional 9.00 10.67 4.00

Full 16.64 18.48 13.37

Angle crashes Direc_tional 17.81 18.62 14.33
Semi-full 5.17 6.57 3.20

Unidirectional 4.75 6.17 0.50

Full 13.14 15.00 9.44

Rear-end crashesDire(?tional 12.5 12.15 14.00
Semi-full 7.17 8.14 5.80

Unidirectional 7.13 8.67 2.50

Full 2.21 2.40 1.93

Sideswipe Directional 2.56 2.38 3.33
crashes Semi-full 1.25 2.00 0.20
Unidirectional 1.50 1.83 0.50

Full 0.22 0.26 0.15

Head-on crashes Direc_tional 0.19 0.23 0.00
Semi-full 0.00 0.00 0.00

Unidirectional 0.00 0.00 0.00

Full 2.34 2.36 2.30

Single Vehicle  Directional 2.31 2.08 3.33
crashes Semi-full 1.50 1.57 1.40
Unidirectional 0.38 0.33 0.50

1. ATS= Adjacent to signalized intersection
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Table 4-5 also indicates that the semi-full median openings haver mgheer of
crashes than unidirectional ones. This preliminary result waseafsected because semi-
full openings allow all traffic movements out of land-uses whii&lirectional openings
allow none. All the unidirectional openings included in the study did not hayre
severity crashes such as fatal and head-on crashes. Althoughinaely the openings
seem the safest, vehicles that are deviated from them mightvblred in crashes
somewhere else downstream. Analyses of crash migration and dandegessibility

might be important in evaluating overall benefits of the unidirectionalanezpenings.
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CHAPTER 5
CALIBRATION OF MODELS
5.1 Introduction
This chapter presents the implementation of the procedure for reeldetion and

calibration as was introduced in Chapter 3. For the aggregatgsignahodels for total
crash rates (crashes per million vehicle-miles) were ea#btr For the disaggregate
analysis, models for total crashes per median opening wereatadibiThe calibrated
models in the two analyses were used for identifying the apptepnodels for further
evaluating the impacts of median types, median openings, and othee&Nes on

types and severity of crashes. Below is the description of the implermamabicess.

5.2 Model Selection for the Aggregate Analysis

Initially, histograms were constructed for the purpose of understanttieg
distribution of crash rates. The crash rates in midblock segnagmtsar to have a
distribution close to Gamma (Figure 5-1). The parameters offitted Gamma
distribution aren = 2.1496 an@ = 1.8281. The Chi-square statistic for the goodness of
fit is 7.3097 and its p-value is 0.50362. The values imply that the dat&amma
distributed hence a model with linear form is not appropriate forateession analysis
of the data. The values also imply that Gamma distribution magpeeified in
calibrating a GLM model.
5.2.1 Calibration of the Aggregate models

The approach proposed by Basu (2005) was used to calibrate the mebaliihs)
crash rates to AM and other variables. The variables included in the model are:

e Median type (dummy variable = 1 for RM and O for TWLTL;
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e Density of median openings per mile in RM segments;

e Signal spacing in 1000’s of feet;

¢ Density of driveways per mile;

¢ Density of unsignalized public approaches;

e AADT in 1000'’s of vehicles;

e Speed limit in mph;

¢ Number of through lanes; and

e Types of adjacent land-uses, measured as the proportion of drivesvayg)
residential land-uses. The variable takes values betweerazérone. If all
the driveways serve residential land-uses, the value of the \eaiighl.

Otherwise, if they all serve commercial land-uses, the value is zero.
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Figure 5-1. Distribution of crash rates in midblock segments.
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Both power and quadratic variance relationships (Eq. 3.6 and Eq. 3.7¢veduated

for the underlying distribution of the crash rates. Table 5-1 pteslee estimated values

of the ancillary parameters, for the functional forms, and; and®, for the variance

functions of the underlying distribution of the data. The numbers in isaeke the p-

values for the values of the parameters.

Table 5-1. Parameters for Selecting an Appropriate Aggregate Model

Model Variance
function

Parameter

Total crash

rates

Basu (2005) method

Power

1.3645
(0.000)

01

0.6953
(0.001)

02

1.5419
(0.000)

Quadratic

1.3779
(0.000)

01

0.6158
(0.048)

02

0.2102
(0.015)

GLM (Gamma)

AlIC

1501.282

BIC

1531.428

NLS

AIC

1482.367

BIC

1516.281

From Table 5-1, based on Figure 3-8 presented in chapter 3, the vhltes

ancillary parametex for the functional forms are different than 0 and 1 thereforehlaria

coefficients should be estimated with either the NLS or GLMh(#~ 1). The values of

the distributional parameterg;(andé,) for the power variance functions (Eq. 5.1 and

5.2) do not clearly suggest a known distribution as per Table 3-1. However, the histogram
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in Figures 5-1 suggests specifying Gamma distribution for the @lddel. Although the
guadratic variance function is close to that of negative binomsaper Table 3-1, the

underlying distribution is unknown.

V = 1.2128p17455 (5.1)

V = 0.6953u15419 (5.2)

The measures of goodness of fit (AIC and BIC) for the NLS magesmaller than
those of the GLM model indicating that the NLS model is beltan the GLM model.
Therefore, The NLS model is selected for calibrating moidelsrash rates by types and
severity of crashes. The functional form of the NLS model Herdrashes by type and
severity is presented in the next subsection.

5.2.2 Selected Model
The NLS model with crash rates as dependent variable idexklier calibration of

models for crash type and severity of crashes. Eq. (5.3) prekenfisnctional form of

the model.

(= eBo*Zi BiXi (5.3)

where K is the expected crash rate for a segment
o is the constant term
fi is the coefficient for explanatory AM or other variable

X; is the explanatory AM or other varialple
N is the number of explanatory variables
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Residual analysis was also conducted to determine presence efsoltom Figure

5-2, the scatter diagram of residuals shows absence of outliers.

Residual

Observation number

Figure 5-2. Scatter plot of residual versus observation number.

5.3 Model Selection for the Disaggregate Analysis
A histogram was constructed for the number of crashes occurritigeifunctional
areas of median openings. Gamma distribution with parameters2.008 andp =
16.2480 appear to fit well to the histogram (Figure 5-3). The Chi-scuatistic for
goodness of fit is 1.6504 and its p-value is 0.9489. The values implyhthalata are
Gamma distributed hence a model with linear form is not approgoatbe regression
analysis of the data. The values also imply that Gamma distiibatay be specified in

calibrating a GLM model.
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Figure 5-3. Distribution of number of crashes in median openings

5.3.1 Functional Form

The hypothesis put forth in this study considers a convex relationshiedre
spacing of median openings and crashes occurring in the functiormbétba openings.
Figure 5-4 shows the convex-like form determined from prelimiaaslysis of the data.
The average crashes on the vertical axis are scaled gghdeaf functional areas (i.e.
crashes per 100 feet of functional area of a median opening). Notéhat the average
number of crashes is computed over a varying number of explanatory variabiabarhe
spacing, hence the averages are not marginal values. From Bigurthe functional

form for regression analyses have to include quadratic terms for the vénagbacing.

Additionally, most decisions made in access management are basedction@l

classification of roads. In this study, therefore, optimal spgloetween median openings
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is determined for different classes of roadways. Speed difatroad is used as a proxy
for the functional class of the roadway. In order to yield optspaking that is based on

functional classification of roadways, spacing variable is interactédspeed limit.
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Figure 5-4. Relationship between crashes and spacing

5.3.2 Calibration of the Disaggregate model
The approach proposed by Basu (2005) was used to calibrateotted relating
crashes to median opening variables. The variables included in the model are:
e Spacing between median openings (in 100’s of feet) ;
e Type of median opening, a dummy: full(default), directional, semi-
directional, and unidirectional;
e Proximity to signals (dummy: 1 yes, 0 no);
e Alignment of driveways (dummy: 1 for T or 3-way, O for 4-way);
e Speed limit (mph);

e AADT in 1000’s of vehicles;
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¢ Number of driveways;

e Land-use as a proportion of driveways serving residential land-uses within
the service areas of the median openings. The variable takes values
between zero and one. If all the driveways serve resitiam@uses, the
value of the variable is 1. Otherwise, if they all serve corialeland-
uses, the value is zero.

Both power and quadratic variance relationships (Eq. 3.6 and Eq. 3.7¢veduated
for the underlying distribution of the data. Table 5-2 presentsstiraaged values of the
ancillary parameter) for the functional forms, and paramet@®isand 6, for variance
functions of the distribution of the data. The numbers in bracketp-aadues for the

values of the parameters.

Table 5-2. Parameters for Selecting Appropriate Aggregate Model

Model Variance Parameter Total Crashes
functior
Basu (2005) 0.4836
metho (0.004
Power 01 0.3240
(0.295)
1.9967
(0.000)
0.6189
(0.007)
0.1893
(0.788)
0 0.2478
2 (0.000)
GLM (Gamma) AIC 1148.761
BIC 1177.282
NLS AlIC 970.849
BIC 998.123

02

Quadratic 01
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From Table 5-2, based on Figure 3-8 presented in chapter 3, the vhltes
ancillary parametex for the functional forms are different than 0 and 1 thereforehlaria
coefficients should be estimated with either the NLS or GLMh#~ 0). The values of
the distributional parameterg;(andé,) for the variance functions do not clearly suggest
a known distribution as per Table 3-1. However, the values of the distnhuti
parameters (Eq. 5.4) of the quadratic variance function and tlogdaist in Figure 5-3

suggest specifying Gamma distribution for the GLM models.

