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FOREWORD

This researchproduced guidelines and recommendations for the geometric design and operationof
intersections that specifically address the needs and capabilities of olderroad users. Future research
priorities that address issues or problems not presently amenable to designor operational solutions, or
improvements in traffic control device use, are also identified.

This report will be of interest to researchers concerned withissuesof older road user safety and mobility,
and to transportationengineers, urban planners, and usersof currentAASHTO and FHWA policies on
intersection geometric designand operations.

Copies of the report are beingdistributed to FHWA Regional and Division offices and to State highway
agencies. Additional copiesof this document are available from the NationalTechnical Information
Service (NTIS), 5285 Port Royal Road, Springfield, Virginia 22161. A charge is imposedfor copies
provided by NTIS.

A. George Ostensen
Director
Office of Safetyand Traffic Operations
Research and Development

NOTICE

This docwnent is disseminated underthe sponsorship of the Department of Transportation in the interest
of informationexchange. TheUnited States Government assumes no liabilityfor its contentsor use
thereof. This report does not constitute a standard,specification, or regulation.

The United States Government does not endorse productsor manufacturers. Trade or manufacturers'
names appear hereinonly because they are considered essential to the object of this document.
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Symbol When You Know MuhlplyBy To Find Symbol mSymbol When You Know Multiply By To Find Symbol

LENGTH LENGTH

in inches 25.4 miltimeters mm mm millimeters 0.039 inches in
ft feet 0.305 meters m m meters 3.28 feel ft
yd yards 0.914 melers m m meters 1.09 yards yd
mi miles 1.61 kilometers km km kilomelers 0.621 miles mi

AREA AREA

jn2 squareinches 645.2 squaremillimeters mrnZ mrnZ squaremillimeters 0.0016 squareinches in2

ftI squarefeel 0.093 squaremeters m2 m2 squaremeters 10.764 squarefeet ftI
yd' squareyards 0.836 squaremeters m2 m2 squaremeters 1.195 squareyards yd'
ac aaes 0.405 hectares ha ha hectares 2.47 aaas ae
mil squMtmiles 2.59 squarekilometers kmZ kmZ squarekilometers 0.386 squaremiles mil

VOLUME VOLUME

lIoz lIuidounces 29.57 millili1lers mL mL miltiliters 0.034 fluidounces floz
gal gaBons 3.785 liters L L titers 0.264 gallons gal
ft1 cubic feet 0.028 cubic meters m3 m3 cubic meters 35.71 cubic feel ft1
yd' cubicyards 0.765 cubic meters m3 rnZ cubic melers 1.307 eubicyards yd3_.

III NOTE: Volumes greal8r!han 1000I shal be shownin rnZ._.
MASS MASS

oz ounces 28.35 grams g g grams 0.035 ounces oz
Ib pounds 0.454 kilograms kg kg kilograms 2.202 pounds Ib
T short tons (2000Ib) 0.907 megagrams Mg Mg megagrams 1.103 short Ions (2000Ib) T

(or "metric IOn") (or "1") (or or) (or "metric ton")

TEMPERATURE (exact) TEMPERATURE (exact)

Of Fahrenheit 5(F-32)19 Celcius "C "C Celcius Lac + 32 Fahrenheil of
lemperature or (F-32)11.8 18mperature temperature lemperature

ILLUMINATION ILLUMINATION

Ie foot-<:andles 10.76 lux Ix Ix lux 0.0929 foot~ndles fe
fI foot-Lamberls 3.426 candelalm2 cdtm2 cdlm2 candelalm2 0.2919 foot-Lamberls fI

FORCE and PRESSURE or STRESS FORCE and PRESSURE or STRESS

Ibf poundforce 4.45 newtons N N newtons 0.225 poundforce Ibf
IbtnnZ poundforce per 6.89 kiIopascels kPa kPa kilopascals 0.145 poundforce per Ibflin2

squareinch square inch

• 51 is the symbol tor !he InI8m8liona1 Syslemof Units.Appropriate (RevisedSeptember1993)
rounding shouldbe madeto complywith Section4 of ASTME380.
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EXECUTIVE SUMMARY

INTRODUCfION AND RESEARCH OBJECfIVES

Oneof the principal concerns surrounding olderroadusers-both drivers and pedestrians-is the
ability of these persons to safely maneuver through intersections. Hauer (1988) reported that 33 percent
of thefatalities and 51 percent of the injuries experienced byolderpedestrians, and 37 percent of the
fatalities and 60 percent of the injuries experienced byolderdrivers, occur at intersections. Fordrivers
age80 andolder, morethanhalf of fatal accident involvements occurat intersections, compared to 25
percent or less for drivers up to age45 (Insurance Institute for Highway Safety, 1988). These data
reinforce a long-standing recognition thatdriving situations involving complex speed-distance judgments
undertime constraints-the typical scenario for intersection operations-are more problematic for older
drivers andpedestrians thanfor theiryounger counterparts (Waller, House, and Stewart, 1977). As part
ofa long-term program to accommodate thisgrowing segment of the population, thespecific objectives
of this research were as follows:

• Identify the sensory/perceptual, cognitive, andphysical (psychomotor) capabilities ofolderdrivers
andpedestrians that affecttheirability to perform at intersections.

• Identify changes in the geometric andoperational characteristics of intersections withthe greatest
potential to betteraccommodate theneeds of olderroadusers,anddevelop and test alternative
solutions to problems experienced bythisgroup of roadusersat intersections.

