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nghway Capacity:

Practlcal Appllcatmns of Research

BY THE COMBIITTEE ON HIGHWAY CAPACITY
DEPARTMENT OF TRAFFIC AND OPERATIONS
HIGHWAY RESEARCH BOARD

Because a large part of the basic
research and analysis upon which this
study is founded was conducted by
the Bureau of Public Roads, the High-
way Research Board considers it
fitting that the report be published by
the Bureau of Public Roads. Much of
the basic research has, indeed, already
been published in PUBLIC ROADS
magasine. But the cooperative ef-
Sforts of the Bureau of Public Roads,
the Highway Research Board Com-

mittee on Highway Capacity, and a

large number of State, county, and

city highway and traffic engineers .

have resulted in the amassment, from
the length and breadth of the country,
of a far greater assemblage of field
observations than would have been
possible under the aegis of a single
organization. Without such a body
of basic information, this report
would have lacked the authority it
holds. The text is largely the work of
0. K. Normann and W. P. Walker, of
the Bureau of Public Roads. The
Committee members contributed val-
uable assistance, both in the review of
SJundamental concepts and in the
preparation of text and illustrations.

: chortod by
© 0. K. NORMANN, Chairman,
Chief, Section of Traffic Operations,
. ngll-y Transport Research Branch,
. . Bureau of Public Roads

Ihd W. P. WALKER, Secretary,
e Highway Engineer,
Hlﬂnuy Transport Research Branch,

23 luruu of Public Roads

A rational and practieal method for the determination of highway capacity is

- essential in the sound economic and functional design of new highways and in the
_adaptation to present or future needs of the many existing roads and streets which

must continue in use for extended periods of time. Basically, the subject concerns the
effectiveness of various facilities in the service of traffic, and involves the many elements
of highway design, vehicle and driver performance, and traffie control.

Highway capacity has been the subject of continuing study over a long period of
years, and the literature in this field is extensive. Practically all consideration of the .
subject in the past, however, has been handicapped by insufficient bmdth of acope.
and by lack of any considerable volume of accurate data. f

The cooperative efforts of the Bureau of Public Roads, the Highway Research Board :
Committee on Highway Capacity, and many State, county, and city engineers, inten- .
sively applied in many places and for a number of years, have resulted in a great mass of
field observations. Complicated and ingenious instruments have made feasible the

. collection of data in larger volume and greater accuracy than was heretofore possible,

and have permitted the mechamcal reeordmg of ml'ormatmn that could not otherwise
be obtained at all.. .

The study has encompassed not only the capacltws of rura.l lnghways wnth unin- ;
terrupted flow, which have been fairly well established in previous publications, but has
undertaken to determine the capacities of intersections at grade, weaving sections,
grade separations, and ramps, and the relation of hourly to annual average traffic

~ volumes. Such information has naver before been awmlnhle in comprehensive form,
- particularly for urban facilities,

With such a broad base of fundamental data, nnd wnth such painstakmg analyuis
of them, this study will undoubtedly be recogmzed as one of the most thorough in high- .
way research history.

From this vast grist of bas\c facts, so mnlutely sifted and examined, far more than
a work report has been produced. Thls document is truly a practical gulde by which
the engineer, hnving determined the essential facts, can desiga ‘a new highway or

; revamp an old one wuh assurance that the resultlng actual capaecity wﬂl be as calculated.
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IGHWAY CAPACITY has been the sub-

jeet of careful and painstaking study for
more than three decades. Many able re-
search men have made valuable contributions
to the subject, which has inecreased in im-
portance from yesar to year at a rate that prob-
ably parallels the rapid increases in traffic vol-
umes and congestion on our streets and high-
ways. The comparatively recent general ac-
ceptance of the importance of highway trans-
portation in our national economy, and espe-
cially of adequate transportation facilitiés in
our cities, where heavy traffic volumes require
the construction of costly roadways, has
greatly increased the need for reliable street
and highway capacity information.

The primary reason for construeting streets
and highways is to serve traffic, whether the
traffic is local and originates along the par-
ticular street or highway, or whether its origins
and destinations are in other areas. Basically,
a study of highway capacity is a study of the
effectiveness of the various faeilities in serving
traffic and involves the many elements of street
and highway design, vehicle and driver per-
formance characteristies, and traffic control
measures which direetly influence  the move-
ment of vehicles.

To be of value in the sound economic and
functional design of new roadways, or in
adapting to present or future demands many
of the existing roadways which must continue
in use for long periods into the future, the
capacity criteria must include measures of
such factors as speed and the relative inter-
ference between vehicles in addition to the
number of vehicles that can pass a point on
a given roadway in a specified period of time.
It is of little value to know the quantitative
measure without knowing the quality of
serviee provided.

Previous Studies

The need for an authoritative presentation
of facts concerning roadway capacity is illus-
trated in figure 1 and table 1, which show the
capacity of a single traffic lane as published
in a number of articles. Each source is simi-
larly identified in both the figure and the
table.

Nearly all of the curves or equations were
calculated from the formula:

5,280V
RS

Where C=capacity of a single lane, in cars
per hour.

V=speed, in miles per hour.

S==average distance in feet from center

to center of vehicles,

In some cases the spacing between vehicles
at various speeds was asswned to be a linear
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function of - the speed, while in others the
spacing was assumed to be a function of the
square or some other exponent of the speed.
In a few instances the spacing was based on
very limited field observations and actual
measurements. In general, however, spacings

were arrived at by the use of such factors as

driver reaction time, braking distances, and
coefficients of friction.

Although some of these curves come re-
markably cloge to showing the same relation-
ship between speed and traffiec volume as the
curves presented in a following section of this
report for specific roadway conditions, the
wide range in vehicular volumes for any
particular speed has had the effect of confusing
rather than enlightening engineers who have
made serious attempts to apply the results to
practlcal problems. =

Basis of This Report

One of the primary reasons that the earlier
highway capacity analyses were not based on
sufficient factual information was the lack of
instruments to measure accurately and eon-
veniently the vehicle speeds and the spacings
between vehicles under normal operating con-
The development of instrumentation
for this purpose has progressed rapidly since
1934. Vital information pertaining to the
actual driving practices of vehicle operators
as related to other traffic on the highway and

- BEFORE DEC. 3, 193]

to the governing features of the highway
itself can now be obtained for each individual
driver, regardless of what the total traffic
volume may be. Through the application of
these means, certain laws or eharacteristics of
traffic flow have beén discovered or developed.
This has made it possible to base this report
on factual, technical data.

' While compﬂmg this report, the Highway -

Capacity Committee has reviewed all the
available previously published information on
the subject and has used the factual informa-
tion obtained through investigations con-
ducted by many individuals and organizations,

 especially the comprehensive traffic operation

research investigations made by the Bureau of
Public Roads in cooperation with the various
State highway departments and other govern—
mental agencies.

The Committee is espemallv indebted to the

many city traffic engineers who eontributed:

valuable data regarding intersection capaci-
ties, and to the Institute of Traffic Engineers
for the help rendered in obtaining information
on urban eonditions,

The Committee is aware that highway
capacities have been increasing over a period
of years due to improved vehicle design, in-
creased skill -of drivers, and improved traffic
control.. With the introduetion of four-wheel
brakes, for example, closer spzmng of vehicles
was posslble :

AFTER DEC.31,193I
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Figure 1.—Calculated capacities of a single traffic lane, from various sources.
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Highway Capacity Stabilized

Improvements will continue to be made.
The Committee believes, however, that

capacities of highways are becoming stabilized

insofar as the effects of the vehiele and the
driver are concerned. Improvements which
might tend to increase capacities will probably
be offset, to some extent at least, by other
factors. If the large number of rear-end

collision accidents are to be appreciably re-
duced, for example, drivers must maintain
somewhat longer distances between vehiclez
while operating in high traffic densities. A
recent study of vehicle spacings under
capacity conditions showed that 28 pereent of

the drivers could not have avoided a rear-end

collision had the driver of the preceding ve-

hicle suddenly applied his brakes. This

assumes good brakes on both vehicles, and an

extremely low value of 1 second for the com-

bined perception and reaction time. The

capacity figures in this report, therefore, are d
based on present-day vehicles and the manner

in which they are currently operated on the

various types of highway facilities.

By correetly applying the verious factors
affecting street and highway capacities
shown in this report, the engineer can evaluate
quantitatively the deficiencies of long stretches
of highways between important termini or
between important intersections several miles
apart. This will help to eliminate the com-
mon feilure to recognize the need for improve-
ment until a faeility becomes badly congested.
Instead, the need for improvement can be
anticipated and the projects placed in their
proper position in & long-range priority pro-
gram for a street or highway system. Also,
it should no longer be necessary to continually
“chase rainbows” by increasing the capavity
at one point only to find that the traffic bottle-
neck has been transferred to some other point
along the route, with comparatively little over-
all benefit to traffic.

&>

'

2o Y .
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Lake Shore Drive in Chicago has an outstanding record for moving huge volumes of traffic.

- Table 1.—Calculated capaéiliea of a single traffic iane, jrbm various sources

Assumed | For masimum capacity—
252 ‘Year of ﬁmm A od
Formula ear of- | safe following distance S when V' wonn sz Maximum
No. - Author gautl:(gl is the speed in miles per hour sl?nr;;tgll m:s#:" : eapacity
(center to Speed Spacing
center)
Feet Fect Seconds Maph Feat Viph,
1. Sehwanter .. . 1924 pavaenccmes. ROBBVEILT 14.7 2.00 @ (2.0 see.) 1, 800
2. French periodi 1624 0.337Ve 4+ __ 14.7 14.7 0 6.6 20.4 1,100
3. Lewis_ 1925 0.0742V% 40.733V414.7 14.7 0. 50 14.1 39.7 1,870
4. Schasr 1925 0213V 41,47V 4147 14.7 1.00 8.3 41.6 1,050 5
b Johnson 1926 0.0067VY 4. ... 15 15 0 16.0 30.0 2,640
5 . do. 1928 0.5VI8 4 ... 15 15 0 .3 4.6 2 800
8. -| Kelker 1926 Y - (0 17.6 MBI 25.0 45.5 2,000
i Highway Research_____.__ 1927 0.0366 V2 41,10V 417 17 0.756 21.6 5.7 1,970
8. - Weninger 1920 0109V +0,733V414.7 147 0.50 1.6 37.9 1,610
O3k Ehlgotz_ - 1929 0.0773V2 +1.47V +14.7 4.7 1.00 14.2 50.3 1, 460
10. | Daugherty. ... 1930 0.0556 V% 0. 733 V415 15 0. 50 16.4 421 2, 060
11 New York Regional ... 1931 0.072V2 40, 738 V415 15 0. 50 144 40.6 1,870
12 . i IR SN (e F R 1931 0, 0333V 40, 733 V414 14 0. 50 2€0.5 43.0 2, 520
13.. Johannesson . . ... .o---_.._ 1933 e e 220V 425 25 1. 50 o (1.5 sec.) 2, 400
14__ Massachusetts WPA. 1934 0.0251V2 11,47 20 20 1.00 2.3 81.5 1,830
14A g 1934 0.0102VE34L] 47V 420 | 20 LO00 4.1 70.7 1, 800
1035 ey .- L10V 421 21 0.756 @ (0. 75 sec.) 4, 500
18356 0.0035 V7 4L 47V 41064 10. 4 100 15.8 5.5 1, 500
1939 0.0833 V1 1,47V +16 16 1.00 13.9 52.4 1, 400
1939 e e 220V 416 16 1. 50 @ (1. 80 sec.) 2, 400
1941 0.0333 V2 4147V 415 15 1.00 21.2 611 1, 830
1541 0.06V2 4147V +15 15 1.00 17.3 55.4 1, 6560
1941 0.0373V2 41,47V 415 14.7 1.00 190.8 8.4 1,790

1 Kelker, who did not st a formula of his own, assumed that at 10 m, p. h, the time spacing between vehicles is 0.5 second and at 60 m. p. h. is 2,0 seconds,
. These two points were joined with a straight line on semi-log cross-section paper,
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INTRODUCTION

The confusion that has existed concerning
the meaning and shades of meaning of many
terms used in traffic engineering practice has
contributed, in some measure at least, to
the wide differences of opinion regarding
the capacity of various highway facilities.
To cite but one of many examples, it is not
uncommon to find the terms high traffic
density and high traffic volume used synony-
mously or interchangeably. This practice
is incorrect and creates misunderstanding in
connection with highway capacities because
traffic volume is a produet of the traffic
density and the traffic speed. As will be
shown later, it is possible to have a very low
traffic volume with a high traffic density.
In fact, the highest traffic densities do occur

when vehicles are practically at a standstill,

in which case the traffic volume would ap-
proach zero.

Part I—Definitions

Road types: A freeway.

The definitions given here are intended to
be those most descriptive and most widely
used in engineering practice. Most of them
are based on current usage or are definitions
already adopted by various organizations.
There are, however, many cases in which a
definition represents a combination of, or
compromise between, definitions appearing
in previously published material. The Com-
mittee’s primary attempt has been to ascribe
definite meanings to terms as they have been
used in this report, thus minimizing likelihood
of misinterpretation of its content.!

Included also are definitions for terms not
used in this report, but the use of which will
probably ‘be necessary as the investigations
of highway capacity are broadened to cover
many of the specific conditions for which

-data are not now available.

1 The definitions do not necessarily agree with those of
other committees or associations, and may be subjeect to
change to foster national uniformity of nomenclature.

Road types: An expressway in a rural area. Grade separation structures at minor cross
roads such as the one shown here are seldom justified.

203

CAPACITY DEFINED

- The term which is perhaps most widely
misunderstood and improperly used in the
field of highway capacity is the word capacity
itself. The term capacity, without modifi-
cation, is simply a generic expression pertaining
to the ability of a roadway to accommodate
traffic. Like the power of an engine, the
capacity of a roadway must be rated by some
standard before it can be expressed intelligibly.
Just as the ability of any given pump to dis-
charge a liquid is dependent upon such factors
as the nature of the liquid, the speed of the
pump, and the size of the disecharge pipe, so
the capacity of a roadway depends upon a
number of conditions. Composition of traffic,
roadway alinement, number and width of
lanes, and vehicular speeds are a few of these
conditions which may be referred to col-

lectively as the prevailing conditions.
The prevailing conditions may be divided
into two groups: (1) those that are determined

. by the physical features of the roadway;
and (2) those that are dependent upon the

traffic using the roadway. The first group,
none of which change unless some construe-
tion or reconstruction work is performed, are
referred to as the prevailing roadway con-
ditions. The second group, any of which
may change or be changed from hour to hour
or during various periods of the day, are
referred to as the prevailing traffic conditions.