V = 0.2478u2 (5.4)

5.3.3 Selected Model
Based on the fact that the AIC and BIC values (Table ®2}hfe NLS model are
smaller than those of the GLM model, the NLS model is tadeior calibrating models

for crashes by type and severity. Equation 5.4 presents the fundbomabf the NLS

model.

= ePotBrxitBXP+3 BiXi (5.4)

where [ is the constant term
1 is the coefficient for the linear term of spacing variable
X is the spacing variable
p> is the coefficient for the quadratic term of spacing variable
B is the coefficient for explanatory variable
X is the explanatory variabie
N is the number of explanatory variables

63



The functional form for the models in which spacing variable exaated with speed

limit is also shown in Eq. (5.5).

U= 3/30"‘,31X1V+/32X12+Z§V3ixi (5.5)

where  fy is the constant term
p1 is the coefficient for the linear term of spacing variable
X is the spacing variable
V is the variable for speed limit
S~ 1s the coefficient for the quadratic term of spacing variable
pi is the coefficient for explanatory variable
X is the explanatory variabie
N is the number of explanatory variables

Residual analysis was also conducted to determine presence afko&ilean Figure

5-5, the scatter diagram of residuals shows absence of outliers.
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Figure 5-5. Scatter plot of residual versus observation number.
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CHAPTER 6
RESULTS OF AGGREGATE ANALYSIS
6.1 Introduction
Three groups of models, one for all segments combined, one for theuB3dt, and

the third for the TWLTL subset were calibrated to obtain the nomlineativariate
regression coefficients for the explanatory variables. Fon gasup, separate models
were calibrated for total crashes, crash types, and crashegveyity. The model
combining RM and TWLTL medians was calibrated for the purpose tohag the
marginal impacts of using RM versus TWLTL. Analyzing thedman-specific datasets
jointly assumed that the marginal impacts of other AM featwese the same regardless
of type of median. The following sections provide summaries and disogssf results

of the models calibrated.

6.2 Summary of Results for Total Crash Models

Table 6-1 summarizes the regression results for the three meitdeltotal crashes
per MVMT as the dependent variable. The table shows the resukigigssion
coefficients for the explanatory variables with their correspongivglues reported in
brackets. Negative signs to the coefficients indicate improveimeafety as the value of
a variable increases. Values of these coefficients are aspahntify marginal impacts of
the variables on crash rates.

Results for the combined model (the model with the two types diamg presented
in the second column of Table 6-1) show that median type hasisadlissignificant

impact on crash rates. The other three AM features, nhamghal Spacing, densities of
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unsignalized public approaches and driveways have significant irapasafety. Land-

use type is also a very significant factor. Commercial drayes have higher crash rates
because traffic accessing commercial land-uses is heavgpaedd throughout the day
causing many potential conflicts while traffic accessingdesttial land-uses is low and

peaks in the morning and evening.

Table 6-1 Model Results for the Impacts on Total Crash Rates

Variable All RM TWLTL
Segments Segments Segments
Signal spacing -0.0752 -0.1256 -0.1028
(1000’s feet (0.054 (0.037 (0.021
Density of public 0.0241 0.0161 0.0311
approaches (0.000) (0.043) (0.001)
Density of 0.0050 0.0027 0.0074
driveways (0.000) (0.118) (0.000)
Median type -0.3778
(1 RM, 0 TWLTL) (0.000) NA NA
Density of median 1 0.0557
openings NA (0.001) NA
Traffic per lane 0.0432 0.1453
(1000's of venhicles) (0.000) (0.000)
Speed Limit (mph) -0.0160
(0.029)
Number of through 0.0853
lanes (0.071)
Land-use -0.3547 -1.1561 -0.4803
proportion (0.024) (0.046) (0.001)
Constant 1.4584 -0.0573 1.3056
(0.000) (0.866) (0.000)
Sample size 319 134 185
Adjusted R 0.7402 0.7895 0.7471

1. NA= Not Applicable

The results further show that the longer the signal spacingowes the crash rates,

meaning that longer segments are “safer” than shorter onesslgmaj spacings provide
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enough room for traffic to move in platoons, enough room for weaviffgc tta make
lane changes, and time to react to downstream signals. In addigorgsults show that
the higher the density of driveways, the higher the number of copfliats and hence
higher crash rates.

However, the biggest impact on crash rates is median type, withdtlel showing
that RM segments have significantly lower total craskesratompared to TWLTL
segments. Given the value -0.3778 for the coefficient for medianttypeéotal crash rate
after installing RM would be 31.5% lower than previous crash ratg GEL). This
improvement in safety is very significant and indicates thatedaimedians are very

effective safety counter measures.
%AY =100* (€03778M)_1) = 31.5% (6.1)

Similarly, the calibration results for the model for RMysents (column 3 of Table
6-1) show that the density of median openings has statistgighyficant impact on the
crash rates. The other three AM features, namely, signal gpaitie density of
unsignalized public approaches, and the density of drivewayshalge statistically
significant impact on the crash rates. The trends for thedm@ae as expected, with
signal spacing being negatively correlated to crash radé@nimg that longer segments
have lower crash rates. On the other hand, the densities of mediangspemnisignalized
public approaches, and driveways are positively correlated to rat@shmeaning that the
higher the densities, the higher the number of conflicts and hence highreratess

For the TWLTL model, all the three relevant AM parametars statistically
significant. Signal spacing, the density of unsignalized publicoggpes, and the density

of driveways have trends similar to those under RM segmenkimimpacts on crash
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rates. The results also show that coefficients with posityesan the RM model have
smaller magnitudes than those in the TWLTL model. Similarlgatiee coefficients in
the RM model have bigger magnitudes than those in the TWLTL modelcdrisant
term in the RM model is not significant while that in the TWLTodel is positive and
significant. All these observations indicate that raised mediansnipteduce the crash
rates but also improve safety of other AM features. For lardragable, RM segments

in residential areas have low crash rates compared to those in the cahorersi

6.3 Summary of Results for Crash Types Models
Table 6-2 and Table 6-3 summarize the results of the calibratedsioderash rates by
type of crash for the RM segments, the TWLTL and for allségments combined. The
results are based on a total of 11,510 angle, 9,885 rear-end, 1,850 sidel8%ipead-
on, and 1,526 single vehicle crashes. The single vehicle crasthgdel non-collision and
fixed-object crashes. Crashes recorded in the database esisootinknown were not
included in the study.

With respect to angle crashes, the model results show thgptheftmedian and the
density of median openings are significant factors. The densfiedriveways and
unsignalized approaches are also statistically significardariafir both RM and TWLTL
segments. The higher the driveway densities, the higher the aagle rates. However,
as observed in the models for total crash rates, the magndtittes coefficients for the
densities are greater in TWLTL segments than in RM segm&igsial spacing does not
appear to be a factor for angle crashes.

For rear-end crashes, median type is a significant factothbutlensity of median

openings in RM segments is not. Signal spacing and driveway yemsitsignificant
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factors for both RM and TWLTL segments. The magnitudes of th#iaests for the
densities are greater in TWLTL segments than in RM segmiengsidition, the density

of public approaches is a significant factor with TWLTL segmdnit not with RM

segments.
Table 6-2.Model Results for Angle and Rear-end Crash Rates
Angle Rear-end

Variable All RM TWLTL All RM TWLTL
Signal spacing -0.1528 -0.1509 -0.2305
(1000’s feet) (0.002) (0.075) (0.000)
Density of public 0.0291 0.0193 0.0271 0.0340
approaches (0.000) (0.094) (0.023) (0.005)
Density of 0.0050 0.0042 0.0067 0.0057 0.0035 0.0091
driveways (0.004) (0.152) (0.001) (0.000) (0.101) (0.000)
Median type -0.4654 -0.2071
(LRM,0 TWLTL)  (0.000) A NA 0.049) NA NA
Density of median 0.0761
openings NA (0.001) NA NA NA
Traffic per lane 0.1699 0.0852 0.1269
(1000's of (0.004) (0.004) (0.000)
vehicles)
Speed Limit (mph) -0.0140 -0.0210 -0.0201 -0.0298

(0.097) (0.028) (0.045) (0.105)
Number of through 0.1248
lanes (0.052)
Land-use -0.6146 -1.9096 -0.5966 -0.4590 -0.7242
proportion (0.000) (0.013) (0.001) (0.038) (0.000)
Constant 1.0368 -1.6114 1.2296 0.1523 0.8533 0.4234

(0.006) (0.006) (0.004) (0.774) (0.350) (0.035)
Sample size 319 134 185 319 134 185
Adjusted R 0.6339 0.6444 0.6666 0.7047 0.7358 0.6966

For sideswipe crash rates, the models show that only the dehsigdian openings

and signal spacing affect the crash rates for RM segmeits, far TWLTL segments, it
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is the densities of public approaches and driveways that have impabe sideswipe
crash rates. The trends of the impacts are similar to oftfesh dypes previously
discussed.

