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FOREWORD

The study reported here represents oﬁe phase of Research Study
No. 2—8—68-134 entitled "An Examination of the Basic Design Criteria
as They Relate to Safe Operation on Modern High Speed Highways."
Other active éhases of this research are; (1) a field study of the
degree bf path takeh in negotiating horizontal curves, (2) a field
study of the degree of.path taken in high-speed passing maneuvers,
and (3) an evqluation of vehicle paths as a basis for wet weather
Speed limits.

This is the sixth project report. Other reports in this research
project are:

Research Report 134-1, "The Passing Maneuver as it Relates
to Passing Sight Distance Standards” )

Research Report 134-2, "Re-Evaluation of Truck Climbing
Characteristics for Use in Geometric Design"

Research Report 134-3, "Evaluation of Stopping Sight
Distance Design Criteria' ,

Research Report.134-4, "State-of-the-Art Related to
- Safety Criteria for Highway Curve Design'

Research Report 134-5, '"The Relationship of Vehicle Paths
to Highway Curve Design"

DISCLAIMER

The opinions, findings, and conclusions expressed or implied in
this report are those of the research agency and not necessarily those

of the Texas Highway Department or the Federal Highway Administration.
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ABSTRACT

This réport presents a proposed passing sight distance design
concept to integrate désign and striping based on the éafety,'
operational and legal aspects of the passing maneuver. Paésing
maneuvers under actual highway operating conditions were photographed
and analyzed to determine operational characteristics during high-
speed passing maneuvers.

Minimum passing sight distances and desirable lengths of passing
zones are recommended. New applications of the proposed design
concept that considers both the required sight distance and zone

length are discussed.
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SUMMARY

This report describes field studies to investig&te high-speed
passingvmaneuvers ﬁnder highway conditions. The specific goals were:
to examine passing behavior on rural two-lanejhighways§>t04coprglate
study parameters with the various passing sight distance design criteria
in use; and to develop, where appropriate, passing sight distance désign

 standards compatible with current operating condifions. Of primary
concefn were passing ﬁaneuvers on highways with operating speeds of
50 to 80 mph.

The current standards for design and striping are dritically
evaluated with particular emphasis given to the inequities betwéen
‘design and operations. From this evaluation, and based on the operating
-characteristics of the paséing maneuvers observed in the field studies,
a new coqcept is presented that integrates design and striping to

accomodate the safety and operational aspects of the passing maneuver.

DESIGN AND STRIPING PRACTICES EVALUATED

Current standards for designing passing sight distance and fof
striping rural two-lane highways to restrict passing are based on
different criteria. Passing sight distance is designed using "A Policy
on Geometric Design 'of Rural Highways', whereas no-passing zohes are
set using the 'Manual on Uniform Traffic Control Devicés for Streets
and Highways." Unfortunately, the striping operation is’done "after
the fact." That is, the no-passing zones are determined after the

highway is constructed, when alignment changes are economically unfeasible.
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In a sense, design and operations cannot be separated because the
design is planning for the operations. The interaction between driver,
vvehicle, and roadway is com@lex. Designing to accommodate the driver in
this interrelated system is difficult Becausebof no "allowable stress"
values for humans. Nor can a driver's response to a particular stimulus
be predicted with the accuracy of that of a beam tova'load, a pavement
to load repetition, or other phenomena where the laws of physics apply.
Therefore, manyvaspects of highway désign must be based on statisticai
evaluation of operational history. .

Changes in operating characteriétics due to improved vehicles and
highways affect the basis of highway design.  These changes do not
alter the design g&als -- efficiency, safety, economy, and coﬁvenience -
but they do élter the interfaces in satisfying these goals. To provide
the driver with‘a safe highway, and equally important, the sense of
security he enjoys by believing the highway is safe, two things can be
done. Either geometric design must be flexible enough to reflect these
changes, or the design approach must consider and‘provide for all aspects
of intended operations;

The passing méneuver is one of the most Hazardous operations on
a two-lane highway. The performance of this maneuver is one of the few
conditions where a driver may legally operate in the left lane of a two-
lane highway, and in so doing, create a potential head-on collision. Yet
» proviSiqns must be made so faster vehicles may safely pass slower vehicles,

if efficient highway operations are to be maintained.



Tb provide the passing driver adequate sight distance and passing
distance, the élements comprising the maneuver must be assessed from a
safety viewpoint, and the criticél elements combined in a compatible
design. What is the critical condition in a passing maneuver - é-
completed pass or an aborted pass? What distances are traveled during -
‘the perception-reaction time, while the passing vehicle occupies the
left lane, or by an opposing vehicle? At what point in the maneuver
does the passing driver need the greatest sight distance? What "design
speed" should be used? The answers to these questions are the inputs

for formulating safe passing sight distance design standards.

SIGHT DISTANCE REQUIREMENTS

Current design standards are based oﬁ studies conducted from 1938
to 1941. The minimum passing sight distances for two-lane highways
were determined aé the sum of four‘eleﬁents. From these stﬁdies of
actual passing maneuversAon rural highways, distance values were
establiéhed'for the four elements of the maneuver - the perception-
reaction distance, dl’ and left-lane distance, d2, the clearance
distance, d3, and the distance'traveled by an opposing ?ehicle, d4.

Once he has started a passing méneuver, the driver has only two
altérnatives -~ complete fhe maneuver, or abort the maneﬁver by returning
to the right lane behind the véhicle he intended to pass. Assuming the
passed vehicle maintains a conétant speed, there is a point where’the
time to complete the maneuver is equal to the time to pull back. This

critical condition occurs about when the two vehicles are abreast. At
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this position the driver is forced to make a decision that affects the
éafety of the remaining portion of the ﬁaneuver.

The objective of passing sight distance design is to provideipassing
zones where maneuvers hay be safely completed rather than aborted.
Therefore, the critical completion distance is one of the elements to
bé included in the design. ThevdiStance required to complete the
maneuver from the critical position is about 2/3 dz; If the speed.of
the opposing vehicle and the passing vehicle are equal, the o?posing
vehicle also travels 2/3 d2. Including an adequate clearance distance, 
d3, the minimum sight distance required for safe operations is 4/3 d2 + d3.

The hazard associated with the passing maneuvér arises when there
is insufficient distance to complete the maneuver if an opposing
vehicle is perceived at the critical position. The critical position
can occur anywhere throughout the passing zone. To provide a safe
"recovery zone" for the passing driver who faces the critical condition
at the end of a passing zone, the minimum'sight distance, 4/3 d2 + d3,
must be prbvided throughout the passing zone. This philosophy approaches
the long zone passing concept because it provides a safe recovery area
in a no-passing zone, but does not encourage drivers to initiate a
passing maneuver at the end of a passing zone. Under accepted enforcement
practice, completion of the maneuver in the no-passing zone would be
illegal, but this striping practice would reduce the head-on collision

hazard.

DESIGN SPEED

A basic inequity between design and operations is that the assumed

speeds used to establish the distance elements are lower than the
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highway design speed. For design speeds greater than 50-mph, the passing
speed is assumed less than the design speed, with this difference
increasing as the design speed increases. Existing standards specify,
for a 70-mph.design speed, a passed Vehiéle speed of 54-mph and a
passing speed of 64-mph. Interpreted literally, a 70—mph passing

sight dlstance design is, in fact, a 64—mph design. |

New stopping sight distances standards are determined assuming that
the vehicle travels at the design speed. This approach is compatible
with the "design" concept in engineering practice. Designing for the
passing maneuver is more éritical than étbpping sight distance due to
increasing speeas rather than decreasing speéds throughout the maneuver.
In the passing maneuver, the passing driver is maintaining a relatively
high speéd or accelerating. Yet, in designing passing sight distahce,
the passing and passed vehicles are assumed to be traveling less than
the design speed. The speed of the passed vehicle is assumed to be
the average running speed at a traffic volume near designvcapacity;
and the speed of the passing vehicle is assumed 10 mph greater.

Since the passing maneﬁver represents one of the most hazardous
operations on a two-lane highway, it is logical, from a critical design
standpoint, that the sight distance elements be determined on the basis
of the passing vehicle traveling at design speed. Also, to place all
elements of the maneuver on a common basis, it follows that the opposing

vehicle also should be considered traveling at design speed.

PASSING ZONE LENGTHS

Passing sight distance design is determined on the basis of sight
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distance between two vehicles approaching each other at opposite sides
of a crest vertical curve. A much more common situation occurs when
sight distance on one crest is limited by the next successive crest

in rolling terrain. Often, the driver experiences a Series of short
passing zones through the sags and is immediately faced with a no-passing
zone as he approaches each crest, No provision is made in the current
design standards to prohibit this occurrence. Thése.standards specify
that‘certain sight distances be provided for particular design speeds,
but do not specify the length through which this sight distance mnust
be ma&e available. In other words, a section of highway could be
designed for the required sight distance at the crest of a vertical
curve, and very shortly thereafter the available sight distance could
decrease to less than the design requirement.