Basiec Capacity

There are three levels of roadway capacity
that are of utmost importance in any discussion
of the subject. The first of these the Com-
mittee has decided to call the basic capacity.
It is the maximum number of passenger cars
that can pass a given point on a lane or road-
way during one hour under the most nearly
ideal roadway and traffic conditions which can
possibly be attained. i

Basic capacity for rural roads and urban
expresgways with uninterrupted flow is ex-
pressed in terms of passenger cars per lane or
roadway per hour. Basic capacity for street
intersections applies to the roadway width
on one approach and is the rate of flow
expressed in terms of passenger cars per hour,
during the period that the flow is not inter-
rupted. Tworoadways having the same physi-
cal features, therefore, have the same basic
capacity regardless of the prevailing traffic
conditions.

Possible Capacity

The second level of capacity is the maxi-
mum number of vehicles that can pass a given
point on a lane or roadway during one hour,
under the prevailing roadway and traffic
conditions. This level of capacity, which the
Committee has decided to call the possible
capacity, is a positive quantity. It is the
volume of traffic that cannot be exceeded in

October 1949 ® PUBLIC ROADS
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actuality without changing one or more of the
conditions that prevail. 1t is necessary always
to state the conditions under which an ex-
pressed possible capacity is applicable. For
example, it would be incorrect to state that
the possible eapacity of a two-lane highway is
2,000 vehicles per hour. If, however, the
statement be amplified to say that the
possible capacity of a level tangent, two-
lane mghway with a 24-foot surface, free
from lateral obstructions within 6 feet of its
edges, and with no major interseetions at
grade, is 2,000 passenger cars per hour, then
it is substantm,lly complete and correct.

Pracucal Capaczty

The third level of capacity is the maximum
number of vehicles that can pass a given
point on a roadway or in a designated lane
during one hour without the traffic density
being so great as to cause unreasonable de-
lay, hazard, or restriction to the drivers’ free-
dom to maneuver under the prevailing road-
"way and traffic conditions. This type of
capacity the Committee has decided to call
~practical capacity. Because the phrase un-
reasonable delay or restriction to the drivers’
freedom to maneuver is somewhat subjective,
the establishment of the volume at which
practical capacity is reached depends in large
measure upon individual judgment. The
reader will find, however, that the body
" report develops scientific means ‘of rationaliz-
‘ing the extent to which the driver of a vehicle
i deprived of his freedom to maneuver at
“various” traffic volumes by considering the
amount that his speed and other factors are
restricted by other vehicles on the highway.
‘By using this as a eriterion, the Committee
has found it possible to recommend definite
ranges of practical capacities for various road-
‘way and traffic eonditions. -

" It is the practical capacity which is of pri-
mary interest to those striving to provide
adequate highway facilities. . The design en-
gineer will plan his improvements with an

" adequate practical capacity to meet antici-
" pated volumes of traffic on the facility. To
him, a more deseriptive term might be design
capacity, but the only difference is that the
highway has a design capacity during the
" planning stage, and a practical capacity after
it is constructed. One is objective, the other
reality, but both may have the same numerieal
value. Tt seems illogieal, therefore, to intro-

duce a second term having essentlally the

same meaning,
Other Terms

Other terms, such as satisfactory capacity,
tolerable capacity, and intelerable capacity
have been variously used in previously pub-
- lished material to subdivide the range between
practical and possible capacities. For urban
conditions where traffic is regulated by traffic
signals, the report will show that the difference
between practical and possible capacities is so
small that intermediate levels are not needed.

. -PUBLIC ROADS ® Vol. 25, No. 10

“has been reached.

of the -

In rural areas, however, and on urban facili-

ties having expressway characteristies, there
is indeed a wide range in volume between

practical capacity and possible capacity. This

may be thought of as a reservoir which can
absorb an overload, with increasing inconven-
ience to drivers, after the practical capacity

within this realm congestion increases in
direct ratio with the traffic volume. Because
the wndltwns that - govern the - degrw of
congestion which may be considered as toler-
able are so local in character, the Committee
chooses to refram from any specific recommen-
dations for these intermediate terms.  Con-

‘The report will show that -

The three forms of capacity, basic, possible,
and practical, are the ones used throughout
the report, and they are used in the sense just
deseribed. Other terms and their definitions
follow, not in alphabetical order, but grouped
according to the subject to which they are
most closely related. As an aid in loeating
the definition of any term listed, an index will
be found immediately following the glossary.

I.—ROADWAY DEFINITIONS

Highway, street, or road.—These are
general terms denoting a public way for
purposes of vehicular travel, including the

~ was about the same.

picture than in the lower picture, where speeds were appreciably higher.

. These two photographs, taken at the same location within a short period of time, illustrate
the difference between traffic volume and traffic density.
The density, because of slow speeds, was far greater in the upper

The volume in both cases

Heavy

congestion often creates the false impression, in a photograph, of high volume.
Actually, pictures of free-flowing, high-volume roads usually show only a few vehicles

.. in the field of vision.

_ sidered more important is the need to inform

the reader of the effect of these intermediate
traffic volumes, Having been thus informed,
the loeal official will be better able to exercise
sound judgment in deciding upon gatisfactory
or tolerable capacities for use in administering
his available funds to thc greatest advantage

-of the public.

entire area within the right-of-way. In rural
areag, or in urban areas where there is com-
paratively little access and egress, a way
between prominent termini is usually called a
highway or a road. A way in an urban area
with, or with provision made for curbs, side-

- walks, and paved gutters, is ordinarily called

a street,




Road typeé: A two-lane rural highway.

1.

206

a. Control of access—The condition
where the right of owners or occupants
of abutting land or other persons to
access, light, air, or view in connection
with a highway is fully or partially con-
trolled by publie authority. .

(1) Full conlrol of access means
that the authority fo control access
is exercised to give preference to
through traffic by providing aceess
connections with selected public
roads only and by prohibiting cross-
“ings at grade or direct private drive-
way connections,

(2) Partial control of access means
that the authority to control access
is exercised to give preference to
through traflic to a degree that, in
addition to access connections with
selected public roads, there may be
some crossings at grade and some
private driveway connections.

Functional lypes:

a. Arterial highway.—A general term
denoting a highway primarily for through
traffic, usually on a continuous route.

b. Expressway.—A divided arterial
highway for through traffic with full or
partial control of access and generally
with grade separations at intersections.

¢. Freeway.—An expressway with full
control of access. 4

d. Parkway.—An arterial highway for
noncommercial traffic, with full or partial
control of access, and usually located

‘within a park or a ribbon of parklike

development. i

e. Major street or major highway.—
An arterial highway with intersections at
grade and direct access to abutting

property, and on which geometric design '

and traffic control measures are used to
expedite the safe movement of through
traflic. ;

f. Through street or through highway.—

Every highway or portion thereof at the

entrance to which vehieular traffic from
intersecting highways is required by law
to stop before entering or crossing the
same and when stop signs are erected.
g. Local street or local road.—A . street
or road primarily for access to residence,
business, or other abutting property.

2. Cross-section components:

a. Roadway.—That portion of a road

_ which is improved, designed, or ordinarily

intended for vehicular use. Divided
roads, and roads with frontage roads,

‘have more than one roadway. On un-

divided roads without frontage roadways,
the roadway width normally lies between
the regulsrly established curb lines or
between the outer extremities of the
shoulders, whichever is appropriate.

b. Frontage roadway.—A roadway
contiguous to and generally paralleling
an expressway, freeway, parkway, or
through street so designed as to intercept,
collect, and distribute traffic desiring to
cross, enter, or leave such facility and to
furnish access to property which other-
wise would be isolated as a result of
controlled-access features. Sometimes
referred to as a service roadway.

¢. Pavement.—That part of a roadway
having a constructed surface for the
facilitation of vehicular movement.

d. Shoulder.—That portion of a road-
way between the outer edge of the paved

surface and the curb or the inside edge

Ro.ad' types: A three-lane highway.

of the ditch or gutter or original ground
surface.

¢. Curb.—A vertical or sloping member
along the edge of a pavement or shoulder
forming part of a gutter, strengthening
or protecting the edge, and -clearly
defining the edge to wvehicle operators.

- The surface of the curb facing the general

direction of the pavement is called the
“face."” :

(1) Vertical curb.—A curb whose
face is a plane surface which is
‘either vertical or inclined at an angle

- not exeeeding 20 degrees with the
vertical. Ordinarily it is not
mountable, or is mountable with
difficulty, by vehicles. Also “ealled
8 strazght curb or normal curb.

(2) Sloped curb~—A curb whose
face is a plane surface which is
inclined at an angle of at least 20
degrees, but not more than 60 degrees,
with the vertical. It may be mount-
able or nonmountable by vehicles.

(8) Lip curb.—A curb whose face
is a plane surface which is inclined

_ at an angle of at least 60 degrees with

the vertical: and which is readily
mountable by a vehicle: G

{4) Rolled curb.—A curb, the face
of which is § shaped in cross section,
usually so construected as to be
mountable by a vehicle.

f. Separator.—An area or a device (other
than a painted line or area) so located
longitudinally between two roadways as
to separate traffic lowing in the same or
opposite directions and being so designed
a3 to discourage or prevent passage by
vehicles from the lanes on one side of the
separator to those on the other.

(1) Directional separator.—A sepa-

rator between traffic streams moving
in opposite directions. If the direc-
tional separator is located between
two roadways carrying through traf-
fic in opposite directions, it is usually
referred to as & Median.
(&) Lane separator.—A separator
between traffic streams moving in
the same direction where the service
rendered by the roadways on either
side of the separator is essentially
of the same character, as distin-
guished from that on s frontage
roadway. ; >

(8) Outer separator.—A separator
between a frontage roadway and the
roadway of a controlled-aceess high-
way or major street.

'g. Speed change ;areak.i-»«An added

. width of pavement adjacent to.the through
. traffic lanes to enable vehicles entering a
_roadway to accelerate to a reasonable
. speed before merging with through traf-

fic or to permit vehicles leaving the road-
way to decelerate to the required speed
after separation from through traffic has

_ been accomplished.

(I) Acceleration area.—A speed
change area for the purpose of: (a)
Enabling a vehicle entering a road-

- way to increase its speed to a rate
.at which it can more safely merge
with through traffic; (b) Providing
the necessary merging distancé; and
(¢) Giving the main reoadway traffic
the necessary time and distance to
make appropriate adjustments.
 (2) Deceleration area.—A speed
change area for the purpose of
enabling a vehicle that is to make an

" Road types: A one-way street.
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. exit turn from a roadway to slow to
the safe speed on the curve ahead
‘after it has left the main stream of

: fa‘stel"-moving traffic. =

3. Cr«)ss-sectmna design: "
e¢. Undivided road.—A road which has
no directional separator, elther natural or
structural, separating traffic movmg in
. .opposite dn‘ecuons

b. Divided road.—A two—way road on ;

Whlch traffic in one dlrectlon of travel is
- separated from that in the opym»zte direc-
tion by a directional separator Bueh a
road has two or more roadw; ays.

: 4 Width in lanes: : Al
“a. Two-lane road.—An unlelded two-
way road having one lane for traffic in
each of two opposing directions.

b. Three-lane road.—An undivided two-

. way road providing one lane for the
-execlusive use of traffie in each of two

opposing directions and a third (center)

- 1ane for ase by traffic in either direction

- in overtaking and passing,.
- -¢. Odd-lane road.—An undivided two-
- way road having an odd number of lanes,
- one of which may be used by traffic mov-
ing -in either direction. A three-lane
roadway is a specific type of odd-lane

< roadway.

d. Muliilane road.—A road having two ‘:

or more lanes for traffic in each direction,

. or four or more lanes for traffic in two
directions. It may be one-way or two-
way; divided or undivided.

R Dznc!mml usage:

the center ilné and which is normally

used by traffic in the opposite direction.

(2) On a mauliilane road, the exireme
left-hand lane of those lanes available for
traffic traveling in one direction.

¢. Center lane.—On an undivided
road having an odd number of lanes, the
lane which may be used by traffic travel-
ing in either direction.

d. Second lane, third lane, etc.—
On a multilane road, lanes to the left of
the right lane (or first lane), available for
traffic traveling in the same direction are
designated ‘‘second lane,”” “‘third lane,”’
etc., in that order.

¢. Parking lane.—A strip of roadway
where vehicles may be legally parked but
whiech otherwise would be available to
moving traffic.

f. Left-turn lane.
normal surfaced width, reserved for left-
turning vehicles.

g. Right-turn lane—A ]ane within the
normal surfaced width, reserved for right-
turning vehicles.

h. Separated {turning lanes.—Added
traffic lanes separated from the intersee-

" tion area by an island or unpaved area.

‘@. One-way road.—A road on which g

-the movement of traffic is conﬁncd to one
direction.
. b, Two-way road.—A road on Whlch
- traffic. may move in opposing directions
simultaneously. It may be either di-
vided or undivided. /

6. Traffic lane—A strip of mad\\nv in-

" tended to accommodate a single hna of

‘ moving vehicles.
a. Right lane or first lane. -—On any
~ roadway, the lane on the extreme right,
“in the direction of traffic flow, available
for moving traffic. Sometimes referred

to as the outside lane on rural highways

or the curb lane on city streets where
* parking is not permitted. .

b, Left lane.—(1) On a two-lane, two-

. way road, that lane which is to the left of

.. Road types: A major street with left-turn
‘ lanes and separate signal indications for
- vehicles turning left.
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Road types: An expressway having a direc-

tional separator
separator.

They may be wide enough for one-lane
or two-lane operation.

i. Added turning lane.—A special lane
for turning vehicles obtained by widening
the mnormal roadway width at inter-
sections.

j. Turn-out lane.—A special lane of lim-
ited length apart from the through traffie
lanes provided for the use of vehicles
making stops of short duration.

k. Car-track lane~—A lane occupied by
streetear tracks within the surfaced width
of a roadway. BSuch a lane may or may
not be available for use by free-wheeled
vehicles.