For head-on crashes, RM is the only AM factor that has impactash rates. This
might be due to the fact that vehicles can use the TWLTL fotusns and U-turns at
several locations on a street segment, unlike for RM segmente wines are typically
restricted to only few median opening locations.

For single vehicle crashes, the AM variables that have signifimpact are signal
spacing and the densities of median openings and public approaches fagRkENnts
while signal spacing and the density of driveways are sgmif for TWLTL segments.
As opposed to all the other crash types, for single vehiakhes, the model for TWLTL
segments indicates that the longer the signal spacing the higher theateasfitis could
be due the fact that vehicles can be able to attain higher smeetisience a higher
potential for loss of vehicle control resulting in higher crashstaflthough the signal
spacing seems to have negative impacts with respect to thistgpe, the reductions in
other types of crashes such as rear-end and side swipe fargbutixeincrease in single
vehicle crashes because there are more rear-end crashesdghanehicle ones and that
the absolute marginal impact of signal spacing on rear-exgh cate is bigger than that
on single vehicle crash rate.

The results of the models further show that land-use type has smpactrashes by
type of crashes. The negative coefficients in the models fyle and rear-end crashes
imply that everything else being equal, segments with drives@ysng residential land-

uses have lower crash rates compared to driveways serving coalnmand-uses.
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Table 6-3 Results for Sideswipe, Head-on and Single Vehicle Crashes

Sideswipe Head-on Single Vehicle

Variable All RM TWLTL All RM TWLTL All RM TWLTL
Signal spacing -0.3834 -0.1178 0.0868
(1000’s feet) (0.000) (0.092) (0.056)
Density of public approaches 0.0181 0.0288 0.0427 0.0586

(0.048) (0.050) (0.000) (0.014)
Density of driveways 0.0062 0.0087 0.0042

(0.004) (0.001) (0.046)
Median type -0.2446 -0.5036
(1 RM, O TWLTL) (0.034) NA NA (0.033) NA NA NA NA
Density of median 0.0591 0.0424
openings NA~ 0015 NA NA NA NA~ ©0.000) NA
Traffic per lane 0.0892 0.1132 0.0663 -0.1483 -0.1658  -0.0925 -0.0959
(1000’s of vehicles) (0.000) (0.037) (0.031) (0.045) (0.044) (0.000) (0.000)
Speed Limit (mph) -0.0387 -0.0400 0.0414

(0.000) (0.001) (0.040)
Number of through lanes 0.2131 0.2554

(0.000) (0.001)
Land-use 1.2887 0.5330
proportion (0.000) (0.093)
Constant -1.7852 -1.8256 -2.0056  -2.5249 -4.2103 -2.4455  -1.1065 -3.7934 -1.2683

(0.000) (0.003) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
Sample size 319 134 185 319 134 185 319 134 185
Adjusted R 0.6883 0.7131 0.6841 0.3019 0.2471 0.3215 0.6943 0.7945 0.6892
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However, for head-on and single-vehicles crashes, segments wigways serving

residential land-use have higher crash rates on RM segments than on T@gaiengs.

6.4 Summary of Results for Models of Crashes by Severity

Table 6-4 summarizes the calibration results for crash severity mdtelsesults are
based on a total of 92 fatal crashes, 11,172 injuries and 15,057 properiyedantya
(PDO). The variable coefficients are not presented for the niodfltal crashes because
they were all insignificant.

Based on the combined model, the results show that, overall, injuty rates are
lower in RM segments than in TWLTL segments. The value -0.270théocoefficient
for median type means that, everything else being equal, RMesg¢gimave lower injury
crash rates by 23.7%. The results further show that the densitgdddmopenings is a
factor to injury crash rates. The density of driveways is the sighyificant AM factor in
both types of medians. The TWLTL segments also have the dengityplid approaches
as a significant factor.

With regard to PDO crash rates, all AM factors aresttedilly significant in the three
models. The coefficients for the variables are larger in tbhdeinfor segments having
TWLTL than for those with RM as expected. The density of medianioge has almost
the same impact on both injury and PDO crashes. Residential lzeasless PDO

crashes compared to commercial ones on roads with either type of median.

6.5 Evaluation of Marginal Impacts on Midblock Crashes
This section evaluates and summarizes the marginal impacteddain type, the density

of median openings, and other AM features on crashes in midbloclorseciihe
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marginal impacts are then discussed in the context of improafegysas would be

applied in retrofit projects. The impacts are further comparedheofihdings of past

studies reviewed in this research.

Table 6-4 Model Results for Injury and PDO Crash Rates

Injury Crashes

Property damage only

Variable All RM TWLTL All RM TWLTL
Signal spacing -0.0857 -0.1242 -0.0941 -0.1406 -0.1281
(1000's feet) (0.026) (0.068) (0.025) (0.017) (0.009)
Density of public 0.0246 0.0133 0.0330 0.0240 0.0180 0.0284
approaches (0.000) (0.114) (0.001) (0.000) (0.024) (0.003)
Density of 0.0043 0.0083 0.0054 0.0034 0.0077
driveways (0.006) (0.000) (0.000) (0.053) (0.000)
( per mile)
Median type -0.2700 NA NA -0.4073 NA NA
(A RM,0 (0.002) (0.000)
TWLTL)
Median openings NA 0.0519 NA NA 0.0563 NA
(per mile) (0.010) (0.001)
Traffic per lane 0.1326 0.0470 0.1509
(1000’s) (0.001) (0.067) (0.000)
Speed Limit -0.0176
(0.024)

Number of 0.0940
through lanes (0.048)
Land-use -0.4489 -1.1373 -0.5353 -0.3966 -0.9371 -0.5331
proportion (0.005) (0.047) (0.003) (0.016) (0.091) (0.001)
Constant 0.5609 -0.6400 0.1559 0.7823 -0.6943 0.8197

(0.000) (0.136) (0.151) (0.052) (0.047) (0.000)
Sample size 319 134 185 319 134 185
Adjusted R 0.7084 0.7281 0.7198 0.7391 0.7853 0.7387

6.5.1 Raised medians

The single most effective way of reducing crashes, as olasanvthis study, is to

convert a TWLTL segment to an RM segment. The value -0.3778 (in Bablef the
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coefficient for the median type dummy variable in the total crasgds indicates that,
everything else being equal, an RM segment has 31.5% lowerctatdl rates than a
TWLTL segment. This improvement in safety is within the ranig8% to 57% reported
in the 15 of 16 studies reviewed by Glwatkal. (1999).

The results from this study further indicate that the cradbcteons come from all
crash types except single vehicle crashes. For example, gheersis with RM have
lower rear-end and sideswipe crash rates by 18.7% and 21.7%, respedive
percentage reductions in these rear-end and sideswipe ratesmaler shan those
reported by Gluclet al. (1999). The reductions in high dangerous crashes such as angle
and head-on are larger compared to rear-end and sideswipe; segntleri&viwhave
lower rates by 37.2% and 39.6%, respectively, compared to segméniBWILTL. The
percentage reduction in angle crashes is comparable to the vgheeted by Gluckt al.
(1999) while the reduction in head-on rate is smaller. Regardasi) ceverity, segments
with RM have 23.7% and 33.5% lower injury and PDO crash rates than whttse
TWLTL.

The raised medians reduce the crash rates by modifying thatiops of other AM
features and hence their marginal impacts. Generally, tHecoats of the densities of
driveways and unsignalized public approaches in the TWLTL modelsvar¢o three
times bigger than those in the RM models. For injury crash icigsway density is not
significant for the RM segments and has a positive coefficanTWLTL segments,
indicating the effectiveness of the raised medians in reducingwiy related high
severity crashes. The low marginal impacts for drivewayitles®n the RM segments

come from limiting crossing and left turning traffic to a fevedian openings. Limiting
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crossing and left turning traffic to the median openings reducdbct@oints hence low
crash rates.
6.5.2 Density of median openings

Density of median openings is the AM feature that is in RM s&gsnonly.
Generally, the RM models show that the lower the density ofanespenings, the lower
the crash rates. For the total crash rates, the coeffioognthé density of median
openings is 0.0557, which means that a reduction of one median opening peouhde

result in 5.4% reduction in the total crash rate (Eq. 6.2).
YAY = 100* (€09%°7(1.1) = 5.49% (6.2)

For the sake of illustration, assuming an RM segment is 2,640 feeaihahbas four
median openings. If there is a desire to reduce and recamfiggirmedian openings from
four to three, it translates to a reduction in the density of mexpanings by about 2 per
equivalent mile (i.e. 8 openings/mi to 6 openings/mi). Using Eq. (34&)eduction in
the density would result in a reduction of about 10.5% in total cragh Tdte
corresponding reductions in angle, sideswipe, and single-vehasé cates are 14.1%,
11.2% and 8.1%, respectively. These reductions are further disaggrega@€@%
reduction in injury crashes and 10.7% in property damage only crashes.