• Develop specific guidelines for thegeometric designs or operational improvements at intersections
withthegreatest potential to benefit older roadusers, in a manner that will allow for direct
application by transportation engineers, urban planners, andusers of theAmerican Association of
StateHighway and Transportation Officials (AASHTO) geometric design standards.

• Identify situations where it does not appear feasible to alleviate the problems of olderroad users
through changes to geometric design or operations, andsuggestfuture research objectives and
approaches most likely to fill gapsin thepresent knowledge andresolve outstanding problems in
this area.

AGE, DIMINISHED CAPABILITIES, AND INTERSECfION NEGOTIATION PROBLEMS

Age-Related Functional Deficits

A literature review examining characteristics of olderroadusersthat affect intersection use
revealed that this population differs from their younger counterparts in a number of important ways. This
group mayexperience greaterdifficulties at intersections as the resultof diminished capabilities, which
limitboth response initiation andmovement execution.

Thesafety andmobility of olderroadusers at intersections areoverwhelmingly vision-dependent.
Static, geometric features, plus a wide array of dynamic targets, arerelevant to drivers andpedestrians at
intersections; thesemust be detected andrecognized in a timely fashion to allow for the subsequent
cognitive processing preceding response selection andaction. Deficits in vision andvision-dependent
processes that probably have the greatest impact onolderroadusersat intersections include diminished
capabilities in spatialvision, the functional or "useful"field of view (UFOV), anddepthand motion
perception.



Spatial visual functions, including acuity andcontrast sensitivity, are probably the most important
functions for detection/recognition of downstream geometric features at intersections. Testsof visual
acuity-measuring response to highspatial frequency stimuli at contrast levels far above
threshold-show a slowdecline, beginning during the forties, which accelerates markedly during the
sixties (Richards, 1972). Shinarand Schieber (1991)have argued that dynamic visual acuity-the ability
to resolve targets by a moving driver, or moving targets by a standing pedestrian-should correlate more
strongly with accident involvement, especially among olderindividuals. Thoughthe loss of sensory
response is greatestfor high-frequency (more than24 cycles/deg) infonnaticn,older roadusers'
sensitivity to visual contrastat lower and middle-range spatial frequencies (i.e., for 6-, 12-,and 18
cycle/deg targets) alsodeclines steadily withincreasing ageover40 (Owsley, Sekuler, and Siemsen,
1983). This is important because it is the larger, oftendiffuse edgesdefining lane and pavement
boundaries, curb lines, and raisedmedian barriers that are the priority targets in this research.

Next, the "useful field of view" (UFOV) measures thedetection, localization, and identification of
targets againstcomplex visual backgrounds, i.e., the earliest stageof visual attention usedto quickly
captureand directattention to the most salient events in a driving scene. Most importantly, tests
assessing the useful fieldof viewappear to be betterpredictors of problems in drivingthan are standard
visual field tests. In one study, drivers withrestrictions in UFOVhad 15 timesmore intersection
accidents than thosewithnormal visual attention (Owsley, Ball,Sloane, Roenker, and Bruni, 1991).

Finally, agedifferences in the use of visual cuesfor depthand motion perception deserve
emphasis. A recent study indicated that the angle of stereopsis (seconds of arc) required for a group age
75+ to discriminate depthusinga commercial vision testerwasroughly twiceas largeas that needed for
an 18-to 55-year-old group to achieve thesamelevel ofperfonnance (Staplin, Lococo, and Sim, 1992).
Also, it has beenshown that olderpersonsrequire up to twice the rate of movement to perceive that an
object's motion-in-depth is approaching, andrequire significantly longerto perceive that a vehicle is
moving closer at a constantspeed(Hills, 1975). A recently completed study investigating causesof older
driverover-involvement in turning accidents at intersections, building on the previously reported decline
for detection of angular expansion cues,did not findevidence of overestimation of time-to-collision
(Staplinet al., 1992). At the sametime,a relative insensitivity to the speed of an approaching vehicle was
shown for' olderversusyounger drivers; this resultsupports thenotionthat olderdrivers relyprimarily or
exclusively on perceived distance to perform gap-acceptance judgments, reflecting a reduced abilityto
integrate time anddistance information with increasing age. Thus, a principal sourceof risk at
intersections is the errorof an older, turning driver in judginggaps in front of fast vehicles.

Compounding the varied age-related deficits in visual performance, an overall slowing of mental
processes has beenpostulated as individuals continue to ageintotheir seventies and beyond (Cerelia,
1985),and a decline has beendemonstrated in a number of specific cognitive activities withhigh
construct validity in the prediction of driverandpedestrian safety. The cognitive functions included in
this processing stage perform attentional, decisional, andresponse-selection functions crucial to
maintaining mobility undercurrent conditions, on current system facilities. Complementary functions
essential to the safe and effective use of intersections areselective attention, attention switching, and
divided attention, which together comprise the core of whatis often termed "situationalawareness."
Olderdrivers appearto benefitdisproportionately from interventions that compensate for divided
attentional deficits during a high-workload task suchas negotiating an intersection; this includes cuing
drivers with advanced notice of protected versus permissive movement regulations through a redundant
upstream posting of advisory signs (StaplinandFisk, 1991). Related studiessuggestthat if older drivers
must increase their attention to inconspicuous or confusing geometric features to make appropriate
maneuver decisions duringan intersection approach, a deficit in the discrimination of peripheral targets
(e.g.,other vehicles or pedestrians) is likely (Brouwer, Ickenroth, Ponds, and Van Wolffelaar, 1990).
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Finally, the execution of vehicle control movements by anolderdriver, or walking movements by
an olderpedestrian, is likely to be slowed dueto a number of factors. A studyby Goggin, Stelmach, and
Amrhein (1989) linked response slowing byolderindividuals to abbreviated stimulus exposure times and
interstimulus intervals. Also, these researchers have shown thatolderpersons will havegreater difficulty
in situations where planned actions mustbe rapidly altered, andcorrections during movement execution
are slower and much lessefficient. Thespacing of vehicle control movements required of drivers to
negotiate intersection geometries, therefore, may be expected to strongly influence the ability of older
individuals to respond in a safeandtimely manner; thus, designs which require weaving or successive
lanechanges within a restricted timeframe areclearly undesirable. Slower reaction timesfor olderversus
younger adults when response uncertainty is increased have been demonstrated (Simon and
Pouraghabagher, 1978), indicating greater riskwhen olderroad users are faced with twoor more choices
of action. Again, a needto avoid geometric designs which increase the likelihood that olderroad users
will be called uponto execute multiple responses in quick succession is underscored.