7. Intersection.—The area embraced within
the prolongation or connection of the lateral
curb lines, or, if none, then the lateral bound-
ary lines of the roadways of two highways
which join one another at, or approximately
at, right angles, or the area within which
vehicles traveling upon different highways
joining at any other angle may come in con-
flict. Where a highway includes two road-

ways (30) feet or more apart, then every
crossing of each roadway of such divided high-

—A lane within the

(left) and a lane

Road types: A mauajor street with frontage
roads. Lamp posts are mounted in the
ouwter separators.

way by an intersecting highway shall be re-
garded as a separate intersection. In the
event such intersecting highway also includes
two roadways (30) feet or more apart, then
every crossing of two roadways of such high- :
ways shau be regarded as & separat,e intersec-
tion. °
" a. Intersection leg—That part of any one
of the roadwavs radiating from an inter-
‘section which is outside of the area of the
; intersection proper.
(1) Approach. —That portlon of a
leg whieh is used by traﬁie approach—
=5 mg the intersection.
: (2) Euit.—That purtxon of a leg

. which is used by traffic m iem ing an

intersection.

b. Three-way inlersection.—A roadway

“intersection with three intersection legs.
If .one of these intersection legs is an
approximate prolongation of the direction
of approach of another, and if the third

 leg intersects this prolongation at an
angle between 75 and 105 degrees, the
three-way intersection is classed as a T
intersection. If one leg is a prolongation
of the approach of another, and the third
leg intersects this prolongation at an
angle less than 75 or greater than 105
degrees, it is classed as a Y intersection.
¢. Four-way interseclion.—A roadway
junetion with four intersection legs. If
two of the intersection legs are approxi-
mate prolongations of the directions of
approach of the other two, and the angle
of intersection of these two prolongations
is less than 75 degrees or more than 105
degrees, it is classed as a four-way oblique
intersection. If two of the intersection
legs are approximate prolongations of the
other two legs, and the angle of inter-
section of these prolongations is 75 d»graes
or more, but not greater than 105 degrees,
it is classed as a four-way right-angled
intersection.

d. Multiway intersection.—A junction
having five or more legs.

e. Rolary intersection.—A conflusnce of
three or more intersection legs at which
traffic merges into and emerges from a
one-way roadway in a counterclockwise

* direction around a eentral area.
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(1) Traffic circle—A rotary inter-
section having a central area circular
or oval in shape of sufficient size to
produce weaving maneuvers in lieu
of direct crossings between the vari-
ous movements.,

8. Highway grade separaiion.—A structure :

used to separate vertically two intersecting
roadways, thus permitting traffic on the one
road to cross traffic on the other road without
interference,

- a. Traffic interchange or interchange—
A system of interconneeting roadways in
conjunction with a grade separation or
grade separations providing for the inter-
change of traffic between two or more
roadways or highways on different levels.
b. Access ramp or ramp.—An intercon-
necting roadway of a traffic interchange,
or any conneetion between highway
facilities of different levels, on which

vehicles may enter or leave a designated

roadway.

(1) Inner loop.—A ramp used by
traﬂic destined for a left-turn move-
ment from one of the through road-
ways to a second when such move-
ment i3 accomplished by making a
right-exit turn foliowed by a three-
quarter-round right-turn maneuver
and a right-entrance turn.

(2) Outer connection —A ramp used
by traffic destined for a right-turn
movement from one of the through

roadways separated by a strueture -

to the second through roadway.

(3) Direct connection.—A form of
ramp which does not deviate much
from the intended direction of travel.
The inner loop for left-turning move-

Intersection types: A four-way intersection
in a downtown area.

ment is avoided by the use of sepa-
rate structures. An outer connection
is a direct connection for right-
turning movements.

(4) Exit turn.—A turn at a ramp
terminal . where ftraffic leaves a
through roadway and enters a ramp.
 (6) Entrance turn.—A turn at a
ramp terminal where traffic turns
from a ramp and enters a through
roadway.

9. Weaving section.—A length of one-way
roadway serving as an elongated intersection
of two one-way roads crossing each other at
an acute angle in such a manner that the

~interference between cross traffic is minimized

through substitution of weaving for direct
crossing of vehicle pathways.
10. Sight distance.—The length of road-

way visible to the driver of a passenger
~vehicle at any given point on the roadway

when the view is unobstructed by traffic.

a. Stopping  sight distance.—The
distance required by a driver of a vehicle,

- traveling at a given speed, to bring his

vehicle to a stop after an object on the
roadway becomes visible.

b. Passing sight distance.—The
minimum sight distance that must be
available to enable the driver of one
vehicle to pass another vehicle safely and
comfortably without interfering with the
speed of an oncoming vehicle traveling
at the design speed should it come into
view after the overtaking ‘maneuver is
started.

¢. Restricted stopping sight dis-
tance.—A sight distance shorter than
the stopping sight distance for the design
speed.

d. Restricted  passing sight dis-
tance.—A sight distance shorter than
‘the passing sight distance required to
pass a vehicle traveling 10 miles per
hour slower than the design speed.

e. Restrictive sight distance.—A
sight distance which, by reason of its
inadequate length, causes a reduction
in the operating speed and otherwise
restrains the free movement of traffic
under the prevailing conditions.

IL.—TRAFFIC CONTROL DEVICE DEFI-

- NITIONS

Trafic control devices.—A traffic control

device is any sign, mgnal msrkmg, or device
placed or erected for the purpose of regulating,
warning, or guldmg traffic. .

1. Pavement markings:

-a. Lane line.~—A marked Iong1tud1nal
line other than a center line separatmg
two lanes.

b, Cenler line.—A marked center line

-

(geometric medial line) of an undivided
roadway. [:
.¢. Division line.—A line that desxgnates i

the lanes ‘available for traffic moving in
each direction on an undivided roadway
and that is to one side of the center line.

d. Barrier line—A distinetive longi-
tudinal pavement line which, when
placed in proper relation to a center line,
lane line, or division line, indicates that
all traffic should keep to the nght of such

_ barrier line,

e. Imsert—A pavement marking ac-
complished by settmg into or attaching
to the pavement a material (other than
paint) of contrasting ecolor flush or
practically flush with the surface.

f. Button.—A pavement marking con-
sisting of an inflexible object attached to
the pavement and prmectmg above the
surface. )

g. Word markings. -—Word messngee
marked on the pavement to aid in the
control of traffic. g

h. Directional pavement markings.—
Directional lines, arrows, or symbols
marked on the pavement to aid in the
control of traffic.

2. Traffic sign.—A. device mounted on a

PREDNEESE

fixed or portable support. whereby- official
notice is given in the form of words or symbols,

Weavmg sectwn.s. The dzstrzbuuon structure for the San Francisco-Oakland Bﬂ3 Bndge
{photo taken during construction in 1937). : {
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for the purpose of regulatmg, warmng, gmdmg,

or ‘informing traffie.
© a. Stop sign.—A sign mdmatmg that
traffic shall stop before proceeding. -

3. Traffic signal.—A signsal, operated manu~
ally, electrically, or mechanically, by which
traffic is alternately commanded to stop and
permitted to proceed.

“a. Interval.—The time durmg Wh.wh the
traffic indication of any particular traffie
“gignal face does not change.

b. Cycle.—The total time requu‘ed for
one complete segquence of the snbervals
of a traffic signal.

c. Pkase —A part of the total time

‘ kcycle allocated to any traffic movement
receiving the right-of-way or to any com-
bination of traffic movements receiwing
the right-of-way mmultanenusiy durmg
one or more intervals,

d. Through band.—The time in seconds
elapsing between the passing of the first
-and the last possible vehicle in a group

< -of vehicles moving in accordance with

. the designed speed of a progresswe

. signal system.
. &.. Manual control. —Opcratxon of a
traffic signal by hand. &

< .. J.. Aulomatic .control. ——Operatlon of a

4 tmﬂic signal by an - electrical tumng

. mechanism.. :

g. Traffic-actuated control.—A type of
sutomatic control which is actuated,
under . specific conditions, by impulses
from individual vehicles or pedcstrmns,
or both,

h. I ndependent control.—Operation of &
traffic signal installation not in coordina-

_tion with any other signal.

i. Coordinated control.—Operation. of two

~or more traffic control signal installations
 with definite interrelation.

. §- Simultaneous system.—A signal syS-.

: tem in which all signals always give the

_same indieation to a given street at the

" same time.

k. Alternate system.—A signal system

in which alternate signals, or groups of
‘Slgnals, give opposite indications to a
given street at the same time.
1. Progressive syslem.—A signal’ system
" in which the various signal faces control-
ling & given street give Go indications
in accordance with a timing schedule to
permit (as nearly as possible) eontinuous
operation of groups of vehicles along the
street at a planned rate of speed, which
may vary in different parts of the gystem.
m. Flexible progressive system.— A signal
system in which the intervals at any
signal may be independently adjusted to
the traffic requirements at the intersec-
tion, and in which the go indications at
separate signals may be started inde-
pendently at the instant which will result
in maximum efficiency.

4. Safely zones and islands:

a. Safely zome.—An area or space set
apart within a roadway for the exelusive

- use of pedestrians and which is protected.

.or.is so marked or indicated by adequate

o8 When tlie area so set apart is for the pro-
: ‘tect:on of streetear or bus pa.ssengers, it
" is known as a londmg zone.

b. Pedralr:au usl(md —A raléed .safety
zone located . in a eross Walk

Y . ¢. Loading island. e ralsed safet_y zone
- especially provided.at. a regular streetear

stop, or at a bus stop when such is near

. the middie of the street, for the protection

of passengers ks
d: Traffic. csland ——Any restrlcted area

k permancntly Jocated in a roadway which

provides structurally for the physical

. separation and sorting of traffic streams.

.2 ¢ Channelizing island.—A traffic island

located in a roadway area to confine
. specific movements of traffic to definite

channels, ... .
e Dmawnal nland —-A trafﬁc m]and

s0 located longitudinally in a roadway as

. to separate traffic streams flowing in the
. 8same or opposite directions. (See alse
_ “Separator”). . ; ;

. g.. Rolary uland —A traﬁ”m mland lo-
cated in the center of an intersection to-
_ compel movement in a counterclockwise

Road Types: A depressed expressway.

direction and thus substitute weaving of
traffic around the island instead of direct
crossings of 'vehicle pathways.

IIL—TRAFFIC AI\D TRAFFIC OPERA-‘

TIO\'5 DEFINITIONS

A.--Composl tion of Tra ffic

Sk 7‘raﬂic —~A.11 types of conveyances, to-

gether with tbeu’ load, either singly or as &
whole, while using any roadway for the pur-
pose of trmsportatlon or travel,

‘a. Vehicle—Any component of traﬂic
Unless; ‘otherwise . qualified, the term
vehicle will normally apply to free-wheeled

. vehicles as hereinafter. defined.

b. Free-wheeled: vehicle~Any - compon-
ent of traffic not limited in its field of
operation to rails or tracks.

¢. Passenger car.—A free-wheeled, self-
propelled vehicle designed for the trans-
portation of persons but limited in seating
capacity to not more than seven passen-
gers. It includes taxicabs, limousines,
and station wagons, but does not include
motoreyeles.

d. Commercial vehicle.—A free-wheeled
vehicle designed for the transportation of
cargo other than passengers, and broadly
referred to as a “truck.” May be further
classified as light-powered, medium-
powered, and heavy-powered, and in-
cludes tractor-trucks, trailers, and semi-
trailers when used in combination.

e. Motorbus (bus).—A free-wheeled ve-
hicle having a self-contained source of
motive power (as distinguished from a
trolley coach), designed for the trans-
portation of persons, and having a seating
capacity of eight or more passengers.

f. Trolley coach or trackless troliey.—A

-gigns as to be plainly visible.at all times. Intersection types: A multiway intersection. vehicle, designed for the transportation of
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Intersection types: A rural traffic circle.

phssengers, which is propelled by electric
power obtained from overhead trolley
wires, but not operated upon rails,

g. Sireelcar~A single self-propelled
vehicle restricted to operating on rails or
“tracks and designed for transporting
passengers, principally within a munici-
pality or contiguous area.

B.—Traffic Operation

1. Speed.—The rate of movement of traffic’
or of specified components of traffic, expressed
in miles per hour.

a. Average speed.———The average of
the speeds of all vehicles at a specified
point on a given roadway, durmg a
specified period of time.

b. Over-all speed.—The total dis-
tance traversed, divided by the total time
required, including all traffic delays, ex-
pressed in miles per hour.

c. Average over-all speéd.—The
average of the over-all speeds of all
vehicles on a given roadway during a
specified period of time.

d. Optimum speed.—The average
speed at which traffic must move when

Left-turn lanes: Jackson Boulevard at Lake
Shore Drive, Chicago. Provision of three
left-turn lanes eastbound, one right-turn
lane eastbound, and two lanes westbound,
reduces to a minimum the requisite time

allotted to turning movements, thus
affording greater time for through traffic
on Lake Shore Drive.

210

Intersection types: An urban traffic circle.

. the volume is at a maximum on a given
roadway. An average speed either ap-
preciably higher or lower than the opti-

mum will result in a reduction in volume.

Alse known as critical gpeed.

e. Design speed.—A speed selected
for purposes of design and correlation of
those features of a highway, such as
curvature, superelevation, and sight dis-
tance, upon which the safé operation of
vehicles is dependent. Ii is the highest
continuous speed at which individual
vehicles can travel with safety upon a
highway when weather conditions are
favorable, traffic density is low, and the
design features of the highway are the
governing conditions for safety. :

f. Operating speed.—The highest
over-all speed exclusive of stops at which
a driver can travel on a given highway
under prevailing conditions without at
any time exceeding the design speed.

" g. Speed difference.—The difference
in the speeds of two successive vehicles
moving in the same direction.

h. Average speed difference.—The
average of the speed differences for all
components of {raffic on a given roadway
during a specified period of time.

' 2. Delay.—The time consumed while traffic

or & specified component of traffic is impeded

in its movement by some element over which
it has mo control. Usually expressed in
seconds per vehicle. :
"a. Fized delay.—The delay to which
vehicles are subjeeted during light traffie
volumes or low densities. The delays

experienced by a lone vehiele as a result

of traffic signals or stop signs are fixed
~ delays.
b. Operational delay.—The delay

caused by the interference between com- .

~ ponents of traffic. The difference be-
tween travel times over a route during
extremely low and high traffic volumes,

. and the time consumed while waiting at
a stop sign for cross traffic to clear, are
operational delays. Time losses result-
ing from congestion, from interference

. with parking vehicles, and from turning
vehicles are also examples of operlﬁonal
delays. i

3. Headway.—The interval of time be-
tween individual vehicles moving in the same
lane measured from head to head as they
pass a given point. v

a. Average headway.—The average of
the headways for vehicles on a given
roadway during a speclﬁed period of
time.

b. Minimum headwey.—The existing

headway when successive vehicles are -

moving as closely together as practical
under prevailing conditions.

4. Stopping distance: ,

a. Yehicle stopping distance.—The
distance traveled between the point at
which the driver contacts the braking
controls and the point at which the
vehicle comes to rest.

b. Braking distance.—The total dis-

tance traversed by a vehicle while it is
being brought to rest, measured from
the position of the vehicle at the instant
the brake shoe touches the brake drum.

¢. Driver stopping distance.—The
total distance traversed by a vehicle
while it is being brought to rest, measured
from the position of the vehicle at the
instant the driver has an opportunity
to perceive that he should stop his
vehicle as quickly as possible. Includes
the distanee traveled during dnver per-
ception and reaction time.

5. Weaving—The act perfo;-tned by a
vehicle in moving obliquely from one lane
to another, thus crossing the path of other
vehicles moving in the same direction. '

8. Merging.—The process by which drivers
in two separate traffic streams moving in the
same general direction combme or unite to
form a single stream.