In retrofit projects where reduction of number of median openingkeily ko be the
case, it is noteworthy that although reducing the number of mediamngpeimplies
safety benefits, it also might result in other demerits, sashreduced land-use

accessibility and hence increased travel times for accesaffig.tr
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6.5.3 Density of driveways

From the results of the models for total crash rates as surnechan Table 6-1, the
impacts of reducing the density of driveways is quantifiedguiig. (3.16). For example,
for a segment with TWLTL, the coefficient for driveway dens#y).0074, reducing the
density by 1 driveway per mile reduces the total crash nat8.m/%. Although this
improvement appears negligible, it can be significant when drivesgasolidation is
evaluated over the entire retrofit program.

Table 4-1 in Chapter 4 shows that a typical TWLTL segment ustds study has a
driveway density of about 41 driveways per mile (for all drivewaysoth sides of the
roadway), the density translates into an average driveway gpatiapproximately
5280/(0.5*41) = 258 feet. If a decision were made to increase the drivawaing to
400 feet, it would reduce the driveway density to 26.4 per mile, a redwdtabout 14.6
driveways per mile. In this case the model predicts an aveedgetion in crash rates of
10.2%. This is a significant improvement in safety. On RM roads, rewthe reduction
is 3.9%.

With respect to crash types, the density of driveways is the &Ml feature that is
significant in almost all crash types. However, quantitativély,impacts are more
significant on angle and rear-end crashes for both RM and TWIebiments. For
sideswipe and single-vehicle crashes, driveways have significgacts in TWLTL
segments only. Based on the example on total crashes abovedtictiore of 14.6
driveways per mile would result in reductions in angle and eedrerash rates of 9.3%
and 12.4%, respectively for TWLTL. The impacts on the sideswipe iagtesehicle

crashes for a similar reduction in driveway density would be 11.8% %9%,
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respectively. The percentage reductions in crash rates forTLVgegments are two to
three times bigger than those for RM segments.

With regard to severity, consolidating driveways by 14.6 per nedkices injury
crash rates by 11.4% for TWLTL. For property damage only cradmesetiuctions in
crash rates corresponding to driveway consolidation would be 4.8% and fob. 624l
and TWLTL segments, respectively.

Some studies which found significant driveway impacts have repedamewhat
larger marginal effects. Gluost al. (1999) generalized an impact of 4% for every new
driveway in a mile, almost five times bigger than the valuesrteg in this research.
Gluck et al also reported an increase of 0.09 to 0.13 in crash rates (crashmeslipar
vehicle miles) on roads having TWLTL or RM in urban and suburban aresade Bnd
Frawley (2005) used a univariate linear model and reportedaeatt of access density
as 0.0618 and 0.1225 for segments with RM and TWLTL, respectively. Havibear
sample size was only 23. These results indicate that incgeasiraccess density by eight
(two driveways in a 0.25 mile segment with TWLTL) would incretse crash rate by
one per million vehicle miles. The size of the marginal impagght have been caused
by inclusion of intersection crashes in the analyses. Overalk theslels indicate that
significant reductions in crash rates can be achieved by redub&gdensity of
driveways.

6.5.4 Density of unsignalized public approaches

Results of this study show that the density of public approacisesnipacts on total

crash rates on RM as well as TWLTL segments. The coefticie0.0311 in the model

for TWLT segments indicates that a reduction of one unsignatimbtic approach per
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mile would result in a reduction of 3.1% in total crash rates, notyasignificant impact
guantitatively. If retrofit programs target reducing 2 approa¢hesfrom 6 to 4) from a
main arterial in a half mile segment, the change in dens#tyaggproaches per mile. The
reduction in total crash rate would be 11.7%, also very signifiGéra reduction is 6.2%
for segments with RM, almost half of that for segments with TWLTL.

For crash types, public approaches have impacts on angle crasfia§LféL and
RM segments. The reductions in angle crash rates due to redumppgcaiches per mile
are 10.3% and 7.4% for TWLTL and RM segments, respectivelye@orend, sideswipe
and single vehicle crashes, the impacts of public approaches ecastimated for
TWLTL segments only. The corresponding reductions in crash rageb2ar%, 10.9%,
and 20.9% respectively.

With respect to crash severity, the models show that th&itgeof public approaches
has significant impacts on crashes for both TWLTL and RM segm&ldsing 4 public
approaches per mile would reduce injury crash rates by about 12.4%.2%dfor
TWLTL and RM segments, respectively. With respect to prop#atgage-only crashes,
consolidating public approaches would reduce crash rates by 10.7% andfd$.9%
TWLTL and RM segments respectively. Again, the impacts aveerfor TWLTL than
for RM segments.

6.5.5 Signal spacing

Results show that the longer a segment is for both types difinse the lower the
crash rates. The values -0.1256 and -0.1028 for the coefficients obtamB#fand
TWLTL segments, respectively, are comparable. Comparing impraoxttemeafety for

half-mile versus quarter-mile segments, RM and TWLTL haleradgments have 15.3%
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and 12.7% lower crash rates than their respective quarter-mgmes¢s. The
improvement is larger for RM than TWLTL segments.

For crash types, the models show that signal spacing hzctisnon rear-end and
single-vehicle crash rates for both TWLTL and RM. For #er+end crashes, half-mile
segments have 22.2% and 18.1% lower crash rates than quartesagiteents for
TWLTL and RM medians, respectively. For the single-vehicleshes, half-mile
segments have 12.1% higher crash rates for TWLTL median whileléd&o lower
crash rates for RM medians than quarter-mile segments. Howesfeouid be noted that
the proportion of single vehicle crashes in the database wéiselgidow. Hence, the
increase in crash rates due to increase in length of TWLTimesaty would be
outweighed by the reduction in rear-end crashes and hence a poggrad reduction in
crash rates. For sideswipe crashes, half-mile segments baeg trash rates than
guarter-mile ones by 39.7% on TWLTL medians.

With respect to crash severity, signal spacing has ingractjury crash rates on RM
segments only. Half-mile segments have lower injury cragls ta¢ 15.1% than quarter-
mile segments. For property-damage-only crashes, half-mitaesgg have 15. 6% and
16.9% lower crash rates than quarter-mile segments for TWLTLRividmedians,

respectively.

6.6 Implications of the Results on the Effectiveness of AM Techniques
This study has demonstrated the importance of the five importantpéiMies,
namely, choice of median type (RM vs. TWLTL), density or aversggacing between

median openings, densities of driveways and unsignalized public approactiesgnal
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spacing. This study has quantified the safety advantages eRiMs TWLTL medians,
lower versus higher densities of median openings, driveways and uizgnpublic
approaches, and longer versus shorter signal spacings.

For retrofit projects, the single most effective strategyconverting a TWLTL
segment into an RM segment. Though it may be costly, its shéstgfits over the
lifetime of a facility may far outweigh those initial cast@e study results have shown
that the fewer the number of median openings in the RM segntentewer are total
crash rates and rates of crash types and severities. Also,idatisgldriveways hence
reducing conflict points can have very significant improvementhin safety of a
roadway, though not as effective as RM.

For example, consider a six-lane half-mile segment with 8 ursgdapublic
approaches/mile, 48000 vehicles per day, equal number of commerciatsaaential
driveways, and 3 median openings (for an RM segment). Predicsf cates for RM
and TWLTL segments from 0 to 100 driveways per mile simplifies domparison of
RM installation versus driveway consolidation. Figure 6-1 shows midldiasgh rates as
a function of driveway density for the two median types.

In Figure 6-1, the gap between RM and TWLTL crash rates widermiasvay
density increases. Widening of the gap between the two curves is due to thackfere
magnitudes for the coefficients of driveway density in the RMTAMLTL models. That
means, improvement in safety is more when RM medians ardledstan TWLTL
segments with higher driveway densities. The reduction in crass comes from
reducing conflict points at driveways. From Figure 6-1, it is eppathat the safety

improvement achieved by installing RM medians cannot be attainpstogonsolidating
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driveways. It is thus recommended that RM be given priority tirofte AM programs

before other AM techniques are considered.
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Figure 6-1. Comparison between RM and driveway consolidation

The AM feature that needs proper planning is the density or spatcungsignalized
public approaches that collect traffic and feed it onto major r@dmtse approaches most
of the time are aligned with median openings and might actuallsigmalized in the
future upon meeting appropriate signal warrants. The implicatiotiteeqiotential future

growth of these approaches on AM have to be carefully considered.

81



CHAPTER 7
RESULTS OF DISAGGREGATE ANALYSIS
7.1 Introduction
Two groups of disaggregate models were calibrated, one with spaciablealone

and the other with the interaction of spacing and speed limit. [Ebradahe two groups
of models three models were calibrated, one for all median opecwmgisined, one for
median openings adjacent to signalized intersections, and the otheneionediate
median openings. For each case, separate models were calibratgdlfcrashes, crash
types, and crashes by severity. Models combining location spew#fttan openings
were calibrated for the purpose of estimating the impacts ofimpityxof median
openings to signalized intersections. The following sections prouidemsries and

discussions of results of the models calibrated.