Presently, the length of passing zones or the minimum distance
between successive no-passing zones is specified as 400 feet in the
MUTCD. This distance is not sufficient for modern high-speed passing
maneuvers.

A desirable minimum length of passing zone for operations includes
the perception-reaction distange, dl, and the left lane distance, d2.

If the maneuver is initiated at the beginning of the zone, this distance
permits the passing driver to abort the maneuver if an opposing vehicle -
is perceived at or before the critical position. This length also
permits the completion of a maneuver within the passing zone if the
opposing vehicle is perceived after reaching the critical position. If

the critical distance elements are used, 85 percent of the desired passes
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that do not have an opposing vehicle in view may be completed within

the zone if the maneuver is started near the beginning of the zone.

FIELD STUDIES

A movie camera mounted in an observation box on the bed of a
pickup truck was used to photograph passing maneuvers at three study
sites. Passing situations were created with an impeding vehicle
traveling at a predetermined speed.

The observation vehicle moved in behind a subject vehicle as it
passed, about two miles upstream from the study site. As these two
vehicles approached, the impeding vehicle, stationed on the shoulder
near the beginning of the no-passing zone preceding the study site,
moved out and impeded the subject vehicle. Filming was initiated as
the three vehicles reached the study site.

Approximately 3000 subjects were tested. Of this number, about
500 completed passing maneuvers were filmed. Impeding speeds were 50,
55, 60, and 65 mph. |

Each study site was marked with stripes placed perpendicular to
the centerline at 40-foot intervalé. This reference system allowed
the determination of the speed and distance elements of the passing.
maneuver by analyzing the film on a Vanguard Motion Analyzer.

Cumulative percentiles of measured speed differentials were plotted
for each impeding spged. The 15th percentile was selected as the critical
condition.  This ﬁritical differential was found to decrease as impeding
speed increased, ranging from about an 1ll-mph differential at 50 mph

to a 7-mph differential at 65 mph.



Twelve best-fit relationships were obtained by plotting passing
speed against the distance elements dl’ d2, and d4 for each of the four
impeding speeds.  The relationships betwéen each of fhese distance |
elements and design speed were then obtained by a best-fit plot through
‘the four points representing the distance element at the passing speed
equal to the impeding speed plus the speed differential. The relationshipsv
established’betﬁeen these diStancé elements and design speed were féund

to be similar to those used in current passing sight distance standards.

IMPLEMENTATION

Table S-1 presents the proposed passing sight distance and passing
zone length standards for designing and striping passing zones. These
values are bésed on the analysis of the field measurements usingkthe
p?Oposed design conceﬁt.

Examination of the proposed standards in Table S~1 revéals
several important factors to be considered in passing sight distance
design. For every design speed, thé passing sight distance at the
beginning of the zone exceeds the current AASHO standard. To determine
the a§ailable sight distance at the beginning of a zone, the end of the
passing zone is established by finding the point on the profilé where
sight distance is limited to 4/3d2 + d3; then the beginning of the
passing zone is located upstream from this point a distance equal to or
greater than the minimum passing zone length of dl + d2' The sight

distance at the beginning of the zone must, therefore, be at least the

sum of these two distances, or dl + 2.33d2 + d3.
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TABLE S-1

PROPOSED STANDARD FOR DESIGN
AND STRIPING PASSING ZONES

Desirabie

Minimum Sight Minimum Sight Minimum

Distance Distance at Length of

Design Speed Throughout Zone Beginning of Zone Passing Zone -

(mph) (ft) (ft) (ft)
50 1135 2020 885
60 1480 2665 1185
65 1655 2990 1335
70 1825 3310 1485
75 2000 3635 1785
80 2170 | 3955 1935
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Using the 70-mph design speed to illustrate, another design
consideration is revealed in Table S-1. If the spacing between
successive crests is greater than 3310 feet, adequate sight distance
and passing zone length are autométically provided in the sag. If,
however, the distance is slightly less than 3310‘feet, and neither
crest affords 1825 feet of sight distance, an adequate passing zone
does not exist. In this case, a passing zone can be provided by minor
adjustments to thebgrade lines.

Historicélly, vertical profiles have been established by the
economic considerations of earthwork. Although the balance of cut and
fill is important in establishing profilé; it is péssible that a
substantial improvement in traffic efficiency may be attainedkby minor
adjustments in grade. Flattening grade iines in a sag,bin effect,
moves both crests outward.

From these considerations, proper passing sight distance in gently
rolling terrain is glearly influenced by profile establishment. Computer
programs are used widely to establish profile. It is suggested that
cost-effectiveness techniques can be incorporated to determine the
benefits derived from grade adjustments for reasons other than earthwork
balance.

Another consideration in design is the determination of optimum
lengths of passing zones. Limited studies have indicated that
utilization is very low for passing zones shorter than about 900 feet
based on the current MUTCD standard of 1200 feet sight distance.

Obviously, there exists a passing zone length that many drivers will
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consider inadequate for the performance of a safe passing maneuver.
If the acceptable length is greater than the design minimum; there
would be little utilization of the zone, and its presence on the
facility would not contribute to operational efficiency. Additional
research is obviously warranted to provide the necessary data for

cost-effectiveness evaluations.
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[, INTRODUCTION

Current standards for designing passing sight distance and for

~ striping a fqral two-lane highway tq»restrict passing are based on
different criteria. Passing sight distance is designed using "A Policy
on Geometric Design of Rural Highways" (1), whereas no—passing‘zones
are:established using the Manual on Uniform Traffic Control Devices for
Streets aﬁd Highways (MUTCD, 2). Unfortunately, the striping operation
is generally done "after the fa;t."’ That is, the no-passing zoﬁes are
actually determined aftér the‘highway_has beeh constructed, when align-
ment changes are economically unfeaéible. A mofe compatible sequence
would include a design and striping concept that integrates safety,‘
opergtions, and legality.

A state—of—the—art evaluation (§) indicated that current standards
do not provide adequate factors of safety for operational characteristics
found on modefn high-speed highways. _Examination of the state-—of-the-art
and practice revealed several questional features of the criteria,

1. Many of the values used in establishing.passihg
sight distance standards are based solely on studies
conducted between 1938 and 1941. Although the
state of knowledge concerning highway design, driver
operating characteristics and safety requirements

has expanded, these criteria have remained virtually
unchanged.

2, Use of assumed speeds somewhat lower than the highway
design speed does not represent the critical passing
situation under current high-speed operating conditioms.

3. Use of the 10-mph speed differential between passing
and passed vehicle to extrapolate passing sight
distances for the higher speed groups may not be
applicable to current passing characteristics.,



4. Current striping specifications for no-passing

’ zones are identical to those outlined in the 1940
AASHO Policy. Striping practices established for
the 1940 operating conditions are highly question-
able for current highway operation. Most impor-
tantly, there appears to be a definite lack of
correspondence between design and operatioms.

This repoft'describes field studies to investigate high=-speed
passing maneuvers under highway conditions. The specific goal was to
examine passing behavior on rural two-lane highways; correlate study
parameters with the various passing sight distance design criteria in
use; and develop, where appropriate, ﬁassing sight distance design
criteria that are compatible with current operating conditions. Of
primary comncern were passing maneuvers on highways with operating speeds
in the 50 to 80 mph range.

The current standards for design and striping are critically evaluated
with particuiar emphasis given to the inequities between design and
operations.- From this evaluatioh, and based on the operating charac-
teristics of the passing maneuvers observed in the field study, a new

concept is presented that integrates design and striping to accomodate

safety, operational, and legal aspects.



11 CURRENT PRACTICE

Current standards for designing passing Sigﬁt diStanééfand for
striping a rural two-lane highway to restrict_passing‘arg based on
-different criteria.k fassing sight distanée is’designéd ﬁsing “A Policy
on Geometric ﬁesign of‘Rural Highways"»(l), whereas no-passing zones
are established.using.the "Manual on‘Uﬂifdrﬁ Traffic Control Devices
for Streets and Highways." (2) Unfortunately, the striping operation
is done "after the fact." That is, the no—bassing zonés_are acfually
‘determined after the highway"has been constructed when aliggment»an&

profile changes are economically uﬁfeasible.

DESIGN STANDARDS

- Current deéighaétandardsma:eibased primarily on the results of
field studies conducted from 1938 to 1941. From these studies of
actual passiﬁg maﬁéu?ers on rural highways, cértain distahée values
were established for the four elementsbof the maneuver - the perception
and reaction distance, dl’ thé left-lane &istanee,idz,vthe clearance
distance, d3, and the distance traveléd by an approaching vehicle, d4.
The elements of passing sight distance are shown in Figure 1. The
minimum passing sight distance for two-lane highways is determined as

the sum of the four elements.:

DESIGN CRITERIA

The current AASHO design criteria for computing minimum passing

sight distance are based on certain assumptions for traffic behavior.
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These are outlined below: ey
1. The overtaken vehicle travels at uniform speed,

2. The passing vehicle has reduced speed and trails the
.overtaken vehicle as it enters a passing section.

3. When the passing section is reached, the passing driver
requires a short time to perceive the clear passing
section and react in starting his maneuver.