7s Volume —The number of vehicles
moving in a specified direction or directions
on a given lane or rondway that pass a
given point during a specified period of time,
viz., hourly, daily, yearly, etc. :

a. Average annual daily volume —
The total yearly volume divided by the
number of days in the year; commonly
abbreviated as ADT. L

b. Maximum annual hourly vol-
ume.—The highest hourly volume that

Road types: 4 turn-out lane on a freeway

(New Jersey Route 100).

- The telephone
booth is well patronized. e (%,
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occurs on a given roadway in a desig-
nated year.

¢. Tenth highest annual hourly
volume.—The hourly volume on a given

roadway that is exceeded by only nine

hourly volumes during a designated year.

d. Twentieth, thirtieth, etc., high-

est annual hourly volume.—The
hourly volume on a given roadway that
is exceeded by 19, 29, etc., hourly vol-
_umes during a designated year,

8. Density.—The number of vehicles occu-
pying a unit length of the moving lanes of a

roadway ata glven instant. Usua]ly expressed‘

in vehicles per mile.
a. Average density.—The average
number of vehicles per unit length of
roadway over a specified period of time.

b. Critical density.—The density of .

traffic when the volume is at the possible

capacity on a given roadway. Ata density
- either greater or less than the ecritical

density the volume of traffic will be de-

. creased. Critical density occurs when
-all vehicles are moving at or nboul the
oplimum speed.

9. Variation in flow.—The ﬂuctuution in

traffie volume on a given street or hlghway
with successive periods of the day, month
Season, or year.

10. Trafic paitern. ~—A tabular or graphlcal
representatlon of the fluctuation in “traffic

volume over a specified period of time. "The
volume during the inerements of time used
in the pattern may be expressed as numbers
of vehicles or as the percentage which these
numbers are of the average number for all the
increments covered by the pattern. = Different

facilities may be said to have like traffic pat-.

terns if identical curves result when traffic
volumes are shown as a percentage of the
average volume for the perlod covered by thc
pattern
" a. Daily traflic pattern.—A traﬂic pat-
_tern wherein traffic volumes for each of 24
consecutive hours are shown. If the
period of time is extended to include 168
consecufive hours it is termed a daily
traflic pattern for 1 week. In like manner,
- daily traffic patterns for 1 month, 1 year,
or any other period of time may be ob-
tained.

Road types: Intersection on an expressway
at grade having an added turning lane for
left-turning vehicles.  Separated turning
lanes for right-turning vehicles are visible

" at the left of the picture. ;
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Road types: Turn-out lanes on an expressway. These lanes might also be classed as a
frontage road.

b. Weekly traffic patiern.—A traffic pat-
tern wherein daily traffic volumes for
each of 7 consecutive days are shown.
1f the period of time is extended to include
30 consecutive days the pattern is termed
a weekly trafic pattern for 1 month, and
if volumes for 365 consecutive days are

. shown it is termed a weekly traffic patiern
for 1 year.

¢. Seasonal traffic patiern.—A traﬂic
pattern wherein the average dally traffic

" volumes for each of several consecutive
monthg or seasons, as may be spcciﬁed
are shown.

d. Yearly traffic patiern.—A tabular or

graphical array of all the hourly traffie
volumes in 1 year arranged in descending
~ order of their magnitude, either as numer-
ical values or as percentages of the traffic
. on the average day. ; :

: IV—LAND USAGE AND DEVELOP\IENT

DEFlI\lITlONS

WL, Developmem
a. Business development.—Land oceu-

" pied predominantly by establishments

~ used in the transaetion of businesa.:

- b. Residential development. — Property
which is in the main improved with resi-
dences.

¢. Park- development.—Land which is

dedicated, maintained, and used for.

recreational purposes

d. Agnculi ural ~ development. ——~Cu1t1—
vated land used for producmg agncultural
" products.

2. Area or localily:

" a. Urban area.—The ares - included

~ within and adjacent to a municipality or
other urban place of 5000 or more in
pepulation. S 8
b. Downtown area. ~—That portlon of a
muunicipality in and surrounding a busi-
ness development where ordinarily there

are large numbers of pedestirians and a

heavy demand for parking space during
perieds of peak traffic or a sustained high

pedestrian volume and a continuously
heavy demand for parking space during
business and industrial employment
hours. This definition applies to indus-
trial and business areas outside of, as well
as those within, the central part of a

~ municipality. .
¢. Intermediate area.—That poruon ofa

municipality which is outside of a down-

town area but generally within the zone

-of influence of a business development,

characterized by moderately heavy pedes-
trian traffic and & somewhat lower park-
ing turn-over than is found ina downtown

- area.
d. Oullying area. ——-A res1dentlal de-
_ velopment, or a mixture of residential
and commercial estabiishments, within
the outer fringe of a metropolitan area,

characterized by few pedestrians and a-

low parking demand or turn-over.

-e. Rural area.—Any area not within a

. town, city, or metropolitan ares.

Road types: An elevated multilane highwqy.
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Part I.—Maximum Observed Traific Yolumes

Introduction

One method for determining the load-carry-
ing ability of a machine or material is to apply
stresses in successive increments of known
quantity until the item being investigated is
no longer able to support the burden imposed
on it. In the industrial laboratory the
strength, or capacity, of a test sample is usually
determined by loading it to destruction, the
greatest load it will support being its capacity.
The highway engineer has at his disposal a
comparable means for measuring the. ability
-of a roadway to accommodate trafic. His

laboratory extends throughout the country -

and his test samples are the many sections of

-highway that are repeatedly exposed to the
maximum load they ecan possibly bear. ' His
tools are a simple traffic counter and a time-
piece. Because this is perhaps the earliest
applied of all methods for studying highway
capacity, it is fitting that some of the results
obtained by this means be introduced early
in a discussion of the sub]ect

The analogy between the laboratory and
the highway fails in one very important re-
spect: In the laboratory the conditions under
which the test is made can be carefully con-
trolled, whereas the traffic engineer cannot
readily alter either the roadway or traffic
conditions that are prevalent during his test.
He must note these conditions and make
compensatory adjustments for the deviations

Arlington Memorial Bridge, Washington, D. C. Low-speed approaches, lanes less than 12

Seet wide, and high curbs limit the possible capacity of this roadway to

vehicles per hour in one direction.

from “standard” if his results are to be of any
value. Because of failure to do this or to
make similar adjustments in later applications
of the data, the results obtained by this

Table 2.—Maximum observed hourly volumes on two-lane roads

Vehicles per fane per hour
Average
Route and location Jane width e ok
In one lane a]]r?agnes
Fes
Colorado St. Bridge, Pasadens, Calf . _ .. 14.0 1,710 1,215
Sumner Tunnel, Boston, Mass. _ .. ... - (1 TR o S secy 1, 200
Posey Tnhe, Alameds, Calif. e 11.5 1,400 1,350
U 83, Manchester, N. H ........_._. . 0.0 | .. 044
U 8 45, Lihertyvl]le i, (31 m.p.h.). o 9.0 1, 510 904
Lincoln Tannél ( 1940), New York.. » 10.8 - LIB2 | oo
US1,0ld Lyme,Conn ..._._____. £ 1.5 1,135 887
U8 27, north of Jet. Route 21, Mich < 10.0 850
U 86, West Hartford, ConD  _... ..o iciirammmniacoccnccaciccaans 10.0 830
State Route 17, northwest of Goshen, N, Y. ...~ - 777" 10.0 801
Shirley ﬂlqh\v'xy (Octobher 194-4) at Glebe E’.om‘l1 Va. 7Tm.ph) . 12.0 752
Baltimore-Washington Blvd., Marylan 10.0 751
State Route 9, Middletown, Conn..... 10.0 714
L&N Bridge, Cincinnati, Ohio. 7.0 575 -
U 8 285, near Btate Route 75 Denver, ‘Colo 80 o b e=836. ) ceaniaone
Btate Ronte 87, Favetteville, N.C 110 5 b R TR T S e e
Table 3.—Maximum observed hourly volumes on three-lane roads
: Vehicles per hour
Average
Routse and location
lane width In one Average for
direction all lanes
Peet
State Route 35, Laurence Earbor, ) % RSP e ot e el el ST 10.0 2,250 1,021
State Route 2’7. 3145 1| TR e DS S s iy 206 el S o2 | NS 10.0 1, 9056 761
Btate Route 27, West Beott Ave Rahway, N. J_...__._..._ 10.0 1,814 724
.81, Danvers, DRERTEY Ak 515l R sl A S L 10.0 1, 526 664
State Route 29, Union County, N.J 10.0 1,511 757
Btate Route 42 Camden County, N. 10.0 1,301 664
U 8B40, Richmond Callf . coai. 3000 0t e 653
State Route 17, Carlstadt, N.J. ... 10.0 1,197 633
U B 101. Oceanside. Calif ._... 5 100 g il e ot St e 632
State Route 3, Quiney, Mass_ . oo 10.0 820 568
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t 4,000

method have met with varying degrees of
success.

Two- and Three-Lane Roads

Tables 2, 3, and 4 show the maximum
hourly volumes that have been observed on a
number of important highway facilities when
the trafic flow was continuous. In each
table the maximum traffic volume for one lane
and for the average lane is shown. Values
under the heading “‘In one lane’” represent the
maximum hourly volumes recorded for a single
lane, except that for three-lane roads they
represent the maximum hourly volumes for
one direction of travel. The “Average for all
lanes’” is for both directions of travel on a two-
or three-lane roadway and for all lanes in one
direction of travel on s multilane roadway.
The highest observed volume for one lane may
or may not have occurred at the same time
a3 the highest observed volume for the average
lane. i

The highest volume recorded for a two-lane
roadway is 1,350 vehicles per lane in the Posey
Tube at Alameda, Calif. A maximum volume
of 1,710 vehicles in one lane has been observed
on the Colorado Street Bridge in Pasadenas,
Calif. The roadway width of the latter is
28 feet and therefore might have been used,
to some extent at least, as three lanes. Several
other two-lane roadways have accommodated
volumes exceeding 1,000 vehicles per hour in
one direction but, as far as is known, these
two facilities and the Sumner Tunnel are the
only two-lane facilities that have accommo-
dated an average of more than 1,000 vehicles
per hour per lane or a total volume exceeding
2,000 vehicles per hour.
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Lake Shore Drive, Chicago, operating with

six lanes in the direction of heavier traffic
movement. Separators between pairs of
lanes can be raised or lowered at will, thus
affording great flexibility in meeting
traffic needs during various periods of the
day.

Particular attention is called to the volume
for the Baltimore-Washington Boulevard as
shown in table 2, Several articles on highway
capacity incorrectly report that 1,502 vehicles
per lane were observed in 1 hour on this
facility when it was a two-lane road. Exami-
nation of the original material reveals, how-
ever, that this figure was the total for both
lanes and not for each lane. Similarly, many
articles show the capacity of the Holland
Tunnel as 2,000 vehicles per lane per hour.
Actually, the Holland Tunnel has never carried
more than a total of 2,505 vehicles in two
lanes, or an average of 1,253 vehicles per lane
per hour, as shown in table 4. Since each tube
of the Holland Tunnel is a fwo-lane, one-
directional facility, it is classed as a four-lane
road.

A special attempt was made to obtain counts
showing high hourly volumes on three-lane
roads. Only one example was found, how-
ever, of a three-lane road with a peak hourly
volume exceeding 3,000 vehicles, or 1,000
vehicles per lane per hour. On many three-
lane facilities, average annual volumes in

“excess of 12,000 vehicles per day have been
recorded. In one case the annual average
24-hour volume was 19,040 vehicles per day.
Even with these high daily volumes, however,
the maximum hourly volumes shown in table 3
have not been exceeded.

Multilane Facilities

Only two multilane facilities, U 8 1 near the
airport at Newark, N. J., and Grand Central
Parkway, New York City, both with four-lane
divided roads, have been reported as accom-
modating in excess of 2,000 vehicles per lane
per hour (table 4).

The Outer Drive in Chicago is one of the best
illustrations of high lane capacities on a road
with & total of more than four lanes. It
carries in the neighborhood of 1,500 vehicles
per lane per hour nearly every day during the
afternoon rush period. Mazimums of 1,958
vehicles per lane when operating with four
lanes in each direction and 1,640 vehicles per
lane when operating with six lanes in one
direction have been recorded.

214

Maximums Cited Are Exceptional

The volumes shown in tables 2, 3, and 4
are, in most cases, the possible capacities of
those particular facilities. They are maxi-
mums that have been recorded only once,
although the {iraffic- demand has probably
been sufficient to reach or exceed these same
volumes on many occasions. Compared with
a laboratory test of a number of identical
samples of steel, these traffic counts corre-
spond to the one test sample that would yield
under a heavier load than all the others.
Traffic on Memoria! Bridge in Washington,
D. C., for example, has been counted innu-
merable times when the bridge was unable
to accommodate the approaching volume of
traffic, thus causing traffic to back up on the
approaches as a result of congestion on or near
the bridge. During hundreds of such obser-
vations this bridge earried no more than 3,600
vehicles per hour in one direction, or an aver-
age of 1,200 vehicles per lane. On one occa-
sion, however, and only on one oceasion as far
as is known, this bridge carried s total of

4,227 vehieles in one direction, or an average
of 1,409 vehicles per lane.

Furthermore, the data included in tables
2, 3, and 4 were gelected as the highest group
of hourly volumes from a much larger list
showing maximum observed volumes for
facilities that, in the judgment of the observer,
were loaded to their capacity. It would
therefore be technically unsound to assume
that other facilities with a comparable number
of lanes would have the same capacities as the
highest or even the average of these few
isolated examples.

The maximum observed volumes are shown
primarily to acquaint the reader with the peak
traffic that has been carried on some of the
more.heavily traveled routes throughout the
country. They are also intended to illustrate
the wide range in capacities of facilities
seemingly alike in type but actually having
wide differences in their physical as well as
traffic characteristics. The reasons for these
wide differences in capacity will become more
apparent as the subject is developed in sue-
ceeding chapters.