7.2 Summary of results for Total Crash Models
Table 7-1 summarizes the regression results for the thodelswith total crashes as
the dependent variable. The table presents the resulting iegresefficients for the
explanatory variables with their corresponding p-values reportbchackets. The empty
cells in the table imply that variables were not signifiamd hence removed from the
model. The analysis was based on 112 median openings from which 36B&scwere
collected. Results for models for total crashes with spacinghlarinteracted with speed

limit are presented in the appendix, Table A-1.
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Table 7-1 Model Results for Total Crashes

Variable Combined  ATS? Intermediate
MO* MO MO

Directional MO (%?)2;; (%?)3(6)3? (%?)5(3)(2)?

Semi-Full MO '(g-_‘ég% -(%3812)3

Unidirectional MO (%E(S)?Lj; (%323; (%) %%%?

-0.2267 -0.4098

Spacing, 100’s of feet (0.038) (0.023)

Square of spacing, 0.0214 0.0327
10,000’s of feet squared  (0.006) (0.008)
Adjacency to signal (00204;3%? NA3 NA
Alignment, 1for 3 way, 0 -0.3463 -0.3216
for 4 ways (0.004) (0.026)
Speed limit 0.0441 0.0661
(0.027) (0.036)
Traffic, in 1000’s of 0.0294 0.0276 0.0545
vehicles (0.000) (0.000) (0.000)
. 0.0328
Driveways (0.077)
Land-use proportion -1.0731 0.6142
(0.009) (0.016)
Constant 0.7204 0.7601 0.5917
(0.320) (0.451) (0.243)
Samples size 112 74 38
Adjusted R 0.8166 0.7947 0.8490

1. MO= Median opening, 2. ATS=Adjacent to signalized intersection,
3. NA= Not applicable

The combined model shows that coefficients for the three typegdifamopenings
are statistically significant and have negative signs meaningditectional, semi-full,
and unidirectional median openings have significantly lower number ofiatopdints

and hence crashes than full median openings. Spacing between mediargop®as
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significant impact on the number of crashes at median openingseghéve coefficient
for the linear term of spacing means that for short spacingebetmedian openings, the
shorter the spacing the higher the number of crashes. On thehatindr the positive
coefficient for the quadratic term implies that at long spgs;ithe longer the spacing the
higher the number of crashes per median opening. These last two tbesrshow that
there is an optimal length of spacing that minimizes the numiberashes, supporting
the hypothesis put forth in this study. Also, as expected, 3-wayamexgiienings have
smaller number of crashes than 4-way median openings. The moeffar the variable
“adjacency to signal” is positive and significant, meaning thatiameopenings adjacent
to signalized intersections have higher number of crashes thamediaete median
openings.

For the model for median openings adjacent to signalized intersed¢hengsults are
similar in sign only but different in magnitudes than those irctimebined model. In the
model, the proportion of driveways serving residential land-uses asaalksignificant
factor. The significance of the variable is due to the fadttthéfic accessing residential
driveways tends to be low and peaky while traffic accessomgneercial driveways is
heavier and distributed throughout the day. Therefore, residential dyisdvaae fewer
potential traffic conflicts than commercial ones.

For the model for intermediate median openings, only directional and eatidiral
median openings are significantly different than full ones. Thenifgignce of semi-full
median openings might be due to the fact that they allow crogsifiig just like full
median openings. Another observation is that the spacing varialdessagnificant.

Also, contrary to the combined and ATS models, increase in the nwhloeveways
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increases the number of crashes in the functional areas of thmeadiate median
openings. The larger values of the proportion of residential driveways seemespond
to larger number of crashes than commercial ones.

The results for models for total crashes with spacing variabdeacted with speed
limit (Table A-1 in the appendix) also have similar trends asnbedels presented in
Table 7-1 above. Holding speed limit constant, the spacing vaiagee with the
hypothesized convex relationship between crashes and spacing betveskan m

openings.

7.3 Summary of Results for Crash Types Models

Tables 7-2 and 7-3 summarize the results of impacts of typeiolmcand spacing
between median openings on crashes by type of crash. The resudesad on a total of
1,670 angle, 1348 rear-end, 240 side-swipe, 20 head-on, and 238 single vehicke crashe
The single vehicle crashes include run-off the road and fixed-objashes. Crashes
recorded in the database as other or unknown totaled to 171 and werdualedirnc the
analyses. Coefficients for the models for head-on crashewapmresented because they
all were statistically insignificant. It is observed in tiables that the three types of
median openings are simultaneously significant only in the model for angleesra

For the models for angle crashes, the results for the combined stmdelthat the
three types of median openings, namely, directional, semi-full, andrestidnal have
smaller average number of crashes than full ones. Spacing vartibleot support the
supposed quadratic form. However, the linear term for spacing aigdignificant;
longer spacing corresponds to higher number of angle crashegd&nnopenings.

Longer spacing between median openings cause concentration of tuwaiffligat the

85



openings hence increasing potential for crashes. Moreover, adjacencgiah mgenings
to signalized intersections and having T or 3 approaches do notcagtlifiimpact the
number of angle crashes at median openings. The results are sirsign for the model
for median openings adjacent to signalized intersection. Also, ¢kelrfor intermediate
median openings has similar results except that spacing variables gin€ioesit.

For the combined model for rear-end crashes, only directional mediamgpaseem
to have smaller number of rear-end crashes per median openingltieares. The semi-
full and unidirectional median openings do not show significant differémea full
ones. The reason is probably the smaller number of semi-full andeatioinal openings
in the dataset. The spacing variables, however, keep the quadmnatilikie in the models
for total crashes. For the model for median openings adjacenniizeyl intersections,
the coefficients have trend similar to those in the combined mextapt that the
coefficient for semi-full openings is significant.

For sideswipe crashes, the models do not show correlation of typeedin
openings with crashes. The reason might be the fact that sidesagbes occur between
vehicles travelling in the same direction (most probably throtadhd) hence unaffected
by channelization of median openings. The spacing variable isisagtifonly in the
linear term. The longer the spacing the higher the average numsigiesWipe crashes.
Increase in the number of vehicles weaving into or out of theanaxpenings might be
the reason for increasing potential conflicts. The models for mediarnnggeadjacent to
signalized intersections and intermediate openings have resuilar 20 the combined
model except that all spacing variables are insignificanthen model for openings

adjacent to signalized intersections.
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Table 7-2.Model Results for Angel and Rear-end Crashes

Angle Rear-end
Variable Combined ATS MO Intermediatel Combined ATS MO Intermediate
MO MO MO MO
Directional MO -0.5483 -0.5918 -0.5770 -0.7867 -0.8917
(0.007) (0.006) (0.101) (0.001) (0.001)
Semi-full MO -0.8544 -0.7415 -1.2150 -0.6563
(0.000) (0.001) (0.001) (0.023)
e -0.7332 -0.6757 -2.8310
Unidirectional MO (?).O?LSB)) (((.?).((5)32) (0.001)
. 104 1511 -0.294 -0.752
Spacing, 100's of feet 83.0005% (00.0%0) (%.036()5 (?).0?)3?
Square of spacing, 0.0268 0.0527
10,000’s of feet squared (0.005) (0.001)
Alignment 1for 3 way, 0 -0.5522 -0.5910
for 4 ways (0.001) (0.002)
Speed limit 0.0637 0.1105
(0.019) (0.015)
Traffic, in 1000's of 0.0332 0.0284 0.0370 0.0433 0.0399 0.0441
vehicles (0.000) (0.000) (0.001) (0.000) (0.000) (0.000)
Land-use proportion -1.3981 -1.1121
(0.096) (0.083)
Constant 0.5546 0.5052 1.0140 -1.4497 -1.3835 0.1349
(0.051) (0.131) (0.049) (0.131) (0.246) (0.773)
Samples size 112 74 38 112 74 38
Adjusted R 0.7386 0.7323 0.7653 0.7712 0.7999 0.7459
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Table 7-3Model Results for Sideswipe and Single Vehicle Crashes

Side Swipe Single-vehicle
Variable Combined ATS MO Intermediatel Combined ATS MO Intermediate
MO MO MO MO
Directional MO
Semi-Full MO '(g-gg;‘
e -1.6293  -1.7306
Unidirectional MO (0.021) (0.078)
Spacing. 100's of feet 0.1212 0.3453 -0.3072  -0.7190 -1.8621
pacing, s of fee (0.008) (0.108) (0.088)  (0.000) (0.048)
Square of spacing, 0.0316 0.0598 0.1908
10,000’s of feet squared (0.030)  (0.000) (0.022)
Alignment 1for 3 way, 0 -0.4061 -0.3220 -1.0725
for 4 ways (0.016) (0.102) (0.000)
Traffic, in 1000’s of 0.0200 0.0181 0.0350 0.0117 0.0111 0.0364
vehicles (0.002) (0.007) (0.035) (0.054) (0.009) (0.097)
. 0.0647
Driveways (0.003)
Constant -0.8233 0.0385 -3.0351 0.8702 22389 26239
(0.024) (0.900) (0.081) (0.109)  (0.000) (0.144)
Samples size 112 74 38 112 74 38
Adjusted R 0.6615 0.6414 0.6415 0.6605  0.7644  0.6665
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For single-vehicle crashes, the combined model results show othigt the
unidirectional median openings have smaller average number of cthahekll ones.
The fact that directional median openings do not show reduction ingavatamber of
single-vehicle crashes over full openings might lead to suspeb@ndraffic crossing at
full median openings is less probably involved in single vehicle crashgacing
variables retain the quadratic form as models for total and rear-ené<rasie model on
median openings adjacent to signalized intersections has rasules $0 those of the
combined model except that semi-full median openings are signifidésso the model
for intermediate median openings has results similar to thodeedfvb models except
that all types of median openings are insignificant.