Perhaps mostcommon is the age-related decline in head andneck mobility. Joint flexibility has
been estimated to decline by approximately 25 percent in older adults, due to arthritis,calcification of
cartilage, andjoint deterioration. Thisrestricted range of motion reduces an olderdriver's ability to
effectively scan to the rear andsides of his/her vehicle to observe blind spots, and can alsohinder the
timely recognition of conflicts during turning andmerging maneuvers at intersections (Ostrow, Shaffron,
andMcPherson, 1992). Reduced neck flexibility alsopenalizes olderpedestrians whomustdetect
potential conflicts without unreasonable delay to accomplish intersection crossings within a protected
signal phase.

Identified Problems With Intersection Use

A seriesof project activities were conducted to betterdefme the problems experienced by older
roadusers at intersections, including: (1) a statewide (Michigan) intersection accident database analysis,
using a casestudyapproach; (2) a task analysis for intersection approach driving; (3) focus group
discussions with "young-old" and"old-old" motorists; (4) a laboratory studyof user preferences, using
slides to presentanimated approaches to geometric features of interest; (5) an observational field studyto
contrast the behaviors of olderdrivers at intersections matched on operational criteriabut differing in
geometric design; and(6) consideration by an Older Road UserExpert Panel of the most appropriate
focus of the largerscalelaboratory andfield investigations to follow in this project.

A detailed description of procedures andresults of these activities is contained in the Federal
Highway Administration final report (publication no. FHWA-RD-96-132). Briefly, it maybe noted that
in the accident analysis, a casestudy approach of approximately 700 incidents indicated that geometric
changes whichreduced complexity or theprobability of unexpected events will have the greatest benefit
for olderroad users. The task analysis highlighted inadequate advance warning/advisory information for
properlaneselection, and inconspicuous channelization andotherphysical barriers in median and
shoulder areas as the mostprobable sources of olderdriver problems at intersections. Thefocus group
discussions tied problems relating to vehicle steering control, vehicle speed control, conflict avoidance,
navigational decisions, right-of-way decisions, andpedestrian crossing decisions to specific geometric
andoperational aspects of intersection use. Thepreliminary laboratory studyevaluated theextentof
problems experienced by olderroadusers dueto varying skew angles at intersections, varying radius of
curvature of comercurbcuts, varying offsetof opposite left-turn lanes, varying treatments for indicating
prohibited driving areas incenter- or turn-lane areas, andvarying geometries for merging and lane-width
transition operations in thevicinity of intersections. Thepreliminary field studycollected observational
data of errorscommitted during right-turning and left-turning movements at intersections by older
drivers, at matched facilities with varying geometric characteristics. Theexpertpanel, after reviewing
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these findings in thecontextof project objectives and available responses for later tasks,defmed a broad
setof guidelines for the primary empirical studies, as summarized below:

(I) Continuing research efforts in thisproject willbe mostproductive if focused on developing and
testinga limited set of hypothesized enhancements for a single problem situation, withenough
conditions to systematically manipulate the intersection feature(s) of interest, while controlling
for likely confounding variables. Incontrast, any attempt to study a wide range of enhancements,
with poorer experimental control overconfounding variables, across a greater number of site
types,will result in a weaker research product. Byconsensus, the primary focus of continuing
projecttasks should be left-turn operations (rom one major roadway onto another at
signalized intersections with permissive left-tum phasing. Stop-controlled intersections, while
not ruled out as a topicworthy of study, were not identified as a priority for this project.

(2) While ideally safetyandmobility bothwill benefit from a given system enhancement, the first
concern in this project mustbe on safety; accident prevention (at intersections) may, in itself,
have the greatestimpact onmobility byreducing congestion andtheresulting loss in system
efficiency and level of service. As a practical matter, in this project, the design and testingof
improvements in intersection geometry andoperations should focus on the needs of drivers, with
one caveat: enhancements should not be recommended that may be expected to have an
adverse impact on pedestrians.

(3) The following laboratory study in thisprojectshould examine: (a) positive (versus aligned versus
negative) offsetgeometries for left-tum lanes; and/or (b) varying throat(lane) width on the
receiving legof intersections; and/or (c)varying lanewidth (2.7 to 3.7 m [9 to 12fi]) on the
intersection approach leg. Furthermore, this datacollection effortshould select measures of
effectiveness (MOE's) which aremostpredictive of safety impacts (i.e., avoid measures suchas
"acceleration profile" unless a significant increase in likelihood of a collision is indicated) and
shouldinclude realistic conflict scenarios in intersection test stimuli presented in the laboratory.