4., Passing is accomplished under what may be termed a delayed
start and a hurried return in the face of opposing traffic,
The passing vehicle accelerates during the maneuver and
its average speed during the occupancy of ‘the left lane
is lO mph higher than that of the overtaken vehicle.

- 5. When the passing vehicle returns to its lane there is
- a suitable clearance length between it and an oncoming
~vehicle in the opposing lane.

While some 6f these assumptions are valid for current high-speed
operations, an examination of the state-of-the-art indicated that
criteria based on these assumptions do not provide adequate safety
factors for modern high-speed facilities. The above assumptions represent
a logical basis to analyze and design for the passing maneuver. Several
inequities exist between design and actual designation of passing (or
no-passing) zones, No provision exists to establish a length over which
the design passing sight distance must be made available to the passing
driver. Assumed speeds considerably lower than design speed are used

in design. The speed differential between the passing and passed vehicle

is assumed to remain constant for all maneuver speeds.

PASSING ZONE LENGTH

Passing sight distance for design is determined on the basis of

sight distance between two vehicles approaching each other on opposite



slopes of one crest vertical curve. Obviously this represents a critical
condition, and should be considered when sight distance is limited only
by an occasional crest vertical curvé in genefally flat terrain. A much
more common situation occurs when sight distance on one crest is limited
by the next successiﬁe crest in rolling terrain. Often the driver
experiences a series of short passing zones through the sags and is

" immediately faced with a no-passing zone as he approaches each crest.

No provision is made in the current design standards to prohibit this
occurrence. Design standards specify‘tﬁat certain sight distances be
provided for particular design speeds, but the‘standards do not‘specify

* the actual length through which this Sight distance must be made available.
In othef words, a section of highwéy could be designed to provide the
required sight distance at the.crest of a verticallcurve, and very
-shortly thereafter the available sight distance might decrease to léss
than the design requirément. Although this is undesirable from an
operations aspect, it is allowable With'present design standards.

There is a distinct difference between passing sight distance and
passing zone.length. Presently, the length of passing zones or the
minimum distance between successive no-passing zones ié specified in
the MUTCD as 400 feet. This does not represent a distance suitable

for modern high-speed passing maneuvers (4).

ASSUMED SPEEDS

A second basic inequity between design and operations lies in the
use of assumed speeds lower than the highway design speed under current

design standards. For design speeds of SO-mph and less, the passing



vehicle is assumed to be traveling at a speed in excess of the design
speed. For design speeds greater than 50-mph, the passing speed is
assumed to be less than the design speed with this difference increasing
as the design speed increases. Existing standards specify for a 70-mph
design speed, a passed vehicle speed of 54~mph and a péssing speed of
64-mph. Interpreted literally, this would indicate'that, a 70-mph design‘
paésing sight distance design is, in fact, a 64-mph désign.

In most engineering fields, the term "design value'" connotes
"eritical Value," or the most severe situation that can reasonably be
expected to occur in operation. In structural design, the design loads
represent the critical expected combination of livé and dead loads.
Suitable safety factors are then applied.

Minimum stopping distances on dry pavement are determined assuming
the vehicle to be traveling at the design speed. This approach is
compétible with the "design' concept in engineering practice. Designing
for the passing maneuver is more critical than stopping distance design
due to increasing speeds rather than decreasing speedé throughout the
ﬁaneuver. In the passing maneuver, the passing driver is maintaining a
relatively high speed or acceleratiné. Yet, in designing passing sight
distance, the passing and passed vehicles are assumed to be traveling
less than the désign‘speed. The speed of the passed vehicle has been
assumed to be the average running speed at a traffic volume near design
capability; and the speed of the passing vehicle is assumed 10 mph

greater.



Historically, highways have been designed for speeds greatér than
the initially planned posted speed. Therefore, drivers obeying the
pqsted speed limit were considered to be operating safely. As speed
limits were increased, considerable modifications to alignment and
profile ﬁere required to provide safety for the higher operéting speeds
that accompanied the increase. The concept of designing highwayé for
greater than existing speed limits can be argued pro and con, partiéularly
for the lower design speed highways which normally carry low volume
traffic. The difference between design speed and assumed speed is not
nearly so critical for the lower design speeds as it is for the désign
speeds in excesé of 60 mph.' Use of assumed speeds somewhat lower than
the highwgy design speed becomes more incompatible with current
operating speeds for the higher speed:passing maneuvers. Studies (5)
conducted in 1968, indicated that the average 85th perceﬁtile speed on
all major highways in Texas was 70 mph and the 15th percentile speed
was 54 mph. It is interesting to note that the assumed passed vehicle
speed for current 70 mph sight distance design corresponds to only
the 15th percentile operating speed.

The important point is that drivers on modern rural highways tend
to establish their own "safe' speed. This speed is limited tb the
posted speed only by the threat of a citation for exceséive speed.

The speed limit for many rural two-lane highways throughout the country
is 70 mph. Glennon (6) concluded that under the present driver-vehicle~
roadway configuration, operating speeds above 70 mpﬂ are not desirable.

He further concluded that until geometric design criteria can be



established’on an objective basis and integrated into a systematic
approaéh, the use of a design speed that is 10 mph greater than the
planned operating speed is recommended.

It is apparent from the 1968 speed study (5) that many passing
méneuvers are being performed at spéeds greater than 70 mph if the
10-mph speed differential between passing and passéd vehicle is’valid.
Under current passing sight distance standérds, the minimum design
speed to permit safe opérations would be 80 mph. This would also
agree Wiﬁh Glennon;s conclusions assuming that postéd speed limit
was 70 mph. Under current standards, design speeds of 75 and 80 mph
aré applicable only té highways with full control of_acéess or where
such control is planned in thévfuture. Therefore, it would appear
that the assumed speeds for 'design speed“ are not compatible with
operating speeds. A design approach using the passihg vehicle speed

as design speed is discussed in the following section of this report.

STRIPING STANDARDS

The 1971 MUTCD specifies that a veftical or horizontal curve shall
warrant a no-passing zone and shall be so marked where’the sight distance
is equal to or less than that listed in Table 1 for the prevailing
(offpeak) 85th-percentile speed. Sight distance on a vertical curve
is defined as the distance at which an opposing vehicle 3.75 feet above
the pavement surface can just be seen by a passing driver 3.75 feet above
the pavement.

The reasoning fo; selecting these minimum sight distances is not

stated in the MUTCD, nor is the source given. However, MUTCD distances



TABLE 1

MINIMUM SIGHT DISTANCES FOR
STRIPING NO-PASSING ZONES

85th " 1971 MUTCD
Percentile Speed Distance
(mph) (ft)
30 500
40 600
50 800
60 ' ‘ 1000

70 | 1200
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are identical to those presented in the 1940 AASHO publication, "A
Policy on Criteria for Markingyand.Signing No—Passing‘Zones or Two-

and Three Lane Roads" (7) which outlines the basic assumptions for
establishing stfiping practice. The 1940 AASHO Policy stated that

if a highway were striped in accordance with distances uéed in design
(based on the delayed passing of a vehicle traveling 10 mph less than
the assumed design speed of the highway in the face of opposing traffic
traveling at the design Speed);‘passing'would be restricted when it
could frequently be accomplished with safety ﬁnder one or more of the

following conditions:

‘1. The passing vehicle may not be delayed or
slowed down to the speed of the overtaken
vehicle. ' If the opposing lane is clear,
the overtaking vehicle may pass at a
higher speed, thus reducing time and
distance to pass.

2. The overtaken vehicle may be traveling at
a speed slower than 10 mph less than the
assumed design speed of the highway. The
average speed of travel, particularly on
the 60- and 70-mph highways is slower
than 10 mph less than the assumed design
speed, and overtaken vehicles are likely
to be traveling at speeds less than
average.

3. The opposing vehicle which appears after
the passing maneuver has begun may be
traveling slower than the assumed design
speed of the highway. It is more likely
to be traveling at the average speed.
The 1940 Policy stated that the minimum sight distance on which to base

restrictive striping should, therefore, be a compromise distance based

on a passing maneuver such that the frequency of maneuvers requiring
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shorter sight distances was not great enough to seriously impair the
usefulness of the highway. The minimum striping sight distance and
corresponding assumed design speeds presented in the 1940 AASHO

Policy have been unchanged since then.