Results for models for types of crashes with spacing variatdeacted with speed
limit are presented in the appendix, Tables A-2 and A-3. The sdsaMe similar trends

as the models presented in Table 7-2 and 7-3 above.

7.4 Summary of Results for Models by Severity of Crashes

Table 7-4 summarizes the calibration results for crash severity mdtelsesults are
based on a total of 21 fatal crashes, 1,665 injury crashes and 2,001 propextye aanly
(PDO) crashes. Coefficients for the models for fatalh@asare not presented because
they all were statistically insignificant. It is observedhe table that the three types of
median openings are simultaneously significant only in the combined! fowdejury
crashes.

For the combined model of injury crashes, the results show thatdhefewer injury
crashes at directional, semi-full and unidirectional median operhiagsat full openings.

Spacing between median openings is also a significant factonjtow icrashes and
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retains the supposed quadratic form. As observed earlier, median opadjagsnt to
signalized intersections have higher number of crashes than intatenadedian
openings. T-junctioned or 3-way median openings have smaller numimgurgfarashes
than those with 4-leg approaches. Other factors such as speedriniraffic have

significant impact on injury crashes as expected.

Table 7-4 Model Results for Injury and PDO Crashes

Injury PDO
Variable Combined ATS  INT MO | Combined ATS  INT MO
MO MO MO MO
— -0.4001 "0.6398| -0.5017 -05731 -0.7108
Directional MO |y 577 (0.014 | (0.011) (0.016 (0.002
. -0.5763 -1.0925 -0.3894
Semi-Full MO (0.000)  (0.000) (0.117)
Unidirectional -0.7476 -0.8187 -19.2055
MO (0.004)  (0.008) (0.000)
Spacing, 100's of| -0.3497 -0.8315 0.1164 0.1288
feet (0.004)  (0.000) (0.001)  (0.001)

0.0288  0.0609

Square of spacing (0.001)  (0.000)

0.2622 0.2275

Adjacency (0.062) NA NA (0.066) NA NA
Alignment, 1for 3| -0.2794 -0.4249 -0.4535
way, 0 for 4 wayg (0.040) (0.001) (0.002)

0.0693  0.1345

Speed limit (0.007)  (0.000)
Traffic, in 1000's | 0.0308 _ 0.0178 0.0536 | 0.0298 0.0289 0.0570
of vehicles (0.000)  (0.000) (0.000) | (0.000) (0.000) (0.000)
Driveways 0.0380 0.0288
(0.065) (0.106)
12870 0.6739 20.9716 0.5612

Land-use prop. (0.008) (0.020) (0.031) (0.012)

-0.8343 -1.9904 -0.2210| 0.7704 0.9239 -0.0913

Constant (0.389)  (0.064) (0.727) | (0.001) (0.001) (0.845)
Samples size 112 74 38 112 74 38
Adjusted R 0.7836  0.7647 05129 | 08116  0.7879 0.8560
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For the model for median openings adjacent to signalized intenseatariable
coefficients have signs similar to those in the combined mode&pexhat directional
median openings are not significant. The variable coefficieatsttie model for
intermediate median openings also have signs similar to tho$e icotmbined model
except that spacing variables are insignificant. The numbeérivedways and proportion
of residential driveways have significant contribution to crasleearring at intermediate
median openings.

For the combined model for PDO crashes, only directional median opedmangs
significantly smaller number of crashes than full median openifigs insignificance of
the semi-full and unidirectional median openings is suspected tludeo their small
number in the dataset. Spacing is only significant in its linean. The longer the
spacing the more the turning traffic at median openings and the arerethe
corresponding total number of traffic conflicts. The T-junctioned operiiage smaller
number of crashes than 4-leg-junctioned openings.

The model for median openings adjacent to signalized intersections hes ssilar
to those for the combined model. The model for intermediate openingbaas@sults
similar to those of the two models except that spacing is irisigni and coefficients for
driveways and proportion of residential driveways have positive signs.

Results for models for crashes by severity with spacinghigrinteracted with speed
limit are presented in the appendix, Table A-4. The results havasitrends as the
models presented in Table 7-4 above. For the combined and ATS modéatgufgr
crashes, holding speed limit constant, the spacing variables aignethevhypothesized

convex relationship between crashes and spacing between median openings.
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7.5 Evaluation of Marginal Impacts

This section presents a detailed analysis of the marginal ismphatype, location and
spacing between median openings on crashes by type and sevecitgsbés. The
impacts are calculated using Eq. (3.16) derived in chapter 3. Tlableacoefficients in
the models with spacing-speed interaction terms (Tables A-14anAhe appendix) are
used as opposed to those presented in Tables 7-1 to 7-4. The coefbtispting
variables in Tables 7-1 to 7-4 show only the general relationship &etarashes and
spacing between median openings but cannot be used to estimate op#oiad $or
different speed limits. Therefore, the evaluation of the impaftype, location and
spacing between median openings is conducted using the coefficidmesmodels with
spacing-speed interaction terms. The impacts are then discussiée icontext of
improving safety as would be applied in retrofit projects.

7.5.1 Marginal Impacts of Spacing between Median Openings

The marginal impacts of spacing between median openings areabbased on
the speed limit of a roadway. Speed limit is used as a gomxtiie functional class of the
roadway.

From Tables A-1 to A-4, differences in coefficients for spgcirariables are
observed across models of severity of crashes and types of scradie is, the
coefficients of spacing in the injury models are different thasé in PDO, rear-end and
single-vehicle models. Thus, the differences in the coefficieats to determination of
crash-specific optimal spacing between median openings badgdesnand severity of

crashes. The equation for crash specific optimal spacing ivederbelow by

92



differentiating Eq. (3.8) with respect to the spacing varidqgleThe term$3; andf, are

coefficients to the interaction and quadratic terms of the spacing variable
= ePotBiXiV+BXE+EY BiXi =2 3, N (7.1)

where Sy is the constant term
1 is the coefficient for the linear term of spacing variable
X is the spacing variable
V is the variable for speed limit
p> is the coefficient for the quadratic term of spacing variable
pi is the coefficient for explanatory variable
X is the explanatory variabie
N is the number of explanatory variables

Differentiating Eq. (7.1) with respect tg X

= (BuV + 2B, Xy )ePotFakaV i el (7.2)

Equating the right hand side to zero, Eq. (7.3) is arrived at

* _ﬁ 14
X; = ﬁ (7.3)
whereX; is the optimal spacing

Taking the second derivative of Eq. (7.1) with respect;to X

CE = [(BV + 2B,X,)% + 2y )ePorBia 4B xRN Bk (7.4)
Sincep, is positive, the right hand side of Eq. (7.4) is also positive implyiagthe

optimal spacing corresponds to the minimum number of crashes. Tdblbelbw

presents the coefficients of the spacing variables and éstinogptimal spacings for

models whose quadratic terms were significant. The optimal sjgaanegestimated for
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speed limits 35 mph to 45 mph. Generally, models for median openingseadjto
signalized intersections yield longer optimal spacings tharcah&ined models. Also
models for injury and rear-end crashes result in longer optimalinggathan other
models. Since different models result in different optimal spacisglection of the
optimal spacing for design should probably be based on spacingsitiaiza injury

crashes.

For example, given a typical 45 mph half mile segment subtendeeblbgonsecutive
traffic signals, three median openings would be provided with two opetongted 730
feet from the signals and one intermediate opening 590 feet fram afathe two
openings. Segments quarter mile in length with 45 mph speed limit Wwauklonly one

median opening and segments shorter than quarter mile would have no opening.

Table 7-50ptimal Spacing of Median Openings based on Crashes

Dataset Model B1 B2 Optimal spacing (feet)
35mph 40mph 45mph
Total Combined -0.0053 0.0222 418 477 537
ATS -0.0116 0.0392 518 592 666
Injury Combined -0.0079 0.0294 470 537 605
ATS -0.0200 0.0617 567 648 729
Rear-end Combined -0.0066 0.0269 429 491 552
ATS -0.0157 0.0493 557 637 717
Single Combined -0.0054 0.0276 342 391 440
Vehicle ATS -0.0174 0.0632 482 551 620
Intermediate -0.0320 0.1633 343 392 441

Figure 7-1 presents the predicted number of injury crashes indoakcareas using

the combined and ATS models for speed limits between 35 mph and 45 mph, an AADT
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of 50,000 vehicles per day, and commercial land-use.
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(b) Predicted injury crashes for the model for openings adjacent to signals.
Figure 7-1. Sensitivity analysis for optimal spacing under model for injashes.
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It is observed that the higher the speed limit the longer the alpsipacing and the
bigger the number of injury crashes in the functional areas. tAlsdigher the speed
limit the more sensitive to spacing is the number of injury ceashigggesting stricter
adherence to optimal values for roads higher in the functional classificdtroadways.