(4) The following fieldstudy in thisproject should examine: (a) varying offsetgeometries ofleft-tum
lanes, specifically including positive offset; and/or (b) varying intersection width, including
variation in median width andin throat (lane) width on the receiving leg. In addition, this data
collection effort should consider "margin of safety," critical gaps,and traffic conflicts as MOE's;
collect data duringactual operations with test drivers, as opposed to a closed course, to maximize
the validity and generalizability of study fmdings; andensure that sitesselected for data
collection haveappropriate volumes andoperations formeasurement of the designated MOE's
(e.g.,measurement of critical gapsizeis meaningless if allieft-tumingdrivers are forced to tum
duringtheclearance interval).

LABORATORY AND FIELD STUDIES OF ALTERNATIVE DESIGN ELEMENTS

Consistent with the outcome of priortasks that identified certain geometric elements as having
the greatest impact on the safety andeaseof useof intersections by older roadusers, the major laboratory
studies in this project investigated: (I) theeffect of alternative opposite left-tum lanegeometries
(OLTLG) on driver response, plus (2) pedestrian response to alternative median refuge island
characteristics that are feasible to implement under a given tum-lane geometry. A complementary set of
field studies examined: (I) driver andpedestrian response to intersections with varying left-tumlane
geometries and associated median refuge island characteristics; (2) driver response to channelization,
acceleration lanes, and the degree of skew at which the tum lanemet the intersecting roadway; and (3) the
effect of varying curb radii on the performance ofright-tumingdrivers. In allcases,driver(or pedestrian)
agewasa key independent variable.
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The largest shareof project resources was devoted to the study of alternative left-turn lane
geometry, and it was in this areaonlythat results substantive enough to supportrecommendations and
guidelines were obtained. The following summary therefore concentrates on this effort, witha brief
overview of otherfmdings deferred to the end of the section.

Alternative Left-Turn Lane Geometry and Pedestrian Crosswalk Configuration

Laboratory Study. Thiswasa study of left-tum gap acceptance by drivers waiting in a left-tum
storage bayto tum acrossa streamof opposing traffic during thepermissive (green ball) signal phase.
Thepurpose wasto measure driver age differences in performance under varying traffic andoperating
conditions, as a function of varying degrees of offsetof opposite tum lanes at suburban arterial
intersections. The degree of offsetfor opposite left-tum lanes refers to thedistance from the inneredgeof
one laneto theouteredgeof the opposite lane. This geometric feature determines the available sight
distance for left-turning traffic, which influences theextent to which vehicles in opposite turn lanesblock
eachother's view of conflicting traffic (i.e., reduce sightdistance). Thelevel of blockage depends on how
the opposite left-tum lanesare aligned with respect to eachother. When the twotum lanesareexactly
aligned, the offsetdistance has a value of zero. Negative offsetdescribes the situation where the opposite
left-tumlaneis shifted to the left. Positive offset describes the situation where theoppositeleft-tumlane
is shifted to the right. Positively offsetleft-tum lanes andaligned left-tum lanesprovide greater sight
distances thannegatively offset left-tumlanes, and a positive offsetprovides greater sightdistance than
the aligned configuration. However, while increasing the sightdistance to through traffic mayprovide
safetybenefits to left-turning drivers, increasingly positive offsetgeometries alsoresultin longer crossing
distances for pedestrians.

Fourlevels of offset left-turn lanegeometry were studied in thelaboratory: (a) 3.6-m(12-ft) "full
positive" offset; (b) 1.8-m (6-ft) "partial positive" offset; (c) aligned (nooffset); and(d) 1.8-m (6-ft)
"partial negative" offset. These geometries arediagrammed in Figure 1:

(a) full positive offset

.::+
==:iJ.~.~+1~.8:;m)t:====

(b) partial positive offset (c) aligned (d) partialnegative offset

Figure 1. Alternative intersection geometries examined in the laboratory.

In addition, the following traffic operational factors were varied in the laboratory: (1) oncoming
(through) traffic vehicle type(passenger carversus semi-tractor trailer); (2) oncoming trafficspeed(56,
72, and 88 km/h [35, 45, and55 mi/h]); (3)oncoming traffic density (spacing between successive vehicles
in theopposing through-traffic stream at nine spacings, from 30.5 m [100ft] to 274.4 m [900 ft], in
30.48-m [IOO-ft] increments); and(4) opposite left-turn queue composition (a passenger car or semi
tractortrailer at the frontof the queue).
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The measures of effectiveness for the laboratory study included:

(1) Critical Gap Size: A measure of thegapsize at which the number of accepted gaps and the
number of rejected gaps were equal, derived using thePROBIT model from the continuous gap
judgments that subjects made in response to a continuous stream of through (opposing) traffic, i.e.,
reflecting subjects' judgments of whether it was "safe" or "unsafe" to proceed with a left tum from
a stationary position at thestop bar of a left-tum bay.

(2) Last Safe Moment to Turn: Thedistance of theoncoming vehicle during a single approach from
the farthest separation when a subject indicated that it would no longer be safe to proceed with a
left tum. Thismeasure wasobtained when there was no vehicle in theopposite left-tum laneto
block the driver's view.

(3) Frequency ofUnsafe Gaps Accepted: A measure derived fromthe continuous gap acceptance
judgments, calculated using a threshold distance thatwasestablished for eachoncoming vehicle
speed,where a turning driver must initiate the turning maneuver and thencomplete the tum
(assuming a fixed clearance interval) to allow theoncoming vehicle to proceed through the
intersection without braking or swerving.