Table 4. —Maximum observed hourly volumes in one direction on multilane roads

Vehicles per lane per hoar
- Average lane
Route and location width (feet) atgeti
In one lane all lanes
Four-LANE ROADS
- U B 1, Newark Airport, N. J y 12.4 2,275
Grand Central Parkway, west of Parsons Blvd 1.0 2,104
U 8 73 and 75, Omaha, Nebr. (3¢ m.p.h.) 11.0 1,763
Cross Bay Blvd., Queens, N. Y____ - 8.0 1, 566
REDENE SENWAY, St. Lo0is, MO o il ciidiiiieacmnciosmamcsiimiis]  Sulesmeaee 1, 543
Fourteenth 8t. Bridge, Wasflingtxm, D. C. (27 mﬁ),h.). 10.0 1, 508
Queensboro Bridge, upper roadway, New York, N. Y.__. 11.25 1,488
Sunrise Highway, at Cross Bay Blvd,, N. Y._____..______ 10.0 1,350
Outer Drive, Chicago, IH_____________________ 11.25 1,349
Southern State Parkway, Tro]%pm Lodge, N. Y. 10.0 1,264
Holland Tunnel, New York, N. Y. (283m.p.h.)__ 10.0 1,253
Edison Bridge, AR PATT oy, N> Ll I T A T TR 10.7 1,248
Manhattan Bridge, New York, N. Y.:
Upperroadway_.. ... ... ___ 11.25 1,226
Yower roadway.... ... _... 8.75 912
Merritt Parkway, Greenwich, Conn . 13.0 1,158 .
Northern State Parkway, Troopers sy 10.0 1,138
Bmadwal; Bridge, Portland, Oreg.___._____ 10.0 1,088
Willismsburg Bridge, New York, N. Y___ 10.0 1,061
B R0 T T e s St KRN - L (RN o S e 10.0 1,042
FIVE-LANE R0OADS
Superior Bridge, Cleveland, Ohio______._._________________________._.____. 0.0 T b gaeti Sl 1,557
Queensboro Bridge, New Y‘ork, Nz Y.
Lower roadway, two lanes one-way. 10.2 1,720 1,292
. Lower roadway, three lanes one-way..__ JO. 23y ol i ot 22 1,195
Six-LANE ROADS
Henry Hudson Parkway, New York, N. Y____________. ... 11.0 1, 666
Oakland Bay Bridge, San Franeisco, Calif. _ X 1 9.7 1,538
Leif Eriksen Drive, Chicago, TIL. ____._______. 11.6 1, 435
Memaorial Bridge (30 mf.h.) ‘Washington, D. C. 10.0 1,409
Arroyo Seco Parkwnﬁ, Los Angeles, Calif_....__. 10.7 1,367
George Washington Bridge, New York, N. Y_______....__ 8.0 1,320
Delaware River Bridge, Camden, N. J. {four lanes one-way). 9.4 1, 285
Superior Bridge (12,6 m.p.h.), Cleveland, Ohio 10.0 1, 241
Michigan Ave., Chicago, III___ 12.6 1,118
Carnegie Ave., Cleveland, Ohio 9.5 938
Aurors Bridge, Seattle, Wash__ 9.3 903
Burnzide Bridge, Portland, Oreg. 10.0 768
US1 Bangus, Mass_______________ Looe 11.3 746
“Davison Expressweay, Detroit, Mich._______ ... 1.0 678
E16HT-LANE ROADS
Outer Drive (37 m.p.h.), Chieago, T, _ . eeaan 12.1 1,958
Curb lane (32 m,p.h.gl.. 3 12.1 1,519
Second lane (36 m.p.h.) 12.3 2,155
Third lane (40 m.p.h 12.5 2,081
Fourth lane (40 m.p. 11.7 2,077
Bix lanes ONE-WaY - oo 11.26 1,640
Figueroa Freeway, Los Angeles, Calif 10.0 1,463

3The maximum in this lane occurred when the average lane carried only 1,681 vehicles per hour.
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Part Il.—Fundamentals of Highway Capacity

Introduction

The subject of street and highway capacity
is not readily understood without a knowledge
of the various factors which, either singly or
in combination, affeet the movement of ve-
hicles.  Principles of physics, dynamies,
hydraulics, and the laws of various sciences
have been applied from time to time to the
movement of traffic with varying degrees of
suceess. Although some of these laws are
pertinent to traffic flow, a thorough knowledge
of traffic movement has required the develop~
‘ment of new principles.

Few drivers, if any, operate their vehwles
in identically the same manner or react
exactly the same under similar conditions.
It is impossible, therefore, to predict the effect
of various roadway and traffic conditions on
an individual driver. It has been found,
however, that the combined effect on traffic

a3 a Whole can be predicted with reasonable

aceuracy. This ch apter is devoted to a few
of the principles of traffic ﬂnw which relate to
highway capaclty -

Vehicle‘f: Spa‘t‘rings at Various Speeds

AJl drivers do not maintain the same dis-
‘tance spacing to the vehicle ahead when trail-
ing at a given speed. In fact, the same driver
in congested traffic will fel]ow at different
distances depending on the surroundings and
his ability to match. the speed of the preceding
vehicle. Figure 2 shows the minimum distanee
spaeings. allowed by the average -driver at
different speeds for a few conditions. Similar
curyes based on thousands of observations for
other conditions could be presented. . The
curves in figure 2 are, however, sufficient to
show that the average driver increases the

distance spacing between vehieles as his speed

inereases and that the spacing is also influ-
enced by the characteristies of the highway.

Relation Between Speed and Basw
Roadway Capacity

Using the data shown in ﬁgure 2, it is possi-
ble to determine the maximum number of
passenger ears, one behind the other, that can
pass a point in 1 hour at any given speed if
this given speed is maintained by all vehicles.
This is shown by figure 3. These curves have
numerous practical applications if used cor-
rectly. Under actual operating conditions it is
possible to attain the traffic volumes shown

220

for two-lane roadq in one of the two lanes, but
~only upon the condmon that there is no on-
coming traffic in the other of the two lanes.
Where traffic is moving in both directions on a
two-lane road the combined volume in the
two Janes may equal the values shown in
figure 3. In fact, the total traffic volume over
a section of two-lane, two-way road more than
a few hundred feet long cannot exceed 2,000
vehicles per hour regardless of the distribu-
tion of traffic by directions. Likewise, the
traffic volumes shown for three-lane roads
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can be attained in only two of the three lanes.
In the case of four-lane roads, however, it ig
possible to attain the volumes as shown by
figure 3 in each of the traﬂic lanes during the
same time period..

The relation between average speed and
traffic volume as shown by figure 3 holds true
in actual practice. The highest volumes per
lane occur on roads where vehicles travel be-
tween 30 and 40 miles per hour at the time

the roads are accommodating their maximum

_possible capacities. For example, a two-lane
road that handles its highest possible capacity
when the vehicles are traveling 15 miles per
hour will have only three-fourths the capaecity
of a road that handles its possible capacity at
30 miles per hour. Likewise, the road that
handles its possible capacity at 30 miles per
hour will only be able to handle half as much
trafic whenever some abnormal condition
causes the drivers to reduce their speeds to 9
miles per hour. Any traffic variable or any
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roadway condition that prevents vehicles from
moving safely at a speed of 30 miles per hour:
lowers a roadway’s capacity. A traffic density
exceeding the critical density is one of these
conditions.

Drivers’ Desired Speeds

Drivers are influenced in the selection of
their vehicular speeds by a large number of
variables, such as the condition of the surface,
the traffic density, the length of trip, the con-
dition of their cars, and their own individual
idiosyncrasies, When traffic and roadway
conditions are such that drivers can travel at
whatever speed they desire, there is always a
wide range in the speeds at which the various
individuals operate their cars. This fact is
illustrated by the typical speed distribution
curves shown in figure 4.

Average speeds higher than those shown in
figure 4 have been recorded, particularly on
rural multilane highways in the West and
Midwest, and at one location an average speed
of 58 miles per hour for passenger cars has
been reported. It is uncommon, however, for
the average speed to exceed 50 miles per hour
even during very light traffic densities. Re-
gardless of what the average speed may be,
the general shape of the speed distribution
curve for free-moving vehicles will be about
the same as for the curves shown in figure 4.
It is evident from this information that com-
paratively few passenger-car drivers desire to
travel at speeds which equal or approach the
potential speeds of their vehicles even under
the most favorable highway and {raffic con-
ditions.

Effect of Traffic Volume on Speed

Prior to the development of equipment for
accurately measuring the relation between
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speed and traffic volume, it was commonly
assumed that at some traffic volume below the
possible capacity of the street or highway a

slight increase in traffic volume would eause a

marked reduction in the average vehicle speed.
Had this assumption been correct, it would
have provided an ideal criterion by which to
determine practical capacities, Investigations
conducted on an extensive scale have definite-
ly shown, however, that there is a straight-line
relation between traffic volume and average
speed when other conditions are identical and
the critical traffic density is not exceeded.

Figure 5 shows this relation for two typical
rural conditions. The same relation between
average speed and traffic volume is applicable
to routes through cities, including streets with
traffic signals, provided that the traffic densi-
ties do not exceed those that occur when the
facility is accommodating its possible capacity
and provided also that other inﬂuencing
factors are constant.

When the average speed is reduced as a
consequence of an inerease in traffic volume,
the speed distributions change in the manner
shown by figure 6, which illustrates conditions
observed on a typical high-speed highway.
This set of curves shows that when the dis-
tribution of speeds and the average speed are
known for a particular traffic volume on a
given route, it is possible to predict with a high
degree of accuracy the speed dlstributions
for other average speeds.

Difference in Speed a Criterion of
Possible Capacity ‘

The range in the speeds of individual ve-
hicles, at a point where the traffic flow is not
interrupted by traffic signals, decreases with
an increase in traffic volume as shown by
figure 6. With little traffic on the highway,
drivers travel at their desired speeds. As the
traffic volume increases, individual drivers
are affected more and more by other traffic,
The high-speed drivers obviously are affected
to a greater degree than the lower-speed drivers.
‘When the traffic volume becomes high enough
to prevent the high-speed drivers from passing
the low-speed drivers, all traffic must move at
approximately the same speed and the average
difference in speed between successive  ve-
hicles will approach or become zero. When
this occurs, the traffic volume has reached the
possible capacity of the particular facility
under the prevailing conditions and the num-
ber of vehicles per unit length of highway will

60

/

AVERAGE SPEEDS— MILES PER HOUR

\\
"\\1
\
S
25 =l
20
O I 2 3 4 S5 5 7 8 9 10 H 12 13 14 15 16 IT 18 5 20

TOTAL TRAFFIC VOLUME -VEHIGLES PER HOUR (HUNDREDS)

Figure 5.~Average speeds of all vehicles on level, tangent sections of two-lane rvural
highways.
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then equal the critical density for that highway.
If the traffic density continues to increase
there will be a marked reduction in speed
with the result that the traffic yolume, which
is the product of the density and the speed,
will be lowered below the highway’s possible
capacity,

Extensive 5tudses ha.ve shown that on facili-
ties where drivers are not influenced by speed
limits, the average dm'erence in speed between

exwtmg hlghwayq

successive vehicles decreases as a straight
line relation with an increase in traffic volume
until the traffic volume reaches the facility’s
possible capacity at the critical density. This
finding has made it possible to determine the
effect that various highway features and traffic
conditions have on the possible capacities of
different types of highway facilities.
possible to predict, with a high degree of aec-

curacy, the capacity of a particular facility

Vehicles stopped or standing on the pavement not only deprive other traffic of a usable
portion of the roadway, but by causing a reduction in speed of trqﬂ'ic they lower the

_ capacity of the remaining lanes.
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It is also

without waiting until that facility becomes
congested. This is accomplished by plotting
the average difference in speed during s very
low traffic density and during a somewhat
higher traffic density on a graph, using the
traffic. volume and the mean difference in
speed between successive vehicles as the co-
ordinate scales. A straight line going through

these points and extended to the point at
which the speed difference is zero will indicate
the traffic volume rpprocentmg the “possible
capac:t.y

Turn-out lanes permit busses to stop with
little or no interference with other traffic.
This one might well have been a little
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When calculating the mean difference in

speed between suecessive vehicles, the speeds -

of individual vehicles are first separated by
direction of travel and then arranged in the
same order as that in which the vehicles
passed a given point on the highway, regard-
less of the number of lanes for each direction
of travel.
calculated for pairs of vehicles using each
vehicle firgt as the following vehicle and then
as the leading vehicle. The differences are
then averaged arithmetically, disregarding
the algebraic signs. :

For two-way, two- and three-lane roads, the
means for the two directions are averaged by
weighting according to the number of vehicles

n each direction of travel. For multilane
highways, the mean difference in speed for one
direction of travel is never combined with the
corresponding value for the other direction be-
cause the resulting figure would be meaningless.

Relation Between Speed and Traffic
Volume

The cause of traffic “tie-ups” or the sudden
oceurrence of complete congestion on a facility
can be explained by employing the average
difference in speed in combination with the
relation between speed and volume as shown
by figures 83 and 5. The change in the average
speed and the change in the mean difference in
speed between successive vehicles with an in-
crease in traffic volume on a typical four-lane
divided highway without a speed limit are
shown by the solid lines of figure 7. Curve 1
shows that the average difference in speed
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The difference in speed is then

between successive vehicles decreases as a
straight line with an increase in traffic volume
until at a total volume in one direction of 3,900
vehicles per hour, the possible capacity of the
two lanes, all vehicles are moving at the same
speed. ;

Curve 2 shows that the average speed also
decreases from 48.5 to 32 miles per hour with
the traffic volume increasing to 3,900 vehicies
per hour. On similar highways with an en-
forced speed limit of 50 miles per hour the aver-
age speeds and the mean difference between the
speeds of successive vehicles for the low traffic

-volumes would be as shown by curves 3 and 4.

That is, for volumes under 1,750 vehicles per
hour, the speed limit would have a greater
effect on speeds than would the traffic densities.

Possible Range of Speeds for Each
Volume

Curve 5 is based on the combined volumes of
the two eurves shown in figure 3 for four-lane
highways. It represents the lowest possible
speed of traffic if the two lanes are to aceom-
modate the various total traffic volumes. For
example, with a total volume of 2,000 vehicles
per hour in the one direction, the average
speed of traffic could be anywhere between 10

and 40 miles per hour, With an average of 40

miles per hour, there would be a wide distri-
bution of speeds, whereas if the average were
10 miles per hour all vehicles would be moving
at approximately the same speed. Should
some condition cause traffic to slow to less than
10 miles per hour, the traffic capacity of the
highway would become less than 2,000 vehicles

per hour and traffic would immediately become

‘badly congested. The intersection of curve 5

with curve 2 at point B represents the maxi-
mum posgible capacity of the roadway under
the prevailing conditions and is the maximum
volume that ean occur with a zero difference in
speed between successive vehicles. The dis-
tance between curves 2 and 5 is a direct meas-
ure of the range in average speeds that can
oceur at the different total traffic volumes.
The various distances are therefore a relative
measure of the safety factor present to prevent
the occurrence of complete traffic stagnation.
Any point representing the relation between
speed and volume must fall within the area
between these two curves.