EXAMINATION OF STRIPING CRITERIA

Although it is desirable from a safety aspect to allow passing only
when the desigﬁ_sight_distance is available, it is realized that a
passing maneuver can be safely performed under certain circumstances
in a lesser distance. The 1940 AASHO Policy‘reasoning that the minimum
passing sight distance should be a compromise is logical from an
operational aspect. This minimumvdistance can be determined by analyzing
the vérious distance elements in the passing maneuver and seieéting the
combination necessary for safe‘operations.

Of course the absolute minimum passing distance would be the length
in which it is physically possible to execute a passing maneuver. This
would be merely the left—lane distance, assuming no perception-reaction
time (the driver crosse@ the center line at the end of the yellow stripe),
and no clearance distance between the passing vehicle and an approaching
vehicle. Obviously this would produce knife-edge design and would be
unsafe in a majority of circumstances. The next best assumption would
include some additional distance for pergeption—reaction'andkclearance’
distance.

Although not stated in the MUTCD, it appears that this type of
reasoning may have formed the basis for selection of the minimum sight

distance requirements shown in Table 1. The minimum distances for each

12



85th percentile speed can be approximated by,Summing the AASHO perception-
reaction distance, dl’ the left-lane\distance,'dz, and the clearance
distance, d3,vif the 85th pefcentile distance is assumed to be design
speed as shown in Figure 1. In each case, however, the MUTCD miﬁimum

sight distance is less than the sum of these three distance elements.
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ITT, CONCEPT FOR INTEGRATED DESIGN

In a sense, design and operations cannot be separatéd bécéuéé ﬁhe
design is planning for the operations. The interaction between driver,
vehicle, and roadway is complex. Designing to accommodate the driver in
this interelated system is made more difficult because there are no
"allowable stress"»values for humans. Nor can a driver's response to
a particular stimulus be predicted with the accuracy of that of a beam
to load, a pavement to load repetition, or other phenomena to which the
laws of physicé épply. Therefore many aspects of highway design must be
based on statistical evaluation ofvoperational history.

Changes in driver characteristics due‘to improved vehicles and
highways affect the basis of highway design. These changes do not
alter the design goads ~- efficienty, safety, economy, convenience,
capacity and others -- but they will alter the interfaces in satisfying
these goals.' To provide the driver with a safe highway, and equally .
important, the sense of security he enjoys by believing the highwéy to
be safe under current operations, two things can be done., Either
geometric design must be flexible enough to reflect these changes, or
the design approach must consider and provide for all aspects of
intended operations.

The paséing’maneuver is one of the most hazardous operations that
a driver undertakes on a two-lane highway. The performance of this
maneuver represents one of the few conditions where a driver may

legally operate in the left lane of a two-lane highway, and in so
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doing, create a potehtial head-on collision. Yet it is accepted that
provisions must be made ﬁhereby faster vehicles may safely pass slower
moving vehicles if efficient highway operations are to be maintained.

To providé the passing driver sufficient sight distance and passing
distance in which to performba safe passing maneuver, the elements
comprising the maneuver musf be assessed f:om a safety viewpoint, and
the critical elements combined in a compatible design. What is the
critical condition in a passing maneuver - a completed pass or an
aborted pass? What distances are traveled during the perception-
reaction time, while the passing vehicle occupies the left lane, or
by an approaching vehicle? At what point during the maneuver does
the;passing‘&river require the greatest sight distance? What "design
speed" should be considered? These questions énd others represent
the‘inputs in formulating a totai design aﬁd a basis of evaluation for
the current passing sight distance standards. The answers to these
and other rglated questions will provide a safe design for passing
sight distance.

Included in this section éf the report is an evaluation of the
passing maneuver froﬁ an operational aspect. It forms the nucleus of
a suggested passing sight diétance design approach based on the
performance of a safé passing maneuver under current high-speed
highway operations. Passing maneuvers under actual highway conditions
were‘photographed and analyzed to provide operational data to evaluate
current passing sight distance design standards and values for the
suggested design approach., The field studies are diécussed in Section

IV of this report.
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CRITICAL POSITION DURING PASSING MANEUVER

Once he has initiated a passing maneuver, the passing driver has
only two alternatives ~ complete the maneuver, or abort it an&breturn
to the right lane'behind the vehicle he intended to pass. Assuming
that the passed vehicle maintains a constant speed, there exists a
point at which the time to complete the maneuver is equal to that of
returning to the right lane behind the passed vehicle. . This point
differs for each speed of passing and passed vehicle.

In establishing the current criteria for passing sight distance
design standards, this phenomenon was considered. The critical
condition during the maneuver was considered to occur when the passing
and passed vehicles were abreast, because at this position, the passing
driver must decide whether to complete or abort the maneuver. Figure 2
shows the relative positions of the vehicles for the two alternatives.
The critical condition is assumed to occur when the two vehicles are
abreast at Point C. In either case, the passed vehicle will be at

‘Point E when the approaching vehicle is at Point H., If, at Point C,

the passing driver perceived an approaching vehicle and decided to
complete the maneuver, he would travel a distaﬁce CF before returning

to the right lane. The resulting clearance distance between the passing
and approaching vehicle would be FH, On the other hand, had the passing
driver aborted the maneuver and returned to the right lane behind the
passed vehicle, the distance traveled in the left lane would be CD

resulting in a much greater clearance distance, DH. Since the time in
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both cases is constant, the completed maneuver‘produces the more critical
condition. The objective of passing sight distance design is to provide
passing zones in which maneuvers may be safély completed rather than
aborted. Therefore, the critical completion distance, CF becomes one

of the distance elements to be includéd in the safe design.

Based on field studies of passing maneuvers in 1938, it was deter-
"mined that the distance required to complete the manéuver from the
critical abreast position was approximately two-thirds of the total
left lane distance, d2. As will be discussed in more detail in a
later section of this report, this approximation remains valid for

current operating conditioms,

DESIGN SPEED

As mentioned previously, the passing maneuver represents one of
the most hazardous operations that a driver must perform on a two-
lane highway. As such, from a critical design standpoint, it is logical

that distance elements be determined on the basis of a passing vehicle
traveling at the design speed rather than a lower assumed operational
épeed. This is analogous to stopping sight distance design for dry
pavement conditions, To place all elements of the maneuver on a common
design base, it follows that an approaching vehicle should be considered
to be traveling at the design speed.

Current standards are based on a 10-mph speed differential between
passing and passed vehicle., As will be discussed in more detail later,
this criteria does not reflect current operations, particularly in the
higher speed passing maneuvers. The extrapolated passing sight distances

for the higher speed maneuvers are based on a constant 10-mph speed
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differential whereas the field studies indicated that the speed .
differential decreased as the passing speed increased. By establishing
design criteria based on the passing and approaching vehicle traveling
at the design speed, and incorporating the effect of the vgrying speed
differential on an 85th percentile basis, passing sight distance design
becomes more meaningful. From this respeét, passing speed, approach

vehicle speed and design speed become synonomous.

MINIMUM LENGTH OF PASSING ZONE

Passing distance and péssing sight distance are not one and the
same. Obviouslyba passing drivér should be provided more sight
disﬁance than the minimum distance in which he can. physically éerform
a passing maneuver if he is to perceive and réspond to the presence of
-an ofposing vehicle after he'initiates'the maneuver., A desirable
minimum length of passing zone for operations would include the
peréeptioﬁ-reactibn distance, dl’ and the left lane disténce, d21
If the maneuver is initiated at the beginning of the zone, this distance
would permit the passing driver to’abort the maneuver if an appfoaching
vehicle is perceived at or before reaching the critical position as
shown previously in Figure 2. Also, it would permit a completed
maneuver if an approaching vehicle is perceived after the paséing
drive£ has reached the critical position. |

It is importént to realize that the minimum passing zone lengths
stated above would provide safe operational distances only if the

passing driver was provided sufficient sight distance throughout the

passing zone.
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SIGHT DISTANCE REQUIREMENTS FOR SAFETY

At what distance must a passing'driver.perceivé an approaching
vehicle if he is‘to safely complete his maneuver? The distance
required to complete the maneuver from the critical position is closely
approximated by 0.67 d2. If the speed of the approaching vehicle and
the passing vehicle are equal, the approaching vehicle' travels an
equal distance, 0.67 dz. Including an adequate clearance distance,
d3, the minimum sight distance required for safe operations would
become 4/3 d, + d3.

The hazard assogiated with the passing maneuver arises when there
is insufficient distance to complete the maneuver if an approaching
vehicle is pefceiQed at the critical position. The critical position
can occur anywhere throughout.the passing zone. This can, and often
does, occur if the passing driver does not realize that he is
approaching a no-passing zoneiwhen he initiates his pass. If he reaches
the critical poéitibn at or néar the end of the passing zone, he must
immediately decide to complete the‘maneuver or abort. In either case,
he would be forced to encroach on the no~-passing zone.