(4) Ratings ofthe Perceived Level ofHazard: An integer valueassigned to eachgeometry ranging
from 1 to 7, where 1="extremely safe;nothazardous at all" and 7 ="extremely hazardous."

Seventy-two subjects participated in the laboratory driver study, with24 between ages 25-45
("young/middle-aged group"), 24 between ages 65-74("young-old" group), and 24 subjects age 75 or
older("old-old" group). A repeated-measures research design was usedin which all subjects generated
responses to all dependent measures for all geometries andtest conditions studied.

The methodology useda video-based driving simulator to presentintersection test stimuli,
displaying scenes that provided correct perspective andmotion-in-depth cues. The test scenes were
created from a 1/24-scale terrain boardmodel of an intersection; this apparatus was filmed as vehicles,
which werepropelled by a stepper motor, approached theintersection. A Hi8mm recording formatwas
usedfor filming, and laserdiscs provided the storage/playback medium. As subjects sat in the simulator
cab, which was "positioned" at the stop bar in the left-tum bay,theywatched a stream of vehicles
approaching in oneof the opposing through lanes andmade go/no go tum decisions using a gaming
device triggerapparatus. Squeezing the trigger meant that they would go ahead with a left tum if they
were actually driving and sawwhatwas being presented in thevideo through theirownwindshield.
Releasing the trigger meantthat they would not go ahead with a left tum, basedon whatwaspresented in
the video.

Statistically significant differences measured in thesimulator, which also were judgedto be of
operational significance in guiding intersection design, included the fmdings listedbelow:

• Smallercritical gap sizefor the full positive geometry thanfor thepartialpositive, aligned, or
partial negative geometries.

• Virtually equal "leastsafegap" size(lastsafe moment to tum left in front of an oncoming vehicle)
across geometry, except for a sharpdecrease in mean leastsafe gap sizefor the partial negative
offset condition.

• Largergaps required in thepresence of an oncoming truck compared to the gap sizefor an
oncoming passenger car.
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• Mean least safe gap size increases with increasing driverage.

• Significant three-way interaction between geometry, age, and oncoming vehicle type on mean
least safe gap judgments,with the largestgap requirements for the 75+ age group with aligned
geometry and trucks as the oncoming vehicle.

• Disproportionately higher percentages of unsafe gaps accepted by the 75+ age group under the
partial negativegeometry, for both oppositeleft-turning vehicle types.

• Significant main effectsof geometry and oncoming vehicle speedon subjective ratings of safety,
where the geometries affording greatervisibility of oncoming trafficwereperceivedto be more
safe than those providing poorervisibility, and highervehicle speeds were associatedwith lower
safetyratings.

• Significant interaction between geometry anddriverage on perceived safety,where older drivers
provided the lowest safetyratings for the partialnegative geometry (eventhough all subjects
responded with lowratingsunderthis studycondition).

A complementary studyof pedestrian response to the alternative geometries describedabovewas
also performed, Specifically, threeindependent variables were included in a laboratorystudy of
alternative crosswalkconfigurations: (1) opposite left-tumlanegeometry, (2) driver age, and (3) design
walking speed. The four levels of opposite left-tumlanegeometry included partial negativeoffset,
aligned, partial positive offset, andfullpositive offset. Associated withgeometry were specific,
covarying factors that included the presence or absence of a pedestrian refugeisland, the width of the
refuge island,the number of refugeislands, and the crossing-path distance. Two levelsof design walking
speedwerealso studied: 0.9 m/s (3 fils) and 1.2m/s (4 fils). Driverageswere25-45, 65-74, and 75+.
The dependent measures included subjective ratingsof safetyand willingness to use the crosswalkunder
eachgeometry, and an objective measure of mobility, which was the amount of time after the beginning
of the protectedcrossing phase that an individual remained willing to start crossingthe intersection.

The clearesttrend emerging in thesedata was a relatively lower perceived safety level for the
aligned geometry. No obvious influence of walking speedcouldbe discerned. Differences related to the
agesof subjects weremixed, andno interaction between age and geometry was readily apparent.

FieldStudy. Four left-tumlaneoffsetgeometries alsowerestudied in the field, whereleft-tum
vehicles at all locations neededto crossthe paths of twoor three lanesof conflicting traffic (excluding
parkinglanes)at 90-degree, four-legged intersections. The four levels of offset of opposite left-tum lane
geometry examined in the field, diagrammed in Figure2, wereas follows: (a) 1.8-m(6-ft) "partial
positive" offset, (b) aligned(no offset)left-turn lanes,(c) 0.91-m (3-ft) "partialnegative" offset, and
(d) 4.3-m (14-ft) "fullnegative" offset. All intersections were located on majoror minor arterials where
the postedspeed limitwas 56 km/h (35 miIh), and all left-turn maneuvers werecompletedduring the
permissive left-tum signal phase at all studysites.

Seven measures of effectiveness wereused in the field:

(1) Critical Gap Size: The gap size that had a 50150 chance of beingaccepted or rejected, calculated
from the acceptedand rejected gaps usingthe LOGlT model. This measure was calculatedonly
for subjectswho madeleft-turn maneuvers when therewas at least one vehicle in the opposite
left-turn lane, and for subjects whopositioned their vehicles within the intersection whilewaiting
to tum.
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(2) Clearance Time: Thetime it tookthe left-turning vehicle to complete the left-tummaneuver and
clearthe path of the conflicting traffic (i.e., the difference between the maneuver initiation and
completion). This measure wascalculated onlyfor subjects who made left-tum maneuvers when
therewas at least onevehicle in theopposite left-turn lane, andfor subjects whopositioned their
vehicles within the intersection while waiting to turn.