Traffic Volume Below Péssible Ca-
pacity When Critical Density is
Exceeded

To understand why complete congestion so
often occurs when a highway is operating at
or near its possible capacity, assume that
traffic on the road which figure 7 represents
has gradually increased to a volume of 3,900
vehicles per hour at an average speed of 32
miles per hour. Assume also that this traffic
volume is approaching a point onthe highway
where drivers suddenly reduce their speeds to
20 miles per hour because vehicles are entering
from s side street. The capacity of the high-
way at the point where speeds are only 20
miles per hour cannot exceed 3,250 vehicles
per hour as shown by curve 5. Under this
condition, vehicles would immediately start to
accumulate at this point on the highway at
the rate of 650 per hour, causing a sudden
increase in the density of traffic. If the ap-
proach volume of 3,900 vehicles per hour and
the restricted condition existed for only a few
seconds, some vehicles would be required to
stop and the traffic volume would immediately
drop to zero at this point on the highway, as
shown by curve 5. The queue of vehicles at
a standstill would continue to increase in
length until the volume of approaching traffic
dropped to no more than 3,250 vehicles per
hour and probably not until the approaching
volume had dropped to 3,000 vehicles per
hour. (One vehicle every 2.4 seconds has
been found to be the average rate at which
consecutive vehicles stopped in line get started
again when there is an open road ahead.)

Even though the cause of the restriction
lasts but a few seconds or minutes, additional
vehicles might continue to become stopped for
a considerable time after the cause of the
restriction had been removed. These vehicles
would form a queue which would move down
the highway in the direction opposite to that
of traffic flow. Queues of vehicles at a stand-
still have been observed on the Oakland-Bay
Bridge and the Pulaski Skyway several miles
from the scene of the original restriction, even
though traffic was apparently operating in its
normal manner between the queue and the
place where the queue originally started to
form.
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Part IV.—Roadway Capacities for Uninterrupted Flow

INTRODUCTION

A logical sequence for presenting the avail- .

able capacity material would consist of re-
porting the highest traffic capacities attain-
able under ideal conditions and then showing,
by successive steps, the quantitative extent
to which various traffic and roadway con-
ditions affect these ultimate capacity values.
That is the proeedure followed in this chapter.
Basic capacities are presented for the three
general classes of highways: two-lane, three-
lane, and multilane. Possible capacities are
then discussed, and finally a suggested pro-
cedure is outlined for arriving at practical
capacities for roads of all descriptions where
‘the movement of traffic is uninterrupted by
intersections or Junctlons

As a source of information for this report,
results are available from studies econducted
by many individuals and organizations; in
particular, those for the comprehensive studies
of the dynamies of highway movement con-
dueted by the Bureau of Public Roads in
cooperation with State highway departments
in all sections of the country. The data
obtained and analyzed by the Bureau of
Public Roads alone include detailed informa-
tion such as individual vehicle speeds and
spacings between vehicles under actual opera-
ting conditions at approximately 500 loca~-
tions. During the periods of study at these
locations traffic increased from comparatively
low densities to the peak densities and then
decreased to a low level again. By the use of
special electro-mechanical equipment designed
and built especially for this purpose, detailed
data for slightly over a million vehicles have
been recorded during the past 10 years for
many of the most heavily traveled roads in
the eountry.

The results of these studies have been sup-

plemented by investigations of motortruck
performance, including grade-climbing ability
and braking or stopping distances; studies of
the driving characteristies of various classes
of motor-vehicle operators; studies of passing
practices on two-lane roads in which detailed
information was recorded for nearly 20,000
passing maneuvers; and studies of the effect
on traffic behavior of various types of pave-
ment markings and other control devices.
These studies are in addition to the periodie
speed studies made by the State highway
departments, which have included speed
observations on 2 million vehicles at 787
locations since 1939, and the traffic counts
made manually and by hourly recording
electrical counters for the purpose of obtaining
annual and peak volumes on all main highways
throughout the United States.

BASIC CAPACITIES

The uni.nterrupbed flow of traffic may
genera.lly oceur only on urban freeway
facilities and on the sections of rural highway
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The severe congestion here illustrated resulted from an emergency stop of one vehicle on
> -  the bridge in background.; X gl

that are removed from the influence of inter-

sections at grade. Even on these facilities,

however, certain traffic and roadway  con-
ditions can cause an interruption of the normal
traffic flow. It is nevertheless essential in a
study of highway capacity to know the capa-
city of a facility for conditions of uninterrupted
flow in order that proper deductions can be
made for conditions that cause the flow to be
interrupted.

Multilane Roads

" The largest number of vehicles that can
pass a point one behind the other in a single
traffic lane, under the most ideal conditions
that can possibly be attained, is between
2,000 and 2,200 passenger cars. So far as is
known, hourly lane volumes within this range
have been recorded at not more than two
locations. Volumes only slightly over 2,000
vehicles per hour per lane have been recorded
at geveral locations, but all reportz of lane
capacities in excess of 2,300 vehicles per hour
have proved to be incorrect.

Traffic volumes in the neighborhood of 2,000
vehicles per lane per hour can oceur only if
the following five conditions are satisfied:

1. There are at least two lanes for the exclu-
sive use of traffic traveling in one direction.

2. All vehicles move at approximately the
same speed, each driver being restricted to the
speed of the vehicle ahead. This speed,
which is governed by the speed of the siowest
drivers, must be between 30 and 40 miles per

“hour.

3. There are practlcally no commercu.l
vehicles.
4. The width of traffic lanes, shoulders, and

ciearances to vertical obstructions beyond the
edge of traffic lanes are adequate.

5. There are no restrictive sight distances,
grades, improperly superelevated curves, inter-
sections, or interferences by pedestrians.

Since these conditions can be satisfied on a
multilane facility, the maximum number of
passenger cars that can pass a given point
during 1 hour under the most nearly ideal
roadway and traffic conditions which can
posgibly be attained, or the basic capacity of
multilane roads, is 2,000 passenger cars per
lane per hour.

It has been rather widely assumed that the
capacity of multilane facilities decreases with
an increase in the number of lanes. This is
not necessarily true, The Outer Drive in
Chicago, for example, with its eight lanes, is
one of the most efficient facilities. It has
accommodated an average of 1,958 vehicles
per lane per hour in the one direction of
travel during several periods when manual
counts were being conducted. The provision
of adequate access and egress facilities such
that the full capacity of all traffic lanes can
be utilized, however, becomes increasingly
difficult as the total number of lanes is in-

_ creased.

Three-lane roads

On two- and three-lane roads there are not
two lanes for the exclusive use of traffic travel-
ing in the one direction. The character of
operation is therefore entirely different on
these roads from that on multilane highways,
since vehicles performing passing maneuvers
are forced to use a traffic lane that is provided
for vehicles trnveling in the opposite direction.
Consequently, the basic capacities of two-




and three-lane roads are much lower than for ;
" to increase in length until the spaces between .

multilane facilities.
B When traffic on a three—lane mghway is
evenly divided by directions, when there are
no restrictive sight distances, and when other
conditions are ideal, vehicles can completely
fill the two outside lanes by utilizing the center
lane for passing, thus filling the long gaps that
would otherwise occur between vehicles in the
outside lanes ahead of slow-moving vehicles.
Likewise, it is only when there is little or no
traffic in the one direction that the one outside
lane and the center lane can become filled with
vehicles traveling in the other direction so
that the characteristics of the flow may be-
come similar to those in one direction on a
four-lane highway. The basic capacity of a
three-lane, two-way road is therefore 4,000
passenger cars per hour or an average of 1,333
passenger cars per lane per hour. The basic
capacity for one direction is limited to 2,000
passenger cars per hour on any section with
but a single restrictive sight distance.
Extensive studies have shown that there is
no basis for the ecommon assumption that
most efficient operation on a three-lane road
will be realized with approximately two-
thirds of the traffic in one direction. Faets
show that the high volumes ean be handled
most efficiently when traffic is evenly divided

sight-distance restrictions. As yet, the Com-
mittee has been unable to locate any count
approaching 4,000 vehicles per hour on a
three-lane road, and this is probably becanse
there are sufficient sight-distance restrictions
on most existing three-lane roads to prevent

their basie capaeities from bheing attained.

A total count of 3,064 vehicles per hour has,

however, been recorded on a three ~]m|e mnd

in New Jersey.
Two-Lane Roads

On a two-lane, two-way road, vehicles
must, to overtake and pass vehicles traveling
in the same direction, use the lane normally
used by oncoming traffic. With few or no
vehicles traveling in the one direction and no
restrictive sight distances, traffic in the other
direction can keep one lane completely filled
because gaps that occur ahead of the slower-
moving vehicles can almost immediately be
filled by vehicles performing passing maneu-
vers. Whenever one vehicle traveling in the
direction of the light flow appears, however,
all vehicles traveling in the direction of the
heavy movement must crowd into one traffic
lane. Since the capacity of one traffic lane
is limited to & maximum of about 2,000 pas-
senger cars per hour, the basic capacity of the
two-lane road under these conditions would be
2,000 passenger cars per hour.

With traffic evenly divided by directions,
opportunities to overtake and pass slow-
moving vehicles are sufficiently restricted by
oncoming traffic to limit the flow in each
direction to 1,000 passenger cars per hour.
At this traffic volume, spaces occur ahead of
the slow-moving vehicles which cannot be
filled by other vehicles performing passing
maneuvers. In effect, traffic in both diree-
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tions tends to form in queues which continue

the queues become sufficiently long to permit
the performance of passing maneuvers. As
soon as a few passing maneuvers are performed,
the spaces between the queues become partially
oceupied and are no longer of sufficient length
for the performance of passing maneuvers, and
the queues immediately start forming again.

This accordion effect, with all but a very
limited number of vehicles traveling at the
same speed as the vehicle immediately ahead,
oceurs at the same total traffic volume regard-
less of the distribution by directions. The
basic capacity of a two-lane, iwo-way road is
therefore a total of 2,000 passenger cars per
hour regardless of the distribution by
directions.

Total traffic volumes elose to 2,000 vehicles
per hour have been recorded on two-lane,
two-way facilities during periods when most
of the traffic traveled in the one direction and
also during periods when the traffic was evenly
divided by direction. In only three cases
have two-lane, two-way facilities been re-
ported to have accommodated somewhat
more than 2,000 vehicles in 1 hour. These
occurred at tunnels where the comparatively
short two-lane roadway sections were bottle-

; : _necks between higher-capacity facilities.
by direction, especially when there are passing ' B, ‘

POSSIBLE CAPACITIES

When roadway and traffic conditions are
ideal, the pogsible capacity of a facility with
uninterrupted flow corresponds to its basie
capacity. Since roadway and traffic con-
‘ditions are seldom ideal, the possible capacity
of a facility, or the maximum number. of
vehicles that can pass a given peint on a lane

‘or roadway during 1 hour under the prevailing

roadway and fraffic conditions, is generally
lower than its basic capacity.
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In practice, the only applieation of a road-
way’s basic capacity is that it forms a starting
point from which its possible capacity ean be
estimated or calculated by deducting the effect
of the prevailing conditions which are not
ideal, whereas the possible capacity is a posi-
tive quantity that has a direct application to
many problems Wlth which the engmeer is
faced.

In the discussion of practical ca.pacmes,
there are listed a number of the more impor-

tant factors that influence traffic capacities

when the flow is uninterrupted. . The result-
ing effect that these factors have on traffic
capacity must be subtracted from the basic
capacities to obtain the posmble ‘capacitiés
for the prevailing condiﬁons.

PRACTICAL CAPACITIES

Al vehlcles must move at approxunately
the same speed when a street or hlghway is
operating at its possible capacity, each driver
being restricted by the speed of the vehicle
ahead, which is usually the speed of the slow-
est group of drivers. Under this condition
most drivers consider a highway extremely
congested, because most of them want to
travel faster than the slowest group, and they
desire some freedom in the selection of their
individual speeds. The average vehicle speed
on a thhway operating at or near its possible
eapacity is lower than the speed which most
drivers consider reasonable ¢

Criteria of Practical Capaéitiés Under
Ideal Conditions

The practical capacity of a highway earry-
ing an uninterrupted flow of traffic is reached
when a higher volume will cause drivers to be
unreasonably restricted. “Unreasonably re-
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stricted” is only a relative term which will
vary for different locations. In urban areas,
for example, a driver is willing to accept the
regulation of his speed by other traffic to a
greater extent than in rural areas, so long as
he can keep moving at a speed he considers
reasonable under the circumstances. Further-
more, the relative restriction and the average
travel time will increase uniformly as the
trafic volume on a highway is increased
from low volumes to the maximum possible
. capacity of the highway. There is no volume,
below the highway’s maximum capacity, at
which a further increase in volume will cause
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a marked increase in congesﬁon or. decrelse

in speed. This has been illustrated by figures
5 and 7. Tt is necessary, therefore, to apply
other criteria which have been developed to
measure congestion in the selection of practical
capacities for various conditions.

Vehicle spacings

The most sensitive index of traffic con-
gestion on two-lane highways is shown in
figure 8 (curve B). This figure shows that
as the spacing between vehicles decreases
there is little change in the difference in speed
of successive vehicles until the time spacing

is reduced to 9 seconds. Below that spacing,
the speed of the following vehicle approaches
that of the one ahead very rapidly, indicating
that with a spacing of 9 seconds, drivers are
affected by the presence of the car ahead,
and that the shorter these spaces become the
greater is the effect.

If all vehicles using a highway were equally
spaced, determination of the point of inecipient
congestion would be a simple matter. How-
ever, it is a well-known faet that vehicles do
not move with uniform separating intervals,
but rather that they tend to form groups.
Studies made on tangent highway sections in
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A section of two-lane road where the design
features are ideal for high capacity.

many parts of the country show that this

tendency to form groups is remarkably uni-
form regardless of the traffic volume. Figures
9 and 10 are typical of the vehicle-spacing
distributions for conditions where the flow of
traffic is uninterrupted.

Under nearly any conditions of speed and
traffic volume, approximately two-thirds of
the vehicles will be spaced at, or less than,
the average distance between vehicles. Using
figure 9, the curve of vehicle spacings on
two-lane roads, it will be found, for example,
that with an hourly volume of 180 vehicles
in one direction (representing an average

) spacing of 20 seconds) about 120 vehicles will
" be 20 seconds or less behind the car ahead,

and of these about 90, or 52 percent of the

_ total, will be spaced at 9 seconds or less and

will therefore be affected to some degree by
the car. ahead. As the traffic volume in-
creases, the number so spaeed increases.
With 200 vehicles per hour in one direction,
55 percent will feel some effects of congestion;
with 300 vehicles per hour the figure becomes
65 percent; with 400 it becomes 72 percent,
and so on until over 90 percent of the vehicles
are affected when the volume becomes 1,000
vehicles per hour in each direction.

If it be considered that s highway is con-
gested when 72 percent of the drivers must
govern their speeds by the speeds of other
vehicles, 800 vehicles per hour is the practical
capacity of a two-lane road.