For both locations of median openings, the number of injury crashes does not increase
significantly from the minimum values if median openings aratkxt within £100 feet
of optimal values for 35 mph speed limit. However, locating a medianirapevithin
+200 feet of optimal spacing would result in high number of injury crashes.

7.5.2 Marginal Impacts of Types of Median Openings

The results of regression analysis have shown that, generatiian openings with
restricted number of left turning movements have smaller numberashes in their
functional areas. Based on the calibrated model coefficients, ap@atexipercentage
difference in number of crashes between full median openingsothad types are
estimated using Eq. (3.16). The value -0.4571 for the coefficient fectdinal median
openings in the combined model for total crashes (Table A-1),emfhat directional

openings have 36.7% less crashes than full openings as shown in Eq. (7.4).

%AY =100* (€04™MM.1) = -36.7% (7.4)

Table 7-6 summarizes percent defferences in average numbbkesraetween full
median openings and other types. It is apparent that the figures semefull and
unidirectional median openings are bigger than those under directional ggenin

Negative signs indicate that the openings have fewer crashes than full ones.
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Table 7-6 Percentage Difference in Crashes between Full and other Types

Type of median opening

Crash type Model Directional  Semi-full Unidirectional
Combinel -36.7 -37.4 -42.€
Total ATS -38.3 -38.6 -39.1
Intermediate -51.3 -60.8
Combined -32.9 -44.0 -52.6
Injury ATS -32.5 -53.8 -49.7
Intermediate -51.9
Combined -39.6
PDO ATS -44.2
Intermediate -53.4
Combined -42.2 -57.7 -52.2
Angle ATS -46.3 -54.6 -51.3
Intermediate -43.8 -70.3 -94.1
Rear-end Combined -54.5
ATS -59.8 -41.6
Intermediate -75.3
Single Vehicle Combined -80.0
ATS -42.7 -83.2
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The reduction in total number of crashes by directional median opeouagsfull
ones is in agreement with the range of 20-50% reported in otbeatlite (Gluclet al.
1999, Tayloret al.2001, Zhouet al.2003, Pottet al.2004, and Jagannathan 2007). This
reduction in crashes is due to restricting crossing traffiwedsas traffic wishing to turn
left onto arterials. These diverted traffic movements norntele to make right turns
followed by U-turns at downstream median openings or signalitedsections. Hence,
converting median openings from full to directional might cause soonease in crashes
at downstream openings or signalized intersections. However, {agfdrafter study by
Taylor et al (2001) reported a decrease in crashes on subject median openirgmtadja

median openings, and adjacent signalized intersections. Another bedbadter study



conducted by Zhotet al. (2003) reported a 68% reduction in crashes at a subject
directional median opening and downstream U-turn median opening.

In retrofit projects where converting full to unidirectional median openmbkaly to
be the case, it is noteworthy that although reducing the numbedt tirhing movements
implies safety benefits, it also might result in other problems. Diversithredéft turning
traffic might lead to poor land-use accessibility, even higlearetrtimes, and in turn
more crashes. Therefore, selection of type of median opening slomsider both safety
and accessibility needs.
7.5.3 Marginal Impacts of Adjacency of Median Openings to Signals

From the Tables A-1 to A-4 in the appendix, it is observed thatdimined models
for total crashes as well as for crashes by severity b@gweficant coefficients for the
variable for adjacency of median openings to signalized intersectidoieover, the
coefficients of the spacing-speed interaction and quadratic \esiablthe combined
models as well as models for ATS openings are not the samplginmthat location of a
median opening also does have influence on spacing between median opesings (a
presented above in Table 7-5 and Figure 7-1).

Using Eg. (3.16) to quantify the marginal impacts of proximity noédian

openings to signals, Eq. (7.5) shows that median openings adjacengnadized

intersections have 27.1 % more total crashes than intermediate median openings.

%AY = 100* (€0240DM.1) = 27.1% (7.5)
These median openings also have higher injury and PDO crashes by &819%
25.7% respectively, than intermediate median openings. A combination ofabptim

spacing and the use of directional channelizations can help redubgttheumber of
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crashes at these median openings. Also, during peak periods, these openiafiemiay
blocked by spill-over queues, naturally restricting crossinfjdrand traffic turning left
onto arterial. Therefore, installing directional channelizationgha openings may

already support what drivers experience during peak periods.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS
8.1 Conclusions

This study calibrated statistical models that relate amedype, density, and
individual spacing between median openings to midblock crashes in th&/dges
Valley. Other AM features considered include signal spa@nd the densities of
driveways and unsignalized public approaches. The main objective efuithg was to
evaluate the impacts of density, type, location and spacing betwedian openings and
other AM features on traffic crashes. The additional objectivetoavaluate the impacts
of signal spacing, the densities of driveways, and the density ajnatiged public
approaches on the midblock crashes of segments with TWLTL and eompgh the
impacts of the same features in segments with raised medians.

The study deviates from past studies that evaluated safetgtsnplaan aggregate
number of median openings using crash data collected over shoitsispef one to
three years. The studies reported mixed results, making itutifto transfer findings
across geographical locations. Aggregating the impacts mightdwancealed the impacts
of individual spacings between median openings.

Twenty five representative urban roads classified in the ddévdepartment of
Transportation (NDOT) guidelines as principal, minor, and collecterials in the Las
Vegas valley were selected. The selection was based on theenegui to obtain a
sample of street segments covering a variety of traffigmgdric, and land-use
characteristics. Out of the 25 arterials, 319 midblock segnvesits identified. Of the

319 segments 134 had raised medians and the rest had TWLTL. A midsklydent
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was defined as a portion of an arterial bounded by two consecutwalized
intersections.

An inventory of existing AM features for the selected stuslynsents was conducted
in the laboratory using satellite imagery from Google Earth @ GIS street network
database provided by the Regional Transportation Commission (RTGouthern
Nevada. Significant effort was put to ensure that the observedeahres in the study
segments had not changed significantly over the period of analissswas achieved by
selecting street segments from locations that were ald@aioped and also by utilizing
a recent tool in the Google Earth imagery that shows image acquisition dates.

Crash data recorded over a period of five years, from 2002 to 2008,0lv&ined
from a GIS database maintained by NDOT. The crashes wereawadby type and
severity. The data were partitioned into midblock and intersectashes. A radius of
200 feet around intersections was used to isolate intersection sfashe mid-block
crashes. All crashes that occurred with the 200 feet radius cwesedered intersection
crashes and hence were not used in the analysis of mid-blocksc aradf speed limit
data were obtained from NDOT annual traffic reports.

Two levels of analyses were conducted, namely, aggregate agdrdgate analyses.
The aggregate analysis involved evaluating the safety impaantedifin type, density of
median openings, and other AM features. In this analysis, each midi#gokent was
considered as one data point. The disaggregate analysis involvedtiegatha safety
impacts of type, location, and individual spacing between median ggeriiach median
opening was considered as one data point. In both levels of analysisjasthbles such

as through lanes, AADT, and speed limit were included.
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For the aggregate analysis, different models were calibratégpkyof median (i.e.
RM, TWLTL, and a combination of the two types of medians). For eash, anodels
were calibrated by total crashes, crash types, crashesvégtygeCrash types included
angle, rear-end, sideswipe, head-on, and single-vehicle crashdsee<taded as other or
unknown in the database were not used to calibrate their own modeldevel® of
severity of crashes, namely, injury and PDO, were used. Fdrcfathes, the AM and
other variables were all insignificant.

For the disaggregate analysis, 112 representative median opeeiegselected from
the 134 midblock RM segments already selected in the aggrataiesia. Crash data
within functional areas of these median openings were used &uwating the safety
impacts of spacing between the openings. The functional areasdef@ted as zones
covering three distances as described in the green book (AASHTO, 2@0dgption
reaction distance, maneuver distance and storage distance. DraagB8bn time was
assumed to be one second. Four types of median openings were anéljized:
directional, semi-full and unidirectional median openings.

For the disaggregate analysis, different models were calibbbgtémtation of median
opening (i.e. adjacent to signals, intermediate, and a combinatitwe ¢ivd). For each
group, models were calibrated by total crashes, crash ty@shesr by severity. Crash
types included angle, rear-end, sideswipe, and single-vehicleesaSeverity of crashes
included injury and PDO crashes only. For fatal and head-on craseesM and other
variables were all insignificant.

Results of the aggregate analysis revealed that everythsegbeing equal, road

segments with raised medians have lower crash rates thannéegmith TWLTL. The
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reduction in crash rates comes from restricting left-turnraffi¢ in midblock to few
locations known as median openings. By so doing the number of conflitts pei
reduced and so are crash rates.

In the segments with raised medians, the results indicatertsdt rates increase with
increase in density of the median openings for total, types, anditgesk crashes.
Therefore, reducing the density of median openings by 1 per mi&weduce total and
injury crash rates by 5.4% and 5.1%, respectively.