To provide a safe “recovery zone'" for the passing driver who is
placed in the ;ritical,position at the end of a passing zone with an
approaching vehicle, the minimum sight distance, 4/3 d2 + d3, must be
provided throughout the entire passing zone. This philosophy approaches
the long zone passing cohﬁeﬁt to a certain degree in that it provides
a safe recovery aréa in # ﬁo-passing zone, but does not necessarily

encourage drivers to initiate a passing maneuver at the end of a passing
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zone. Under accepted enforcement practice, complétion of the maneuver
in the no-passing zone would be illegal, but this design practice would

reduce the head-on collision hazard.

SIGHT DISTANCE DISCLOSURE

The manner in which sight distanqe becomes available to a driver
‘as he traverses a crest vertical curve or through a series of crests
and sags is shown schematically in Figure 3. This patterh is quite
represehtative of sight distance disciosure for gently rolling terrain.
As the driver apﬁroaches the crest of the cufve (foint B) through a |
no-passing zone, available sight distanceAis limited by the crest
vertical curve on which he is driving. Shortly before reaching the
crest, the available sight distance increases almost instantaneously.
Siéht distance is no longer restricted by .that crest, but by the next
cfest vertical curve downstream. Lt there is né subsequent crest,
sight distance at Point B becomes virtually unlimited. However, in
gently rolling terrain, as shown in Figure 3, short passing zones
usually occur in the sags. As the driver’travels through the passing
zone, the available sight distance decteases, limited by the impending
crest. This pattern of sight distance disclosure is repeated as the
driver travels along the highway.

Under existing passing sight distance standards, minimum sight
distances are spegifiéd_for particular design speeds. These distances
apply at the beginning of a passing zone (Point B, Figure 3), but no
length is specified over which this sight distance must be made

available. Employing the concept developed in this report, the sight
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distance required at the downstream end for safe recovery is

established as 4/3 d2 + d The minimum length of passing zone is

3
established as dl + d2. Therefore the minimum available sight distance

at the beginﬁing of the zone is established as the total of these

distances.

SUMMARY OF DESIGN CONCEPT

The design concept developed above is based on an evaluation of
the sight distance requiremeﬁts and operational.distances for the
performance‘bf safe passing maneuvers. The cohcépt combines the
safety requirements for sight distance and the operational requirements
for passing distance. Current practice involves design of passing sight
distance and determination of no-passing zones on the completed highwaj.
The concept developed here integrates the requirements for passing
sight distance and éassing:zone length for both design and operations.
It is in the design stage that profile and alignment‘can be most easily
adapted to provide the operational requiréments.
The concept is summarized below:
1. Design speed, passing vehicle speed, and
approach vehicle speed are synonomous .
2. The minimum length of a passing zone is
d, + dé’ where

1

a4

4

3. The minimum sight distance at any point

perception-reaction distance

]

left-lane distance
thrdughout the passing zone is 4/3 d, + d3.
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4, The minimum available sight distance at the
beginning of the passing zone would-become the
‘sum of the minimum passing zone length and
the minimum sight distance: therefofe, sight‘

distance = d, + 2.33 d2 + d

1 3"

FIELD MEASUREMENTS

Passing maneuvers under actual highway conditions were photographed
to obtain operational daté with which to determine the distance elementé
described above. Of primary concern were passing maneuvers on highways
having opérating speeds within the 50 to 80 mph range. The field
studies are described in Section IV of this report and the results are

evaluated in the subsequent sections.
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IV, FIELD MEASUREMENTS

Thé general methodology involved the use of an impeding vehicle
and an observation vehicle equipped with a 16-mm movie camera, Subject
drivers approaching the study sites through a striped no—paésing zone
were impeded at selected speeds By the impeding vehiqle. The observation
vehicle followed immediately behind the subject driver. Upon entering
the passing zone, the impeding vehicle maintained a constant speed while
the subject's passing maneuver was photographed from the observation
vehicle.

Indluded in this section are descriptions of the study sites, .
the equipment used, and the procedure followed and‘a discussion of

the operating characteristics for the study sectionms.

SITE SELECTION AND DESCRIPTION

Three study sites having passing zones of 1360, 1630, and 2680 feet
in length were selected within a 20-mile radius of College Stationm,
Texas. Geometric details of the study sites are shoﬁn in Figures 4
through 6.

The study sites were selected to be free of external distractions
that might'affect the driver's normal operating proéedure. That is,
the driver was not subjected to drastic changes in environment,
horizontal alignment, or cross-section; nor were tﬁere any intersections,
railroad crossings, narrow bridges or other such unique features. Each
site was preceded by several miles of relatively unrestricted geometry.

Drivers approaching each site, therefore, had become accustomed to’
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relatively unrestricted'passing opportunities and, with minor exceptions,
to free—flowing traffic conditions. |

Prior to each study zone, drivers were restricted from passing by
a double~yellow barrier stripe.‘ No%passing zone lengths for the
respective sites were 1770 feet, 2600 feet, and 3000 feet;bbAll double~
yellow pavement striping was existing marking; no false»striping was‘
placed to prbVide an impeding zone. Careful attention ﬁas direéﬁéd
toward the séleétion of sites that gavé drivers no advance warﬁing of
an impending passiﬁg zone, Each péssing zone began on the downgrade
of a crest, extendéd through a sag, and terminated on‘the upgrade of the
next cfest. The passing zone in Site P-2 differed from the other two
sites in that it contained a fight horizontal cur&e of approXimatel&
two degrees. |

Sites P-2 and P-3, located on State Highway 6, had similar cross-
sectional characteris;ics. Each contained 13-foot asphaltic concrete
travel lanesrand 8-foot asphalt shoulders. The right-of-way received
normal maintenance from the Texas Highway Department, was clear of
all large vegetation, and was mown throughout the study-area. Horizontal
alignment wasvrelatively straight.

Site P-1, located on State Highway 21, differed from Sites P-2,
and P-3 in cross-section, Travel lanes were 12 feet in width and, in
genéral, né paved shoulderé weré presént. An aspﬁaltic concrete
shoulder existed throughout the passing zone on only one side, but
terminated shortly thereafter. The right-of-way was well-maintained
throughout the sﬁudy area, The approach to Site P~1 differed from the

other two sites. Whereas, Sites P-2 and P-3 were restricted from view
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to an approaching driver by rolling vertical alignment, Site P-~l was
restricted by a horizontal curve immediately prior to the vertical
curve on which Site P—i began,

Figures 7, 8, and 9 show detailé of the study'sites and present

views of the roadway as seen by a driver traveling through the sites,

CALIBRATION MARKING

To permit film data feduction, a system of reference calibration
marks was placed throughout each study site. Two-foot sections of
6-inch wide white fefleétorized tempofary pavement striping tape
were placed transverse to énd on 40-foot centers along the highway
centerline. Calibration markings extended throughout the passing
zone and for approximately 400 feet at each egd of the zone. Markers
can be seen in Figures 7, 8, and 9,

The reference marks served several functioms. Théy proyided a
common reference point to begin photographing the passing maneuver.
Longitudinal distance could be quickly détermined from the film by
counting refgrence marks. The primary function was to provide a
precise referenég base from which to measure lateral position of the
passing vehicle during 1ane;change. Although not included in this
report, concurrent research is being conducted to inveétigate the
safety of the passing maneuver from the aspect of pavement frictional
requirements for the lane change maneuvefs.

The Z-foot marker length was the minimum with which desired

accuracy in lateral wheel position could be obtained using the Vanguard
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(a) Driver's view when approaching horizontal curve
prior to Site P-1

(b) Driver's view of roadway immediately prior to
passing zone at Site P-1

Figure 7
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(c) Driver's view of Site P-1 passing zone as seen
at beginning of zone

(d) Impeding vehicle, subject, and photographic
chase vehicle in test condition, Site P-1

Figure 7
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(e) Panoramic view of Site P-1 viewed in the study
direction

(f) Panoramic view of Site P-1 viewed from terminal
end toward the beginning of the passing zone

Figure 7
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(a) Subject selection point, 1 mile prior to Site P-2

(b), Chase zone prior to Site P-2 viewed from subject-
selection point

Figure 8
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(c) View from beginning of Site P-2 passing zone
looking back through impeding zone

(d) Driver's view of Site P-3 passing zone as
- seen at the beginning of the zone

Figure 8
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(e) Driver's view of Site P-2 passing zone as
seen at a point approximately one-third
through the zone

(f) Driver's view of Site P-2 passing zone as
seen at a point approximately two-thirds
through the zone

Figure 8
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(a) View from crest vertical curve prior to
Site P-3 looking back through subject
impeding zone '

(b) View from crest through short passing
zone toward Site P-3

Figure 9
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(¢c) Driver's view of Site P-3 passing zone as
seen from the beginning of the zone

(d) Driver's view of terminal end of Site P-3
passing zone as seen from a point approximately
one half way through zone

Figuré 9
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Motion Analyzer., Although the markers were apparent from the height
at which the camera was located, they were quite unobtrusive from

normal driver eye-height, and apparently did not affect the paSsing

behavior.