(3) Left-Turn Conflict: Conflict between a left-turning vehicle andanopposing vehicle, defmed as the
occurrence of eithersudden andunavoidable lane change by a conflict vehicle because the test
vehicle clearly accepted a dangerously small gap, or a complete or nearly complete stop by the
conflict vehicle for the same reason.

(4) Longitudinal and Lateral Positioning: Positioning of left-turn vehicles within the intersection
area.

(5) Percentage ofDrivers Positioning Themselves Within Intersection: Thepercentage ofdrivers of
different age groups who pulled intothe intersection to improve theirsight distance.

(6) Site-Specific Intersection UseSurvey: A survey that included twosite-specific questions regarding
the level of comfort in making the tum andtheeaseor difficulty of performing the maneuver at
eachof the four intersections included in thestudy.

(7) General Intersection Safety Survey: A survey containing questions about the perceived safety of
different types of left-turn displays.
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Figure 2. Alternative intersection geometries evaluated in the field studyof left-tumlaneoffset.

A total of 100subjects were tested across 3 agegroups, with approximately equalnumbers of
males andfemales in eachgroup. Thethree agegroups were: (1)young/middle-aged (25-45 yearsold);
(2)young-old (65-74 yearsold); and(3) old-old (75+ years old). A repeated-measures research design
was usedin which subjects drove theirownvehicles through test circuits that were located on arterial
streets in the Arlington, VA areaduring normal daytime driving conditions, accompanied by a member of
theresearch team. Eachsubject drove around each circuit four times, making four left-tum maneuvers at
each study location. Testing wasconducted between 11 :00a.m. and 3:00p.m., whenopposing traffic
volumes ranged between 900 and 1,200 vehicles perhour,which provided the maximum number of gaps
within a 4- to 12-srange. Driver performance measures were obtained bothby the researcher in the
subject's vehicle and through theuseof video datacollection equipment stationed at each intersection.
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Thedataanalyzed in thisstudy were derived from theleft-tum maneuvers in which the subject
positioned hislher vehicle within the intersection, andwas opposed by at leastonevehicle in the opposite
left-tum lane. Findings in this study included:

• Significant maineffects of age andgeometry oncritical gapsize, withlonger critical gaps
demonstrated for the age 75+drivers andthe -4.3-m (-14-ft) opposite left-tumlaneoffset.

• Significant effect of geometry on lateral positioning andon longitudinal positioning, where the
more negative the offset, thefarther to theleftandthecloser drivers mustmove longitudinally to
the center of the intersection to improve theirvisibility of through traffic.

• Significant effectof ageandgender on vehicle positioning, where older drivers andfemale
drivers were less likely to position themselves within the intersection to improve sightdistance.

• Subjective responses to survey questions indicating that two-thirds of drivers feelthat a green
arrow is saferthan a green ball,8 outof 10drivers feel thatmaking a left tum on a green ball is
safeat some locations andunsafe in others (underscoring the importance of geometric elements),
and9 out of 10drivers feel thatmaking a lefttum on a green ballis themost stressful of all
intersection maneuvers.

A complementary study of pedestrian response to varying crosswalk configurations was also
conducted in the field. Theindependent variables in this study included fourlevels of pedestrian age
groups (25-45, 46-64,65-74,and75+)andtwolevels of crosswalk design (pedestrian refuge island
present versus no pedestrian refuge island). Therefuge island had an area of more than 15.2m2(50 ft2),
witha width varying from 0.9 to 4.5 m (3 to 15ft), andwaslocated in a crosswalk midway across a 29.5
m (97-ft) street. Thecontrol crosswalk (norefuge island) was27.7m (91 ft) long, andpedestrians were
required to crossin one stage. Two types of dependent variables were measured. First, thepercentage of
pedestrians in eachagegroup who didnotcomply with theflashing andsteady DON'T WALK
indications on the pedestrian control signal wascalculated; this served as a measure of the degree to
which a refuge island encourages pedestrians to cross without waiting for theWALK indication. The
percentage wascalculated based onthetotalnumber ofpedestrians who hadthe opportunity to violate the
signal (e.g., no vehicular traffic wasclose to thecrosswalk to prevent a pedestrian from crossing). In
addition, to measure howpedestrians of different agegroups perceive thepresence of median refuge
islands as a safety measure, individuals were surveyed regarding thedegree of difficulty theyexperienced
crossing at eachsite type(with andwithout an island), andthey were asked for theiropinions regarding:
(1) the removal of an island where one already existed, or (2) the installation of an island where presently
none existed. Datawere obtained for a totalof 436 pedestrians.

Results showed a striking and significant difference in therates of pedestrian control signal
violations as a function of age: 40.7 percent for pedestrians under the age of 65, versus 1.8percent for
pedestrians age65 andolder. Females of allages were lesslikely to violate thanmales. Also, violation
rateswere higher at locations with a refuge island thanwithoutan island, 48.4percent versus 31.1 percent
for pedestrians under age65 and2.9 percent versus 0 percent forpedestrians age65 andolder. In the
analyses of thesubjective data, pedestrians perceived locations with refuge islands as being moredifficult
to cross; but, all age/gender groups supported installation of islands where none exist,andfelt evenmore
strongly that removal of existing islands was notdesirable.