Passing opportunities

Another index of congestion is the availa-
bility of opportunities for vehicles to overtake
and pass slower vehicles moving in the same
direction. If the alinement of a highway is
not a factor, passing on a two-lane road is
limjted only by the time the lane normally
used by oncoming traffic is occupied. The
ratio of the number of passings required per

mile of highway for drivers to maintain their
desired speeds, to the number of passings that
they can actually perform, is a measure of
traffic congestion. Figure 11 compares the
desired number of passings with the actual
number that can be performed under typical
conditions on a two-lane road with tangent
alinement.

~ The total number of passings required for
all drivers to maintain their desired speed
increases as the square of the traffic volume.
Actually; however, the total number of
passings that occur increases with an increase
in the total traffic volume up to 1,300 vehicles
per hour and then decreases rapidly: To
maintain his free speed, the number of
passings each driver would make increases
directly as the traffic volume increases.
Actually, however, the number of passings
made by the average driver increases as the
density increases up to 800 vehicles per hour,
remains about the same between 800 and
1,200 vehicles per hour, and thereafter de-
creases’with a further increase in the traffic
density. The fact that the average driver on
a two-lane, tangent highway should increase
the number of passings he makes as the
traffic volume goes above 800 vehicles per
hour, but can make no material increase due
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traffic in one direction.

October 1349 ¢ PUBLIC ROADS




to the traffic density, is a very important
criterion in the determination of practical
capacities for two-lane highways. (A traffic
volume of 800 vehicles per hour with the
normal percentage of commercial vehicles is
equivalent to 900 passenger cars per hour.)

Operating speeds

The most significant index of traffic con-
gestion during different traffic volumes, as
far as drivers are concerned, is the over-all
speed (exclusive of stops) which an average
motorist ean maintain when trying to travel
at the highest safe speed. This over-all speed
is termed the “operating speed.”

A driver on a two-lane, tangent highway
can travel at a uniform speed of say 50 miles
per hour, until he overtakes a slower-moving
vehicle.. He would then elther pass the slower
vehicle, if there was no oncoming traﬁie, or
he would slow down to the speed of the
vehicle ahead and wait until the opportunlty
to pass presented itself. For a driver fo
travel at a uniform speed of 50 m.p.h. on a
modern two-lane highway. carrying a total
of 300 vehicles per hour equally divided in
each direction, he would be required to pass
an average of 24 vehicles: per hour. At a
volume of 900 vehicles per hour he would be
required to pass 130 vehicles per hour. In
the first case, 43 percent of tht vehicles he
passed would be traveling at speeds exceeding
40 m.p.h. while in the second ecsse only 23
percent of the vehicles he passed would be
exceeding 40 m.p.h. y
. Under actual operating conditions on a
two-lane highway, the left lane would not
always be free of oncoming traffic at the time

_an opportunity to pass.
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the driver overtook a vehicle traveling at a
slower speed, so even on highways with no
sight-distance restrictions, he would some-
times be forced to reduce his speed and await
This delay would
cause g decrease in his average speed which
in turn would decrease the number of vehicles
overtaken within a given time period.-

Figure 12 shows the portions of the total
time that a driver desiring to travel at a
certain speed can travel at that speed on a

“two-lane highway with no sight-distance re-

strictions. A driver desiring to travel at 70
m.p.h. ean travel at this speed 100 percent of

" the time as long a8 there is no other traffic on

the highway. However, when there is other

_traffic on the highway, he soon overtakes

another vehicle traveling at a slower speed
and, unless there is a space between vehicles
in the opposing traffic lane of sufficient length
to permit him to pass, he must reduce his
speed until such an opportumty does oceur,

after which he can again inerease his speed to

70 m.ph. At a total traffic volume of 200
vehicles per hour, it will be possible for the
driver to travel at 70 m.p.h. 50 percent of the
time if he takes full advantage of his oppor-
tunities to pass the slower drivers. At a
traffic volume of about 550 vehicles per hour
he will not be able to travel at 70 m.p.h. any
of the time because after passing one vehicle
he must start slowing down to avoid a rear-end
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collision with the preceding vehicle traveling
in the same direction or a head-on collision
with oncoming traffic in the opposing traffic
lane.

Likewise, & driver trying to travel 60 m.p.h.

can maintain this speed 100 percent of the -

time when there is no other traffic, and 50
percent of the time when the traffic volume is
400 vehicles per hour, but he cannot at any
time attain this speed when the traffic volume
is in excess of 850 vehicles per hour, Also, a
driver trying to maintain a speed of 50 m.p.h.
can accomplish this 50 percent of the time

with a traffic volume of 750 vehicles per hour.

but at no time can he travel at this speed
when the traffic volume exceeds 1,400 vehicles
per hour.

These curves in figure 12 also show the per-
centage of time that drivers must travel at
various speeds below their desired speeds.
For example, with a traffic volume of 400
vehicles per hour, a driver whose desired
speed is 70 m.p.h. can travel at this speed
15 percent of the time; between 70 and 60
m.p.h., 35 percent of the time; between 60 and
50 m.p.h., 30 percent of the time; and is re-
quired to reduce his speed below 50 m.p.h.
about 20 percent of the time.

A driver trying to go 70 m.p.h. can travel
no faster than a driver trying to go 60 m.p.h.
when the traffic volume exceeds 850 vehicles
per hour. The 60- and 70-m.p.h. drivers ¢an
go no faster than the 50-m.p.h. driver when
the traffic volume exceeds 1,400 vehicles per
hour. ‘

Effect of other traffic

Figure 13 shows .the effect of other traffic
on the over-all speed of drivers trying to main-
tain a certain desired speed. On tangent
sections of existing high-speed, two-lane high-
ways, a driver trying to maintain a speed of
70 m.p.h. without exceeding this speed finds
that his over-all speed decreases rapidly with
an increase in the traffic density. At a traffic
volume of 200 vehicles per hour his over-all
speed is reduced from 70 to 61 m.p.h. due to
delays while waiting to pass slower-moving
vehicles, and at 850 vehicles per hour his

over-all speed will be 46 m.p.h. or the same
as that for a driver trying to maintain a speed
of 60 m.p.h. For all practical purposes the
speeds for the 60- and 70-m.p.h. drivers are
the same when the traffic volume is in excess
of 300 vehicles per hour.

From these curves (fig. 13) it is possible to
determine the hourly volume of traffic that
can be accommodated by a two-lane highway
at any specified operating speed when sight-
distance restrictions are not a factor. If, for
example, 8 two-lane road must accommodate
peak volumes of 1,000 vehicles, the operating
speed on that two-lane road, if it has no sight-
distance restrictions, will be about 43 m.p.h.
during periods that the peak volumes occur.
It is possible from the results of these traffic
studies to predict with a high degree of accuracy
the operating conditions that will prevail with
any given traffic volume on a highway with two,
three, or four lanes where the flow is uninter-
rupted and other conditions are ideal. To
determine the practical capaeity of a facility
it is necessary, first, to determine the operat-
ing conditions that the majority of motorists
will accept as satisfactory. Then it is neces-

sary to ascertain the highest standard of

highway improvement that the governmental
jurisdietion ean support. Finally, it becomes
necessary to reconcile the demands of the
motorist with the means available for meeting
these demands. Thus, in the final analysis,
the matter of specifying precise values for
practical highway capacities becomes a
localized problem. The Committee considers
that it is of prime importance to relate traffic
volumes accurately to operating conditions
that will prevail so that individual agencies,
with a thorough knowledge of the specific
conditions, can decide on the most practical
volumes to expect a facility to handle. The
Committee also believes, however, that it is
desirable to suggest practical capacities based
on the normal desires of drivers under certain
conditions,

On most main rural highways, operating
conditions are considered satisfactory for the
average driver when the operating speed is

A badly congested multilane highway. Carsin the second lane are here deléyed by a vehicle
desiring to make a left turn. Uncontrolled right of access has resulted in the con-
version of this section of highway to the equivalent of one continuous intersection.
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45 to 50 miles per hour during all but a few
of the peak volume periods in a year.

With this operating speed, the average
speed of all vehicles will be 40 to 45 miles per
hour and at any one instant about 70 percent
of the drivers will feel some effect of conges-
tion, but they will have an opportunity to
pass the slower-moving vehicles without un-
reasonable inconvenience. In certain sections
of the country where drivers rarely experience
congested conditions or where most trip
lengths are relatively long, and on toll roads
or other special high-type rural facilities,
drivers might consider a highway unreason-
ably congested when those who so desire could
not average 50 to 55 miles per hour during all
but a few of the periods of peak volume in a
year.

- On urban facilities with uninterrupted flow,
an operating speed of 35 to 40 miles per hour,
resulting in an average speed for all traffic
of 30 to 35 miles per hour, is considered
reasonable.

Two~-lane Roads

Under ideal roadway and traffiec conditions
a two-lane road where sight distances are not
restrictive will accommodate 900 passenger
cars per hoyr and still permit operating speeds
of 45 to 50 wmiles per hour. The correspond-
ing figure for an operating speed of 50 to 55
miles per hour is 600 passenger cars per hour.
Studies have shown that the distribution of
traffic by directions on a two-lane road has
practically no efféct on operating speeds or on
the average interference between vehicles and
relative congesfion which the average driver
experiences. The maximum practical capacity
of a rural two-lane road with uninterrupted
flow is therefore a total of 900 passenger
cars per hour regardless of the distribution
of traffic by directions.

Within urban areas or for access connections
between industrial plants and the main high-
ways, where operating speeds of 35 miles per
hour are satisfactory, the practical capacity
of a two-lane road would be 1,500 passenger
cars per hour. At certain locations where
operating speeds of 50 to 55 miles per hour
are required, the practical capacity of a two-
lane road would be 600 passenger cars per
hour.

Multilane Roads

A multilane highway will provide the same
or comparable operating conditions with 1,000
passenger cars per hour per lane in the diree-
tion of the heavier traffic flow as a two-lane
highway with no restrictive sight distances
operating at a total traffic volume of 900
passenger cars per hour. The maximum
practical capacity of a multilane rural highway
wi h uninterrupted flow is therefore 1,000
passenger cars per lane per hour in the direc-
tion of the heavier flow.

A multilane highway with uninterrupted
flow will provide an operating speed of 35 to

40 miles per hour when the traffic volume in

the one direction of travel is 1,500 passenger
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cars per lane per hour. The maximum prac-
tical capacity of multilane freeways in urbap
areas, when access and egress facilities are
not a factor, is 1,500 passenger cars per lane
per hour in the direction of the heavier flow.
At this volume, drivers who so desire can safely
maintain an over-all speed of 35 to 40 miles
per hour, although the average speed of all
vehicles will be 30 to 35 miles per hour.” Also,
exceptionally high volumes that occur fre-
quently for short periods can be handled
without complete congestion. There is also
further significance in 1,500 vehicles per lane
per hour as the maximum practical eapacity
of multilane roads in that this is the highest
rate at which wvehicles, after being once
stopped, can pass a point in a single line.

Three-Lane Roads

The place of the three-lane, two-way pave-
ment in the highway system has long been
the subject of discussion. Three-lane high-
ways have been constructed to accommodate
traffic volumes in excess of those that can be
handled efficiently by two-lane highways but
that are not sufficiently great to require a
four-lane road. They have also been built as
stage construetion projects in the develop-
ment of four-lane undivided highways. The
belief has been expressed, however, that traffic
volumes justifying more than two lanes have
by their natural growth soon become suffi-
cient to congest a three-lane width. - Further-
more, by the time a third lane can be planned
and constructed on an - already congested
two-lane road, the trafic demand requires
most of the increased capacity which the
third lane provides, and thus the added lane
provides only temporary relief.

With the rather recent universal change in
favor of four-lane divided rather than undi-
vided highways, there has been a marked
tendency toward the elimination of three-
. lane road construction by going directly to a
four-lane divided highway for traffic volumes
in excess of those that can be acecommodated
by a two-lane road. A three-lane road does
not lend itself to the ultimate development
of a four-lane d1v1ded hlghway

Hazard to traffic

There have been wide differences of opinion
regarding the hazard to traffic on three-lane
highways. From the results of the most
comprehensive studies of accident rates of
three-lane highways as compared with other
types, there has, however, been a general
acceptance of the belief that a traffic volume
greater than can be accommodated by a two-
lane highway justifies the added safety that
can be provided by a fnur lane divided
highway.

From the point of view of driver behavior,
the three-lane highway suffers a psychological
disadvantage which might well result in an
abnormally high accidert rate. On a two-
lane road, a driver engaged in a passing maneu-
ver must encroach upon the left lane which
is definitely provided for traffic in the opposite
direction. He does this with full realization
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Figure 14.—Distribution of vehicles between lanes on a level, tangent, three-lane highway.

that his passing is accomplished only in the
face of the superior rights of drivers in the
opposing lane. In the case of the three-lane
road, particularly with traffic evenly divided
in the two directions, there is no clear-cut
right-of-way distinction. A vehicle moving in
one direction has as much right in the center
lane a8 one moving in the other direction, and
passings may involve much greater traffic
hazards,

Efficiency

It is commonly assumed that a three-lane
highway is more efficient for locations where
at least two-thirds of the traffic travels in one

direction during high volume periods. This
assumption is based on the idea that traffic

traveling in the direction of the heavier volume
will use two lanes, and traffic in the other
direction will use one lane. Based on data
obtained on modern three-lane highways with
good alinements and profiles, figure 14 shows
the percentage of vehicles that use each lane
when approximately two-thirds of the traffie

/isin one direction. The percentage of vehicles
traveling in the center lane at any one place
‘increases a8 the total volume increases to 1,500

vehicles per hour. At this volume, only 15.9
percent of the vehicles were in the center lane,
13.8 percent traveling in one direction and 2.1
percent in the other. One driver had the
same right as another to use the center lane
of a three-lane highway and, regardless of the
opposing traffic volume, he apparently exer-
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Figure 16.—Frequency distribution of vehicle speeds on a three-lane highway.

cised that right. An estimated maximum of
about 300 vehicles per hour, or 15 percent,
used the center lane at a volume of 2,000
vehicles per hour, which is well above the
practical eapacity of a three-lane road.

Figure 15 shows average speeds on three-
lane highways for vehicles in the center and
outside lanes, at different total wvolumes.
There is a marked decrease in the average
speed of vehicles in the right-hand lanes with
an increase in the total volume, whereas the

average speed for vehicles in the center lane’

does not change as the volume increases. Fig-
ure 16 further illustrates the tendency of
drivers to travel at high speeds when using
the center lane of a three-lane highway. This
figure shows the distribution of speeds by lanes
and direction at a low and & high total traffic
volume.
vehicles were in the center lane at the higher
traffic volume, 41.7 percent of those traveling
over 40 miles per hour, 58.3 percent of those
traveling over 45 miles per hour, and 72.7 per-
cent of those traveling over 50 miles per hour
were in the center lane. This tendency of driv-
ers to travel in the center lane of a three-lane
highway during heavy traffic volumes at speeds
nearly as high as those on four-lane divided

highways during low traffic volumes, creates

& hazardous condition and contributes to the
severity of acc¢idents.
and four-lane divided and undivided highways,
drivers tend to reduce their speeds with an
increase in the volume of traffic, regardless of
the lane they occupy.