TRAFFIC OPERATING CHARACTERISTICS

’Traffic>flow was quite uniform throughout each study section from
day to day.‘ There were no major access points or interéections within,
or close to, the study sites; thus, built-in volume and speed distri-
bution controls were provided. The average daily traffic (ADT) was
approximately 3600 vehicles per day for Sites P=2 and P-3, and 1500
vehicles per day for Site P—l.: Posted speed on both highways is 70 mph.
Speed distribution studies, shown in‘Figures 10, 11, and 12, indicated

the 85th and 15th percentile spéeds to be as follows:

Site 85th % Speed 15th % Speed
P-1 : 74,5 mph 57.2 mph
P-2 72.5 mph 56.5 mph
P-3 - 70.5 mph 54,5 mph

These values compare with speed studies conducted by the Planning and
Survey Division of the Texas Highway Department in 1968, (5) which showed
the average 85th percentile daytime speed for all major highways in
Texas to be 70 mph, with a 15th percentile speed ofk54 mph, Considering
only the speed characteristics, the passing maneuvers observed in the

three study sites should be indicative of those expected on similar

high-speed facilities,
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IMPEDING VEHICLE

A 1969 Plymouth sedan was used td impede subjects through the study
sites. During the first'several days, drivers were hesitant to pass the
impeding vehicle, although ample passing distance was available., It
was suggested that drivers might think the impeding vehicle was a
highway patrol vehicle because it was whité and displayed the official
State of Texas exempt license plates. Therefo;e,'all identifying
Texas Transportation Institute door’legends ﬁere masked, andvconVen- ,
tional license plates were substituted dufing data collection periods.
To an overtaking driver, the impeding vehicié:then appeared.to be

simply another passenger car.

PHOTOGRAPHIC OBSERVATION VEHICLE

A 1970 Ford 1/2-ton pickup was used'ésvthe observation vehicle.
So test subjects were not aware that their maneuvers were being photo-
graphed, the camera and operator were concealed. Since normal operating
characteristics could be severely alteredAby the obvious presence of
photographic equipment, an obsefvationvbox resembling a tool shed was
placed in the pickﬁp bed immediately behind the cab, extending 24
inches above the cab roofline. The box cbntained a small front window
over the driver's side of the cab through which the subject’s passing
maneuver was photographed. Since the subject's attention was directed
toward the impeding vehicle and the availéble passing distance, and
also, beéaﬁse the smail phofographing window ﬁas above the line of sight

of his rear vision mirror, it is doubtful that drivers were aware of
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the camera. With the window being the only opening, and because iight
was reflected from the glass, the interior of the box appeared dark

and unoccupied. The observation vehicle is shown in Figure 13,

CAMERA

An Ar;iflex 16-mm m?vie camera was used to photograph the passing
maneuvers. Black and white Plus-X reversal film (Kodak, ASA‘SO) on
400-foot rélls was used throughout the study. Power was supplied by
an 8-volt b#ttery through a governor~-controlled motor:to produce a
constant 24 frame-per-second film advance. Subjeét vehiéles were
photographed with a zoom lens (17.5-mm to 70-mm) permitting the camera
operator to maintain full field bf view under varying‘distance_require—
ments. The camera was mounted on a "ball-head" rigid base mount

attached to a shelf. The camera and mounting configuration are shown

in Figure 13.

SELECTION OF SUBJECTS

The two criteria used in thé selection of subjects were (1) that
the vehicle approach speed was in excess of‘60 mph; and (2) that the
vehicle was ndt registered locally. |

The study concerned primarily higﬁ-speed passing manéuvers, It was
felt that drivers approaching the study site at a high rate of speed
wished to maintain that speed if possible, and, therefore, would pass
the slower impeding vehicle when afforded a safe passing opportunity.

Sites were selected where the geometry precluded any advance

‘indication of a passing zone. Therefore, local drivers were declined
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(a) Photographic chase vehicle

(b) Arriflex 16-mm movie camera and mounting
system in recording vehicle

Figure 13
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as subjects because they would be aware of the impending passing zone.

Local drivers were recognized by the vehicle license plate code letters.

SAMPLING TECHNIQUES

Approximately 500 completed passing maneuvers were photographed
during the study. Tﬁe sample consisted of 50 maneuvers at each site
for impeding speeds of 50, 55, and 60 mph (450 total occurrences).
>Approximate1y 40 maneuvers were photographed at a 65 mph impeding
speed, primarily on Site P-3; and 10 maneuvers at a 70 mph impeding
speed. _The number of tests was established simply to meet time and
monetary constraints for data collection and film analysis.v It was
not determined by a particular statistical basis.

The presence or lack of opposing traffic must be evaluated by
a passing driver. To avoid altering the traffic conditions that
normally would be encountered, and thus affecting the passing charac-
teristics, opposing traffic was not stopped during the study. More
than 3000 subjects were photographed to achieve the desired number
of completed passing maneuvers because many maneuvers were aborted or
declined due to opposing traffic in the passing zone. It is highly
probable that many more passing maneuvers would have been performed

had there been no opposing traffic in the passing zone.

STUDY PROCEDURE

The observation vehicle was stationed about one mile upstream from

the impeding zone. The impeding vehicle was parked on the shoulder near
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the beginning of the zone. As a subject driver passed, the chase
vehicle pulled out into the travel lane and the impeding~vehicle driver
was notified by radio that a subject had Been selected an& was approaching
at a specified speed. Thekimpeding vehicle then moved from.the shoulder
to the travel lane and acceleratéd to the predetermined impeding speed
(50, 55, 60, or 65 mph). The subject was forced to follow the impeding
vehicle through the zone (or illegally'éross the double yellow line),
During this time, the observation vehicle caugﬁt and trailed tﬁe two
vehicles throughithe remainder of‘the zQpe;' Figure 14,sho§sithe
relative pégitién ofvthe,three-vehiéles*duriﬁgfé;téét;: ; |

Filming was initiated as theksuﬁjéct ﬁehiéiékréééhé&'thé,calibration‘
markers prior to the passihg zone, and was continuedtthroﬁéhout the
passing zone, or until it was obvioué ﬁhat éﬁe éﬁﬁjeét had declined
the passingropportunity. The impeding vehicle maintained constant speed
throughout the passing zone, Data were recorded by observers in both
the impeding and observation vehicles from which the film could be
cross-checked; Included in the field data were type of vehicle, license
number, subject speed, presence of opposing tfaffic, and other data.

After photographing a maneuver, the study vehicles returned to
their initial positions, another subject was selected, and the procédure

was repeated.
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Impeding vehicle, subject, and photographic
chase vehicle in test condition

Figure 14
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V. ANALYSIS OF RESULTS

FILM ANALYSIS
The study film was analyzed on a Vanguard Motion Analyzer. This

device is a film reader used to evaluate photographic data. Its
principal components are a projection head and a ground glass screen
which permit precise observation and measurement of distance, anglés,
‘and time from 16-mm film, Film may be viewed a single frame ét a
time or at variable spéeds’Upvto 30 frames per second; Displécementv
or rotation with réspeét»to_time,may be determined sipce the original
film advance speed ié known. |

The ground giass screen contains an X-Y grid system (0.001—inch
measurement capability) on which the image is projected. These movable
crosshairs, in conjunction with a fixed reference line in the plane
of the screen, allow determination ofvthe‘obje¢t displacemeht between
successive frames. An angle measurement screen containing an aéimuth
scale with paraliel feferénce lines which can be rotated and shifted
perpendicular to the lines permits determination of angular alignment
of any point on the image. Aﬁgie-measurement accuracy is 0.25 degreés.

To analyze the passing maneuver samples, the paséing vehicle
longitudinal and lateral positions throughout the study site were
determined from the film. The left rear tire (edge of tread) was used
as the vehicle measﬁrement target for all position measurements.
Longitudinal position was referenced to the beginning of the passing

zone (end of yellow line), and lateral position was referenced to the
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Vanguard Motion Analyzer

Figure 15
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right edge of the calibration markers placed on 40-foot centers along
the centerline of the highway.

The beginning of vehicle movement toward the left lane to initiate
the passing maneuver, and the béginning of the return movement at the
completion were determined by repeatedly runniﬁg the film thfough the
Vanguard Motion Analyzér to detect the position where lateral movement
was fifst noﬁiceable. The position where the passing veﬁicle was
traveling parallel to the centerline defined the ends of both transition
movements. By definition, encroachment dn the left lane and return to
the right lane occurred when the passing vehicle left reér tire crossed
the centerline of fhe‘highway.