Alternative Right-Turn Lane Geometry

In the study of channelization andskew for right-tum lanes, four right-tum lanegeometries were
examined, as diagrammed in Figure 3:
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(a) Non-channelized 90-degree intersection where drivers had thechance to make a right-turn-on-red
around a 12.2-m(40-ft) radius. This site servedas a control geometry to examinehow
channelized intersections compared to non-channelized intersections.

(b) Channelized right-turn laneat a 90-degree intersection with an exclusive-use (acceleration) lane
on the receiving street. Under this geometric configuration, drivers did not needto stop at the
intersection and theywere removed from the conflicting trafficuponenteringthe cross street.
Theyhad the opportunity to accelerate in their own laneon thecross street, and then changelanes
downstream when theyperceived that it was safe to do so.

(c) Channelized right-turn laneat a 65-degree skewed intersection withoutan exclusive-use laneon
the receiving street.

(d) Channelized right-tum laneat a 90-degree intersection withoutan exclusive-use laneon the
receiving street. Underthis geometry, driversneeded to check the conflicting traffic and
completetheir turn into a through-traffic lane on the cross street.
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right-tum lane at 90
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(b) Channelized right-turn
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(d) Channelized right-tum
lanewithout
exclusive-use lane at
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Figure 3. Alternative intersection geometries evaluated in the field study ofright-turn lane
channelization.

The measures ofeffectiveness for the study ofright-tumchannelization and skew included:
(1) percentage of drivers who attempted a right-turn-on-red (RTOR)maneuver (i.e., continuously moved
head/neck toward conflicting traffic or usedside mirror for samepurpose); (2) percentageofdriverswho
usedhead/neck movement only(did!!Qt use mirror) in their attemptto makean RTOR; (3) percentage of
drivers who used side mirrors(either exclusively or as a supplement to direct looks); (4) percentage of
drivers who completed an RTOR; (5) percentage ofdriverswhomadean RTOR without a complete stop;
(6) acceleration profile after making right tum (time to accelerate 30.5 m [100 ftl); (7) free-flow speed
while makingthe right turn; (8) site-specific survey questions measuring level of comfortwith the right
tum maneuver and degreeof easeor difficulty at each site; and (9) general surveyquestions about
personal responses to various traffic control devices.

A total of 100 subjectsdivided across 3 age groupsdrovetheirown vehicles aroundtest routes
usingthe local street network in Arlington, VA. The three agegroups were: "young/middle-aged" (ages
25-45),whichcontained32 drivers; "young-old" (ages 65-74), containing 36 drivers; and "old-old" (age
75+),containing 32 drivers.
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In this study, the right-turn maneuver at all locations was made against two lanes carrying
through (conflicting) traffic. The two through lanes were theonlyones that had a directeffecton the
right-turn maneuver. All intersections were located on major or minor arterials where the posted speed
limitwas 56 km/h (35 mi/h). Test subjects drove theirownvehicles. All intersections werecontrolled by
traffic signals, withyieldsigns controlling the three channelized right-turn lanes.

The results indicated that right-tum channelization affects the speedat which drivers makeright
turns and the likelihood that theywill stop before making an RTOR Drivers, especially youngerdrivers,
turnedright at speeds4.8 to 8.0 km/h (3 to 5 mi/h) higher on intersection approaches with channelized
right-turn lanesthan they did on approaches withunchannelized right-turn lanes. Also,young/middle
agedandyoung-old drivers weremuch less likely to stop before making an RTORon approaches with
channelized right-turn lanes. The increased mobility exhibited by theyounger drivers at the channelized
right-turn lanelocations was not, however, exhibited by the old-old drivers, whostopped in 19 of the 20
turns executed at the channelized locations.

Unfavorable intersection skewaffected the RTORbehavior of drivers. Drivers were less likely to
attemptto makean RTOR at a skewed intersection where the viewing angle to conflicting traffic from the
left on the cross street was greater than90 degrees. Also,drivers turning right at these locations were
morelikely to rely on their side mirrors thantheywere when making an RTOR at non-skewed
intersections.

Driverperceptions of the level of comfort anddegree of difficulty were influenced by age as well
as right-turn lanegeometry. Young/middle-aged andold-old drivers were most comfortable making(90
degree) right turns on approaches withunchannelized right-turn lanes, whereas young-old drivers were
most comfortable makingright turnson approaches withchannelized right-turn laneswith acceleration
laneson the cross street. All drivers perceived making a right turn on an approachwith a channelized
right-turn lane without an acceleration laneon the cross street as beingmoredifficultthan at other
locations, evenmoredifficultthan at skewed intersections.

Varying Right-Turn Curb Radius

In a field study of the effectof alternative curbradiuson driverbehavior, observations were
conducted at three intersections characterized as follows: (a) largecurb radiusof 12.2m (40 ft);
(b) medium curb radius of7.6 m (25 ft); and(c) smallcurb radius of 4.6 m (15 ft). The measures of
effectiveness for the study of right-tum curbradius included:

(1) Entrancedistance: the radial distance between the right frontwheel of the vehicle and the edge
of the pavement, measured at the pointwhere the circular curveof thecomer starts.

(2) Center distance: the radialdistance between the right front wheel of the vehicle and the edgeof
the pavement, measured at thecenter of the circular curve.

(3) Exit distance: the radialdistance between theright front wheel of the vehicle and the edgeof the
pavement, measured at the endof the circular curve, on the cross-street side.