Other AM features also have significant correlations withicrates. Increase in the
densities of driveways and unsignalized public approaches increasésrates. Also,
long segments have lower crash rates than short ones. The asoltshow that the
impacts of the AM features on crash rates are higher on roadwily TWLTL than
those with raised medians due to the role of the raised medians in reducingsconflic

Results of the disaggregate analysis reveal that spacing betmedian openings
does have impacts on total, types, and severity of crashesedJiies are in agreement
with the hypothesis put forth that both very short spacing and vegysleacing result in
high number of crashes per median opening. Therefore, there is aalganing which
minimizes traffic conflicts and crashes. The optimal spagarges from 340 feet to 730
feet depending on types of crashes and speed limits. The speed limit wvaasahised as
a proxy for functional class of a roadway. It is suggestedojbitamal spacings for design
should be based on the more critical crashes which are injury crashes.

For types of median openings; directional, semi-full, and unidirectiomadian
openings have significantly smaller number of crashes than full openings .fifEnendies

in number of crashes are due to the smaller number of conflitiovgments at the non-

103



full openings. Directional median openings, being the most common non-fulingge
are found to have 35.5% and 31.5% lower average number of total anddrgahes
than full ones.

Median openings that are adjacent to signalized intersectienowand to have
27.1% more total crashes than intermediate openings. As for seaghity, median
openings adjacent to signalized intersections have 29.9% and 25.7#%uUgsamnd PDO

crashes, respectively, than intermediate openings.

8.2 Recommendations for Implementation of AM Techniques

Similar to other studies, this study has demonstrated that raiedians are the
most effective AM features due to the significant safety e they have over
TWLTL. The safety improvement achieved by converting TWLTL ased medians
may not be achieved even by aggressively consolidating drivewagstetommended
that raised medians be given priority in new and retrofit projpetsre other AM
techniques are considered.

In order to minimize the number of injury crashes per median opeoptgnal
spacings derived from models for injury crashes range from 47#0tde@30 feet
depending on speed limit and location of a median opening. The optimal spacings suggest
that segments that are half-mile long should have three (3) megenings for roads
with speed limits 40 mph and 45 mph. For lower speed limits, not tharefour (4)
openings may be installed. Segments quarter-mile in length shotlldave more than

one (1) median opening for speed limits 35 mph to 45 mph.
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Median openings adjacent to signalized intersections have been foundeto ha
higher number of crashes than intermediate ones. Therefore, openiagenadio
signalized intersections should be designed with directional chasim@iizn order to
minimize the number of crashes. Intermediate median openingsd¢hadtaexpected to

be signalized in the future may also be directional.

8.3 Recommendations for Future Research

The following are recommendations for future research related tdautis s

1. Research should be conducted to evaluate the impacts of number andftypes
median openings on crashes occurring at signalized intensecfThe analysis
would lead to determination of optimal number of median openings (hence
optimal spacing) that minimizes the number of crashes for entire Eteria

2. In this study, the impacts of spacing between median openings ieen
evaluated with driveways and proportions of driveways serving resatidsatid-
uses as proxies for traffic accessing adjacent land-usebe Troore accurate,
future studies should consider collecting turning movement data atamed
openings.

3. Crash data used in this study did not have enough information faifgilag
crashes by movement type and direction of traffic. Such dataaifable, can
provide more detailed direction-specific analysis.

4. Finally, future studies should consider larger sample sizes aadrdat different
areas in order to validate the results obtained in this study \aldage their

transferability to other geographical locations.
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APPENDIX

SUPPLIMENTAL RESULTS

Table A-1.Model Results for Total Crashes

Variable Combined ATS? Intermediate
MO*? MO MO

-0.4571 -0.4834 -0.7193

Directional MO (0.027) (0.046) (0.000)

-0.4691 -0.4877

Semi-Full MO (0.000) (0.007)

-0.5549 -0.4958 -0.9360

Unidirectional MO (0.014) (0.022) (0.002)

0.0624 0.1192

Speed limit (0.009) (0.018)

Spacing * speed -0.0053 -0.0116
(spacing in 100’s of feet) (0.027) (0.027)

0.0222 0.0392

Square of spacing (0.005)  (0.010)

Adjacency to signals ((332045%1) NA NA

Alignment 1for 3 way, 0 -0.3474 -0.3487

for 4 ways (0.004) (0.009)

Traffic, in 1000’s of 0.0294 0.0299 0.0578

vehicles (0.000) (0.000) (0.000)
. 0.0329

Driveways (0.081)

-0.6176 0.5884

Land-use proportion (0.093) (0.014)

-0.0564  -1.2698 0.4136

Constant (0.943)  (0.378)  (0.446)
Samples size 112 74 38
Adjusted R 0.8169 0.7915 0.8505

1. MO = Median opening
2. ATS = adjacent to signalized intersections
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Table A-2.Model Results for Angel and Rear-end Crashes

Angle Rear-end
Variable Combined ATS MO Intermediate Combined ATS MO Intermediate
MO MO MO MO
Directional MO -0.5490 -0.6225 -0.5770 -0.7867 -0.9111 -1.3977
(0.007) (0.004) (0.101) (0.001) (0.001) (0.000)
Semi-full MO -0.8598 -0.7905 -1.2150 -0.5385
(0.000) (0.001) (0.001) (0.099)
L -0.7390 -0.7196 -2.8309
Unidirectional MO (0.012) (0.035) (0.001)
Speed limit 0.0862 0.1491
(0.009) (0.013)
Spacing * speed 0.0022 0.0031 -0.0066 -0.0157 -0.0067
(spacing in 100’s of feet) (0.007) (0.001) (0.028) (0.010) (0.005)
Square of spacing 0.0269 0.0493
(0.005) (0.005)
Alignment 1for 3 way, 0 -0.5518 -0.6845
for 4 ways (0.001) (0.001)
Traffic, in 1000’s of 0.0329 0.0310 0.0370 0.0432 0.0432 0.1304
vehicles (0.000) (0.000) (0.001) (0.000) (0.000) (0.000)
Land-use proportion -1.1121
(0.083)
Constant 0.5991 0.4171 1.0140 -2.4588 -3.4796 -2.1471
(0.036) (0.180) (0.049) (0.026) (0.033) (0.000)
Samples size 112 74 38 112 74 38
Adjusted R 0.7303 0.7219 0.7653 0.7711 0.7932 0.7836
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Table A-3.Model Results for Side Swipe and Single Vehicle Crashes

Side Swipe

Single Vehicles

Combined ATS MO

Intermediate

Combined ATS MO

Intermediate

Variable MO MO MO MO

Directional MO

Semi-full MO '(g'_gig;‘

Unidirectional MO (%)82?1? ((1)?)3}5

Speed limit (00%222(;

Spacing * speed 0.0026 0.0067 -0.0054 -0.0174 -0.0320

(spacing in 100’s of feet) (0.015) (0.105) (0.094) (0.000) (0.071)

Square of spacing 0.0276 0.0632 0.1633

(0.026)  (0.000) (0.042)

Alignment 1for 3 way, 0 -1.1219 0.7120

for 4 ways (0.000) (0.067)

Traffic, in 1000’s of 0.1381 0.1322 0.2100 0.0126 0.0101 0.0505

vehicles (0.004) (0.006) (0.044) (0.043) (0.024) (0.092)

Land-use proportion

Constant -1.0312 -0.2353 -2.6366 0.5920 -1.1301 0.7131
(0.010) (0.537) (0.080) (0.139)  (0.374) (0.312)

Samples size 112 74 38 112 74 38

Adjusted R 0.6074 (5886 0.6385 | (g599  0.7538  0-6561
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Table A-4.Model Results for Injury and PDO Crashes

Injury PDO
Variable Combined MO ATS MO Intermediate MOCombined MO  ATS MO Intermediate MO
Directional MO -0.3996 -0.3936 -0.7325 -0.5041 -0.5837 -0.7639
(0.077) (0.117) (0.006) (0.011) (0.015) (0.000)
. -0.5791 -0.7721
Semi-full MO (0.000) (0.001)
e -0.7471 -0.6865 -19.3994
Unidirectional MO (0.004) (0.002) (0.000)
Speed limit 0.0948 0.2076
(0.002) (0.000)
Spacing * speed -0.0079 -0.0200 0.0025 0.0025
(spacing in 100’s of feef (0.004) (0.000) (0.001) (0.005)
. 0.0294 0.0617
Square of spacing (0.001) (0.000)
Adjacency to signals %20661345 NA (%2026865; NA
Alignment 1for 3 way, 0 -0.2797 -0.2916 -0.4300 -0.5075
for 4 ways (0.040) (0.068) (0.001) (0.001)
Traffic, in 1000’s of 0.0308 0.0313 0.0578 0.0296 0.0311 0.0601
vehicles (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
Driveways 0.0373 0.0303
(0.073) (0.087)
Land-use proportion -0.8117 0.6172 0.5636
(0.048) (0.027) (0.011)
Constant -1.9572 -4.6226 -0.4313 0.8133 0.9038 -0.2803
(0.062) (0.008) (0.534) (0.000) (0.003) (0.537)
Samples size 112 74 38 112 74 38
Adjusted R 0.7839 0.7787 0.5088 0.8112 0.7879 0.8633
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