" Film frame numbers were determined at every calibration mark and
- the particular positions throughout the transition movements described
above. By‘correlating the film speed, distance between calibration
markers, and film frame numbers, the speed, time, and average acce-
leration of the passing vehicle were determined by the following

relationships:

Vehicle Speed = distance < time

_ No, of calibration intervals x 40
No. of frames/24 frames per sec.

change in speed
time

Vehicle Acceleration

(An average acceleration over two adjacent 40-foot
intervals was computed).

Speed,, - Speed A
‘. Acceleration = 2 L ' *
-+ Acceleratd (Frame No, 2 - Frame No. 1) 24 frames per sec,

where subscripts denote the calibration markers at
respective ends of the interval.
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ELEMENTS OF PASSING MANEUVER

Passing vehicle speed, acceleration, and distance traveled, during
several portions of the passing maneuver, were obtained for each
maneuver, These data were computed from the film analysis by two
computer programs written in Fortran V for the IBM 360 computer.
_Avefége speed and acceleration were computed for each distance elément
shown in Figure 16. Also, trav;i time for each element was determined.
The passing maneuver was subdivided into ten distance elements to
pefmit detailed analysis of the complete maneuver. The distance
elements (D1, D2, etc.) shown in Figure 16 represent arbitrary
nomenclature and are not to be confused with the distance.elements

(a d2’ etc.) used in the AASHO Policy. Where appropriate, the

l’

corresponding‘AASHO'distance elements are identified in parentheses

in Figure 16.

SPEED DIFFERENTIAL DURING PASSING MANEUVER

Shown in Figure 17 are cumulative distributions of passing speed
during all maneﬁvers at each of the four impeding speeds. These
distributions were computed to investigate the practical minimum
speed differential occurring during passing maneuvers with different
passed vehicle speeds. Although the current design criteria are based
on a constant 10-mph speed differential, it was hypothesized in this
study that the speed differential would decrease as the passed vehicle
speed increased., In general, this is verified in Figure 17 and Table 2.

| From the speed differential distributions at each individual

study site, the 15th percentile passing speed was determined for each
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TABLE 2

SPEED DIFFERENTIALS BETWEEN PASSING AND PASSED VEHICLES

15th Percentile
Speed Differential

85th Percentile
Speed Differential

of all Speeds

Study Passing Vehicle Speed (mph) Passing Vehicle Speed (mph)
Site 50 55 60 65 50 - 55 60 65
P-1 11.6 -11.8 8.7 - 15.47 14.98 14.03 —
p-2 10.9 7.9 10.8 — | 13.83 | 11.99| 12.47 —

. ‘ N
P-3 10.4 8.9 16.0 6.8 15.11 13.31 13.82 11.37

' *

Average 10.97 9.53 9.83 6.8 14,71 13.32 13.38 11,37
Weighted Avg. 9.78 mph 13.56 mph

*
Based on approximately 40 samples at Site P-3 only.




impeding speed., Eighty-five percent or less of the passing vehicles

would be expected to perform the maneuver.at a sPeedfdifferentiel

greater than the 15th percentile value. This value can be used to
represent the critical maneuver for a particular passed vehicle speed.
Table 2 presents the 15th and 85th percentile speed differentials
determined from the field measurements for the four impeding speeds at
each study site. Passing situations were analyzed on the basis of the
average 15th percentile speed differential correSponding to the respective

passed vehicle speed.

DEVELOPMENT OF SPEED-DISTANCE RELATIONSHIPS

To evaluate the existing criteria for passing sight distance under
current operating conditions, and to obtain values for the various
distance elements discussed earlier in this report, the relationships
between passing speed aﬁd distance were determined erm'the field
measurements for each of the four distance elements;(dl, d2, d3,.and
d4). The manner in which the speed-distance relationships were
determined is discussed below with reference to Figure 18. A general
development of e hypothetical distance, dx’ is presented for illustrative
purposes. The speed-distance relationships for dl’ d2, and d4 were
determined similarly from the field measurements. The relationship
for d3 (clearance distance) wae not derived from the field data; it
was taken directly from the current AASHO Policy (1).

' The development of the speed-distance relationships is -outlined

below:

(1) Passing speed data for each impeding speed were grouped
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(2)

3

(4)

(5)

(6)

in 2-mph class intervals (56.0-57.9, 60.0-61.9, ...
82.0-83.9 mph) .

An average dx over each 2-mph class interval was
considered to represent the besﬁ estimate of the distance.
Therefore the average dx was plotted at thé midpoint of
each class interval, shown schematically in Figure 18 as
a data scatter along Line 1.

The '"best fit"»curve-through these data was obtained by
least squares 1ineaf'regression anaiysis. First, second,

and third order curves were derived. First order curves

; produced the best "fit" in all cases. Regression corre-

lation factors (R2) were computed for each linear curve,
The above procedure was repeated for all impeding speeds,

producing four "best fit" linear spéed-distance relation-

‘ships; one each for 50, 55, 60, and 65-mph impeding

speeds. These lines are designated Line 1, Line 2,

Line 3, and Line 4 in Figure 18,

The ordinate of each line at the abscissa corresponding
to the impeding speed plus the appropriate speed diffe-
rential (Ref. Table 2) was determined. For example,

the point on Line 1 in Figure 18 would be fhe ordinate

at the passing speed of speed 50 + 10.9? or 60,97 mph
represented by Point A, Points B, C, and D were obtained
similarly uéing the speed differential correspbnding to
the respective impeding speed.

The "best fit" line through Points A, B, C, and D was
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~ obtained by least squares linear regression. The points

were "weighted" before application of the regression

techniques. Passing data werevavailable at impeding

speeds of 50, 55, and 60 mph for Sites Pel, P-2, and

P-3, but only for Site P-3 at 65 mph impeding speed.

Therefore, the points on the 50, 55, and 60 mph liﬁe

were weighted three times that of the 65-mph data (Point D).
(7) The resulting relationship between distance and passing

speed (design speed) is shoﬁn in Figure 18 as Line 5.

The equation of this line was determined from the regression

fit,

DISTANCE ELEMENTS OF PASSING MANEUVER

The four distance elements of the passing maﬁeuver,determined by
the above procedure are presented in Table 3. Figure 19 shows the
relationship between distance and design speed (passing vehicle speed).
The relationship between distance and the current AASHO Policy design

speed is shown in Figure 19 for comparison.,

COMPARISON OF STUDY RESULTS TO EXISTING POLICY

The studies conducted in 1938 to 1941, upon which the current
passing sight distance criteria are based, included data from consid-
erably more pessing maneuvers than recorded during this study. Over
20,000 passing maneuvers'were studied in seven states during the
1938-41 studies (8, 9). Normann (8) and Prisk )] reported the/reeults

of over 5100 passing maneuvers., Approximately 500 completed passing
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TABLE 3

] A[/Eﬁ{)(a& DISTANCE ELEMENTS OF PASSING MANEUVER
DETERMINED FROM FIELD MEASUREMENTS

d

d

d

d

d

Design Speed, V 1 2 3 4 total
(mph) (ft) (ft) (ft) (ft) (ft)
50 193 692 211 410 1506
60 289 896 285 574 2044
65 337 998 322 656 2314
70 386 1100 359 739 2583
75 434 1202 396 821 2852
80 482 1304 433 903 3122
85 531 1406 470 985 3391
TIONS O -
d; = 9,655V - 290.111
d, = 20.408V - 328,811
dy; = 7.38V - 157.56 M;Qlﬁga
4, = 16.430V - 411.156 L en ﬂﬁﬁ“
d, pap = 53.873V - té%99s- AV

137,204
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O T v T T 1l '
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2000-}
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1500 -
=
] -~
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~ .
o
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0 . ; T . —
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(b) Relation of left-lane distance to design speed

Figure 19
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1000

d3 = Clearance Distance
m |
i 5009 AASHO and Test dz Assumed Same
0
‘o R
(d3 =738V -15756)
0 L , - _— — ,
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(c) Relation of clearance distance to design speed
1500 1
dgq = Distance Traveled by
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_. 1000 A
-
W a—
ttl . .
= : ‘ :
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(d) Relation of opposing vehicle distance to design speed

Figure 19
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Figure 19
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maneuvers (out of more than 3000 selected subjects) were analyzed in
the study reported here. Although‘this represents only a 1:10 ratio
of reported data anélyzed, many of the assumptions that evolved from
the 1938-41 studiés were found to remain applicable to current operating
characteristics. Comparison of databacquisition methods between the
two studies was not possible because no published informatibn was
found concerningvthe equipment used during the 1938-41 studies.