(4) Free-flow speed: the speedmeasured at the centerof the circular curve.

The sametest samplewas usedthat participated in the studyof channelization and skew; these
subjects drovetheirown vehicles. Thestudy wasconducted on majorand minorarterials where the speed
limitwas 56 km/h (35 mi/h). Data were collected only for turns executed on a steadygreen signal phase.
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Theresults indicated thatcenter distances were independent of driver ageandgender, but
dependent onthecurb radius. Specifically, thepathof thedriver more closely followed theedgeof the
pavement when theradius of thecurb waslarger, because thedifference between theexitdistance and
entrance distance wasreduced as thecurb radius increased. The differences between theoverall exit and
entrance distances were about 0.6m (2 ft) for the4.6-m (lS-ft) radius, 0.3m (I ft) for the 7.6-m (2S-ft)
radius, and0.2m (0.7ft) for the 12.2-m (40-ft) radius.

Furthermore, larger curb radii increased theturning speeds of all'drivers, withyoung/middle-aged
andyoung-old drivers traveling faster than old-old drivers when making rightturns. There wasno
significant difference in theturning pathsof older andyounger drivers, however, suggesting that older
drivers were not as willing to experience thehigher lateral accelerations thatareaccepted byyounger
drivers.

PROJECT RECOMMENDATIONS

Following completion of thecontract activities summarized above, a second expert panelmeeting
critiqued thefindings andprovided guidance for thedevelopment of recommendations. Byconsensus,
supporting evidence for thedevelopment of recommendations existsonly with respect to left-tum lane
geometry andoperations; present findings suggesting operational differences in right-tum operations as a
function of channelization andcurb radius bydrivers ofvarious ages require further study. Accordingly,
anextensive sightdistance analysis wasperformed, contrasting thecurrent AASHTO CaseV intersection
sightdistance (ISD) model, a modified AASHTO model using a perception-reaction time(PRT)of2.S s,
anda gap-acceptance model as proposed in therecently completed NCHRP Project IS-14(1), leading to
the setof recommendations for improved intersection design and operations thatfollows.

Recommendations fordesign presented below aredirected not to anyspecific, physical measure
of left-tum lane offsetthat is to be applied without regard to other factors, but instead they seekto ensure
adequate visibility of through traffic by theturning driver, taking age-related performance limitations into
account. Therefore:

At thesame time, it is recognized thata number of factors may prohibit the provision of
unrestricted sightdistance in a given location. Under these circumstances, theISDvalues computed
using themodified AASHTO model should be used fordesign purposes. These distances generally will
exceed the distances required based onfield maneuver datacollected in thisstudy, andwill provide an
additional margin of safety overdistances obtained with thetraditional ISDmodel or theproposed gap
model. Therecommended left-tum laneoffsets derived using thismodel areshown in Figure 4.
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• Where the provision·orunrestrieted·sight distance is not feasible, ISD values for left
turniDI traflitthatmust yieldtooPPosinl traffic on the major roadway (ISO, Case
\l) shouldbecompated asinl the modified AASHTO model, as follows:
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Figure4. Recommended left-tumlaneoffsetdesignvalues.

Furtherrecommendations apply to channelized offset left-tumlanes. A particular concern with
olderdrivers is the potential for wrong-way movements at complex intersections; drivers over 60 years of
age are excessively involved in suchwrong-way movements on a per-mile-driven basis. Thepotentialfor
wrong-way movements at intersections withchannelized (positive) offset left-tumlaneswithina raised
median is most likely for the driverturningleft fromtheminorroadonto the majorroad,whomust
correctly identify the propermedian opening intowhich he/sheshouldtum. At intersections wherethe
left-tumlane treatment results in channelized offset left-tumlanes(e.g.,a parallel or tapered left-tum lane
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between two medians), the following countermeasures are recommended to reducethe potential for
wrong-way maneuvers by drivers turning left from the stop-controlled minorroadway(see Figure5):

Painted Pavement
Marking Scribing Path
Through Turn

Median No.e
Oelineatlon

" .

....; Left·Turn Arr_ (Lane·U..
Pavement Marking)

_ > Wrong.Way Arrow
Pavement Marking

t I·WRONQ I+- WAY
\

\

<-"" ...... \\
~ --"""

-> \\ .....---------- ........ ->-> \
\.------!::---~__t:------

Figure5. Recommended signing and delineation treatments for intersections with channelized left-turn
lanes to reduce the potential for wrong-way movements for drivers turning left from the minor roadway.
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Finally, it must be recognized that situations will existwhere geometric design changes are not
feasible at intersections as a resultof restricted right-of-way andwhere special sight distance
requirements are defmed as a resultof the horizontal and/or vertical curvature of the opposingroadway
approach. Where problems withsight-restricted geometries are intractable, the following list of
recommendations for operational changes and traffic control devices are recommended:

The concluding activity in thisproject was to develop recommendations for futureresearch. The
following priorities, described in moredetail in theFinal Report, were identified:

(1) Measure the relative contributions of situational factors andindividual differences to pedestrian
behaviors for different intersection geometries andtraffic control practices.

(2) Measure the effecton drivers' gap decisions andresulting behaviors of differences in intersection
geometry, operations, anddemographic andsituational factors in combination.

(3) Quantify the workload associated withthe approach to andnegotiation of intersections with
varying geometric andoperational characteristics.

(4) Establishhuman factors requirements for andtest theeffectiveness of "active" trafficand
pedestrian control devices at intersections that are sensitive to real-time conditions.
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