A basic AASHO criterion is that the speed differential between
the paésing and passed vehicle remains constant at 10 mph regérdless .
of the passing speed. It is importént to note that the speed diffe-~
rential decreases as the passed vehicle speed incregses. This, in part,
éxplains the divergence of the test and AASHO speed~distance relationships
in Figure 19 for the maneuvers above 65 mph. The average 8§th percentile
speed differential observed during this study was slightly higher than
the 10 mph average differential assumed by the AASHO Policy. However, ,
" the average 15th percentile differential, which represents the critical
operating condition, was less than 10 mph and decreased as the passéd
speed increaéed. The net result of the decreasing speed differential
was that, for design speeds less than approximately 65 mph, the measured
left-lane distances were less than those specified by AASHO. For design
speeds in excéss of 65 mph, the left~lane distances were greater than
the AASHO specifications. Therefore, it appears thaﬁ the AASHO distance
elements are conservative (possibly containing some built-in safety
factors) for design speeds less than 65 mph. However, they appear to be
unconservative for design spéeds above 65 mph. The hazard associated

with the passing maneuver increases with passing speed, particularly
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when the required left-lane distance is increased due to the reduction
in speed differential.

The average left-lane distance traveled by the passing vehicle in
accelerating from a trailing position to the critical point adjacent to
the passed vehicle was 0.34d2. The aséumption made during fhe 1938-41
studies that an approaching vehicle travels a time equal to that of
traversing 2/3d2 during the "critical" portion of the maneuver appears

to be valid for current operating characteristics.

DRIVER CHARACTERISTICS

Other driver characteristics were noticed during the field
measurements., Most drivers trailed the impeding vehicle by about two
‘car—lengths és they approached the beginning of the passing zone.

After perceiving ample passing distance, they accelerated rabidly until
nearly adjacent to the passed vehicle, then completed the passing
maneuver at a reiafively uniform speed. Many were decelerating during
the return transition, which indicated a "coasting" action. This was
evident to‘the observers in the study vehicles, and was verified by the

film analysis.

65



VI, PROPOSED DESIGN FOR PASSING SIGHT DISTANCE

The primary objective of this research was to evaluate existing
passing sight distance standards for high-speed passingvméneuvers
under current rufal highway operating conditions, and develop, where
appropriate, compatible passing sight distance design c¢riteria. Based
on the evaluation of existing criteria and standards presented in
Section II, a design concept was developed to incorpo;ate the operational
aspects of the passing manéuver. This cdncept is based on the safety
requirements of the passing maneuver, and includes sight distance design
and striping provisioms. Having'estéblished the concept, passing
maneuvérs under actual highway‘conditions were photographed and analyzed
to provide operational data.

In this section, the proposed designkconcept is summarized, the
distance elements obtained from the field measurements are tabulated,
the resulting criteria are compared to the AASHO and MUTCD passing

sight distance standards, and design implications are discussed.

PASSING SIGHT DISTANCE DESIGN CRITERIA

The concept discussed previously in Section II is summarized below:
1. Design speed, passing vehicle speed, and approach vehicle
‘speed are synonomous;
2. _Minimum length of passing zone is dl + d2.
3. Minimum sight distance at any point throughout the passing

zone is 4/3d2 + d3.
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4, Minimum available sight distance at the beginninngf a
passing zone is the sum of the minimum length of passing
zone and‘the minimum sight distance throughout the zone,

dl + 2.33d2 + d3.

5. The distance elements in the above criteria represent
average distances for the critical speed differentials.

dl = perception and réactioh timevto_initiate
the maneuver,
d, = distanCe traveled in the left lane.
d, = clearénce distance between the passing vehicle

and an opposing vehicle at the time the passing

vehicle returns to the right lane.

APPLICATION TO DESIGN AND OPERATIONS

Not only should passing sight distance and sttiping-standards be
based on the same criteria, but the operational‘aspects should be
incorporated’atkthe design stage where alignment and profile changes
~are economically feasible. Design distances for various design speeds
determined under the criteria summarized above are discussed in this
seétion. Passing sight distance design values are presented in Table 4.
Minimum sight distances for striping no-passing zones are presented in
Table 5, and minimum lengths of passing zones are shown in Table 6. The
AASHO Policy passing sight distance design values are shown in Table 4
for comparison. In Tables 5 and 6, the MUTCD values are compared to

those determined from the proposed design concept in this research.
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TABLE 4

PASSING SIGHT DISTANCE DESIGN /
DISTANCES BASED ON FIELD MEASUREMENTS

Minimum Length [Minimum Sight - {Minimum Available }|AASHO
Design Speed |of Passing Zone |Distance Throughout |Sight Distance At [Passing Sight Distance
(mph) (ft) Passing Zone Beginning of Zone |Design Distance (1)
(ft) (ft) (ft)
(d1+d2) (4/3 d2 + d3) (dl + 2.33d2 + d3)

50 885 1135 2020 1800

60 1185 1480 2665. 2100

65 1335 1655 2990 2300

70 1485 1825 3310 2500

75 1635 2000 . 3635 2600

80 1785 2170 3955 2700

85 1935 2345 4280




TABLE 5

MINIMUM SIGHT DISTANCES
FOR STRIPING NO-PASSING ZONES

85th Distance

Percentile Based on 1971
Speed Field Measurements MUTCD (2)
30 - - 500‘
40 B 600
50 ' 1135 800
60 | 1480 1000
70 1825 1200
75 , 2000 —_—
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TABLE 6

MINIMUM LENGTHS OF PASSING ZONES
(Minimum Distance Between Successive No-Passing Zones).

197w @  temarebesten contert
Length of Passing -Length of Passing

Prevailing Speed Zone Design Speed Zone
(mph) (£t) (mph) (ft)
30 400 - . _—

40 400 50 ' 885

- 50 _ 400 60 - 1185

60 400 z 70 ' 1485

Bd 1785




In applying the concept developed in this'feséarch to design,
the sight distance and operational distance must be considered as
inter-related elements in the total‘design. Merely providing a
épecified sight distance at the crest of a vertical curve will not
élways produce an adeﬁuate passing zone. Adequate sight distance to
encourage and permit a safe passing maneuver must be pfovided
throughout a distance in which the passing driver can physically
perform the maneuver.

Examination of the proposed sight distances in Table 4 reveals
several impoftant factors that should be considered in passing sight
distance design. For every design speed condition, the passing sight
distances at the beginning of the zone exceéd the AASHO Policy standards.
The available éight distance at the beginning of a zone is determined |
in a "reverse" order to current design. The terminal end of the passing
zone is established by determining the point on the profile whére sight
distance is limited to 4/3d2 + d3. Then the beginning of the passing
zone 1is located upstream from this point a distance equal to or greatér
than the minimum passing zone length of d1 + d2 for the design speed.
The sight distance at the beginning of the zone must, therefore, be
. at least the sum of these two distances,‘or dl + 2.33d2 + d3.

Under this design concept, é profile that provides a minimum of
4/3d2 + d3 sight distance (for example, 1825 féetkfor a 70 mph design
speed) throughout its entirety would produce continuous passing
opportunity.

Using éhe 70-mph design speed to illustrate, another design

consideration is revealed in Table 4, 1If the spacing between successive
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crests is equal to or greater than 3310 feet, adequate sight distance
and passing zone length are automatically provided in the Ség. If,
however, thé distance is slightly less than 33i0 feet, and neither
crest affords 1825 feet of sighf distance, an adequate passing ZOne
does not exist. In this case,’a passing zoﬁe might be providedvbyv
minor adjustments to the grade lines, thus inﬁréasing the Qperational
efficiency ofvthe facility. | |

Historically, vertical profiles have been established, or at least
greatly influeﬁced, by the economic consideraﬁions.of earthwork,
Although the balance of cut‘and fill is impbrtant in establishing
profile, it is possible thét a substantial increase in effiéiency
may be attained by minor adjustments in grade. Flattening grade lines
in a sag, in effect, moves both cresté outward as illustrated in
Figure 20, Also, sight distance‘over the crest is improvéd. Long
vertical curves are required to provide adequate passing sight disténce
on crests, especially for the higher design speeds. |

From these considefations, proper passing sight distance in rolling
terrain is cleafly influenced by profile establishment, Computer
programs are used widely to establish profile. It is sugggsted-that
cost—effectiveness techniques may be incorporated to determine the
benefits derived from grade adjustments for reasons other than merely
earthwork balance.

Other considerations in péssing sight distance design would

include determination of the ''break-even' length of passing zones for
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particular design speeds. What is the optimum zone length from an
operational or utilization aspect? To what degree is efficiency
improved by providing a zone length greater than the minimum design?
Limited studies (4) have been conducted to investigate the utilization
of short passing zones. These studies indicated that utilization
increased rapidly for lengths of passing zones greater than about

900 feet for passing zones based on the current MUTCD standard of
1200 feet sight distance.

VObviously,.there exists a passing zone leﬁgth that many drivers
will consider inadequaEe for the performance of é safe passing maneuver.
If the acceptable length is greater than the design minimum, there
would be little utilization of the zone, and its presence on the
fécility would be meaningless to operational efficiency. A&ditional
research is obviously warrantgd to provide the necessary data on

which to base cost-effectiveness evaluations.
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