A similar analysis for periods when traffic

was almost evenly divided by direction showed
that under this condition a three-lane highway

will handle traffic more efficiently than when
the flow is predominantly in the one direction.
Apparently the assumption of most efficient

operation with two-thirds of the traffic in one
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Although only 15.2 percent of the

On two-lane highways -

direction is a figment of the imagination that
cannot be substantiated by faets. Were it
true, this assumption could be widely applied
because it is the rule, rather than the exception,

- that about two-thirds of the traffic travels in

one direction on any rural highway during
periods in which the highest total volumes
oceur. There  are, however, no available
data to show that any three-lane highway has
ever accommodated more than 2,000 vehicles
per hour in one direction; a number that can
crowd into a single lane at points where the
.sight distance is too short for passing maneu-
vers to be performed safely.,

Capacity

With a total of 1,500 passenger cars per
" hour, a three-lane highway with no restrictive
“sight distances will provide operating condi-
tions comparable to those on two-lane and
four-lane rural highways operating at their
practical capacities. .

' The capacity of three-lane highways is very
sensitive to restrictive sight distances.

The maximum practical capacity of a rural
three-lane highway is therefore a total of 1,500
passenger cars per hour. This is 67 percent
greater than the capacity of & two-lane high-
way and 75 percent of the capacity of two -
lanes for one direction of travel on a four-lane
highway.

For less favorable sight-distance conditions,
the difference between the practical capacities
of a two- and a three-lane highway decreases
and the difference between the practieal capa~
cities of a three- and a four-lane highway
increases. '

If sight distances sufficient to complete
passing maneuvers safely are available only
intermittently along a three-lane highway, the
practical capacity of such a highway might be
only slightly greater than the capacity of a
two-lane road with the same alinement; or
less than the capacity of a two-lane road with
good alinement. If a three-lane road is to
accommodate traffic volumes substantially
greater than those that can be accommodated
by a good two-lane road, sight distances long
enough to permit passing with safety must be
almost continuous over the length of the road.

Experience with three-lane highways

The past experience and practice of State
highway departments should offer some index
of the place of three-lane roads in our present
highway system. Through the Bureau of
Public Roads, the Highway Capacity Commit-
tee obtained data from the State highway
departments showing the date of construction
and traffic volumes during the life, or up to the
present time, of most three-lane rural roads
constructed in this country. : Information was
obtained from 27 States on more than 3,700
miles of three-lane roads, 7.8 percent of which
had been converted to four or more lanes.
It must be remembered, when interpreting the
results of this study, that a lack of funds and.
the normal time required to plan, finance, and
construct a facility, or other considerations,
may have delayed the actual construction of a
three-lane road (or the widening of a three-.
lane road to four lanes) several years after the
actual need for the improvement became ap-
parent, and that in some cases the inadequacy
of an existing three-lane road was relieved by
the construction of an alternate or parallel
facility.

The average retirement age of three-lane
highways converted to four lanes was 6.1
years, which is 1.6 years less than the average
time that existing three-lane roads have been-
in service.. The ages of three-lane roads when
eonverted to four or more lanes varied from
15 years with an initial annual volume of less
than 1,000 vehicles per day to less than 2 years
for initial annual volumes exceeding 10,000
vehicles per day. The retired  three-lane
roads carried an average annual traffic volume
of 7,029 vehicles per day as compared with an
average maximum traffic volume to date of
4,996 vehicles per day for those still in exist~
ence. The traffic volumes on three-lane
highways as initially constructed, on those
still in existence, and on those that have been
converted to wider highways, are shown in
figure 17.
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Prior to widening, 17 percent of the reported
three-lane mileage carried annual average
volumes of 10,000 and more vehicles per day.
Only 5 percent of the existing three-lane
mileage has carried annual volumes of 10,000
and more vehicles per day.

California and New Jersey each reported
three-lane roads with exeeedingly high annual
volumes. On only one of these highways,
however, has the peak hourly volume exceeded
2,000 vehicles. The following tabulation
shows the peak hourly volumes on the three-
lane roads in California carrying average
annual volumes exceeding 10,000 vehicles
per day.

Arerage daily traffic in

year of highest annual Peak hourly

volume: volume
11272 5o 8 SASIOADCY BAVS O Alnacd 1, 589
1 2:0765 0 nkd ti s Soomiele), S PR 1, 895
18 80 e e M L o i) 891
12803 S ST e L el 1,083
12:350 Sl d s 1% el e fiaecii 918
19;040s5ma it mittone ol ek 1, 958

Tt is evident that these three-lane roads were
taxed beyond their possible capacities during
peak periods, and the peak hourly volumes
were much lower than they would have been
had the capacities of the roadways been
greater.

Conclusions of studies

The more detailed results of the studies
made by the Committee regarding three-lane
roads may be obtained in mimeograph form
from the Highway Research Board. The
important conclusions of this study were:

1. At any point on a three-lane highway,

relatively few vehicles travel in the center lane.

The maximum number that can be in the
center lane is about 300 per hour, regardless

of the total traffie volume, when up to 70
percent of the total traffic is traveling in one
direction.

2. Although there is a very marked drop
in the average speed of traffic in the outside
lanes with an increase in volume, there is no
drop in the speeds of vehicles in the center
lane.

3. As long as the hourly traffic volume
traveling in one direction does not exceed 70
percent of the total traffie, the center lane will
be used by vehicles traveling in both direc-
tions.

4. The average speed of all vehwles and the
possible ecapacity of a three-lane road are
slightly higher when the traffic is nearly evenly
divided by direction than when two-thirds
travel in one direction.

5. At places where sight distanee is re-
stricted, the use of the center lane for passing
is dangerous; so, in effect, a three-lane highway
will carry only two lanes of traffic at such
pomts

6. A three-lane highway ha.vmg even one
restrieted sight distance cannot carry more
vehicles per hour in one direction than the

number that can crowd into one trafficlane—-

2,000 passenger cars per hour under ideal
conditions.

7. Three-lane roads with an initial annual
average volume of about 4,700 vehicles per
day may be expected to give a useful service
for approximately 6 years.

8. Three-lane roads with an initial annual
average volume less than 3,300 vehicles per
day may be expected to give satisfactory serv-
ice for at least 13 years, and perhaps for the
normal life of the pavement (15-20 years)
providing traffic increases in the future at
the same rate that it has in the past, excluding
the war years. t

Table 5.~Roadway capacities for uninter-

rupted flows under ideal traffic and road-

way conditions

| | Multi-
Two- | Three- [ lane
lane, | lane, |highway:

two-way | tWo-way | sverage
| highway: | highway: sparlane

| totul for | total for | for direc-
both | tion of

l lanes ' | lanes! | heavier
| flow *

i Passen- | Possen- | Passen-

‘ ger cars | ger cars | per cars

| per hour | per hour | per hour
Basie capacity 1. ____ 2,000 | 4,000 ! 2000
Practical capacity for | |

arban conditions .| 1,500 2,000 | 1,800
Practical capacity for 5
rural eonditions L 900 1,500 | 1,000

t Distribution by directions is not 8 factor.

2 During periods of peak flow, traffic in one direction may
be much heavier than in the other direction.

8 Same as possible capacity for ideal conditions,

4 Provides 35 to 40 m.p.h. operating speeds,

] Provid% 45 to 50 m.p.h. operating speeds.

EFFECT OF FACTORS THAT REDUCE
CAPACITIES

Table 5 summarizes the basie, possible, and
practical hourly capacities of various types
of highways under ideal traffic and roadway
conditions when the flow is uninterrupted
and sight distances are not restrictive.

It is seldom, however, that roadway and
traffic conditions are ideal. - For this reason,
both possible and practical capacities for
uninterrupted flow are usually lower than
those shown in table 5. If surface condition
be disregarded, and it is seldom a factor on a
well-maintained highway with a high-type
surface, the most important conditions which
affect the capacity of the highway where the
flow is not interrupted by cross traffic are:

(1) lane width, (2) clearances to laterai

obstructions, ‘(3)“shoulder width and condl-
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Table 6.~Effect of lane width on capacity!

Capacity expressed ag a percontage
of 12-foot lane eapacity
3 Two-lane rural roads— ’fI‘wo land(}s
: or one di-
Lane width i reetion of
travel qn
At At divided
possible practieal | highways
capacities | capacities | at practical
capacities
Feet Percent Percent Percent
b e, M o 100 100 100
i 08 ST SO WA e 88 86 97
40 e 2B 81 77 91
Qoo iyt 7% 70 ‘81

1 Effects of lane width on driver comfott, accident rates,
ete., are not included in these relations.

Table 7.—~Effect of restricted lateral clear-
ance on practical capacities !

Effective width
of two 12foot

Clearance from pavement edge
KPR S traffic lanes

! Effects of lateral clearance on driver, comfort, accident
rates, ete., are not included in these relations, !

tion, (4) commercial vehicles, (5) location and
derign of interchange facilities, and (6) the
profile and alinement, especially as related to
sight distance and gradient.

Lane Width

Narrow lanes have a ldwer eapacity than

the 12-foot lanes which are at present con-
sidered necessary for heavy volumes of mixed
traffic. On a two-lane road, a vehicle per-
forming a passing maneuver must encroach
on the lane normally used by traffic traveling
in the opposite direction for a longer period
if the lanes are narrow than if they are wide.
On multilane roads, more vehicles straddle
the lane lines when the lanes are narrow than
when they are wide, thereby in effect occupy-
ing two lanes rather than one. Table 6 shows

the capacity of lanes down to 9 feet in width

on the basis of capacities for 12-foot lanes.

Narrow through-truss bridges seriously
impair the capacity of many sections of
highway.
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This unde:jpass aoffers no impediment to the free movement of traffic. Ample side clearance
is assured even if a third lane is later added to the pavement. :

Table 8.—Combined e_ﬂ'éct of lane width and edge clearances on highway capac‘iyti‘e's,l‘

Capacity expressed asa percentage of the ca?aelty of two 12-foot lanes with no

restrictive lateral clearances
Clearam’foff)%%%‘{fgiem edge Obstr@ct}qn on one side Obstruction on both sides
12-foot 1-foot | 10-foot 9foot | 12doot | 11-fcot lo-foot‘ 8-foot
lanes lanes | lanes lanes lanes lanes lanes lanes

POSSIBLE CAPACITY OF TWO-LANE HIGHWAY

00

97 85
93 81
B8 7

81 76 100 88 81 6
79 74 94 3 7% | .7
75 70 | 85 75 0 65
7 .67 | 78 67 62 58

83
01 78
85 3

77 70 100 7 70
74 68 92 79 71 65
70 64 81 70 63 57
66 60 70 54 49

POSSIBLE .&N‘D‘PBACTICALA;CAPABITRS OF Two0 LAXES FOR ONE DIRECTION OF TRAVEL ON DIVIDED HIGHWAYS

100 97
99 96
97 04
80 87

o7 | = 81

91 81 100

90 80 98 95 89 9
88 79 84 91 36 7%
82 73 81 k') bi! 66

-The practical eapacity of a two-lane rural

road with lanes 9 feet wide, for example, is
only 70 percent of the eapacity of a mmila.r
road with 12-foot lanes.

‘Restrictive Lateral Clearances

' Vertical obstrlictiéhs such as retaining walls,

light poles, and parked cars adjacent to the

edge of a traffic lane reduce the effective width .
of that lane as shown by table 7. A 24-foot

pavement with a bridge truss at the edge, for
example, has the same effective width as an
18-foot pavement with 6-foot shoulders. In
addition to their effect on capacity, lane width

and lateral clearances also affect driving com-
fort, accident rates, etc., which the relation~
~ ships shown by these tables do not include.

The eombined effect on capacity of lane

~width and clearances from the. pavement edge
to obstruction are shown by table 8. Some,
judgment must obvmusly be exercised when

applying these adjustments to highway see-
tions where the lateral restrictions are not
continuous along the entire length. One

1 Effects of lane widths and lateral clearances on driver comfort, accident rates, ete., are not included in these relations.

lateral restriction within a section of highway
will cause a bottleneck and thereby direetly
affect the possible capacity of the entire sec-

Narrow shoulders, and shoulders that are
‘poorly maintained, seriously impair the
capacity of a highway.
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A shdrt-span bridge of inadequate roadway
width., ;

tion. The practical capacity of the section,
however, may be affected only slightly.

For example, one bridge 24 feet wide and
100 feet long on a highway with a 24-foot
surface and a normal shoulder width of 8
feet would reduce the possible capacity of that
entire section by 24 percent (from 100 to 76
percent, table 8). The praciical capacity,
however, would be influenced for only a short
distance, thereby affecting the praectical ca-
pacity of the entire section a lesser amount,
in proportion to the relative lengths.

While no research data are available re-
garding the exact length of highway over
which an individual obstruetion within 6 feet
of the pavement edge affects traffic operations,
it seems reasonable, from the results of obser-
vations for other purposes, to assume that
traffic will be affected to some extent for 9
seconds before reaching the lateral obstruction
and that the net effect will be approximately
the same as the full effect while traveling for
4} seconds plus the distance over which the
restrictive clearance continued. With traffic
averaging 45 miles per hour the bridge in the
above example would affect traffic over a dis-
tance of 397 feet (207--100). The practieal

capacity of the entire section of highway, if
it were 1 mile long, would then be reduced by
the narrow bridge from 100 percent, the prac-

tical capacity of a highway with 12-foot lanes
and no lateral restrictions, to

(100X 4,883) 4 (703X 397)
. 5,280
capsacity of a highway with 12—foot lanes and

no lateral restrictions.
‘Table 8 shows the combined effect of lane

=98 percent of the

"width and lateral clearances for two-lane

highways ard for divided four-lane bighways.
For undivided four-lane highways, the lateral
clearance on the left side of the lanes for
travel in the one direction may be assumed to
be equivalent to the distance from the left
edge of these lanes to a vehicle centered in the
adjacent lane used by traflic travelmg in the
opposite direction.

Likewise, when there are more than two
lanes for the one direction of fravel, interior
lanes may be assumed to have the same ca-
pacity as lanes with lateral clearances equiva-
lent to the distance between the edge of the
lane and a vehicle centered in the adjacent
lane. For example, .if conditions are such
that the practical capacity for one direction

_of travel on a four-lane divided highway with

a wide median, 10-foot shoulders, and 12-foot
lanes is 1,500 passenger cars per lane per
hour, then, for similar conditions the practical
capacity of the three 10-foot lanes for one
direction of travel on a six-lane divided high-
way with a wide median and 10-foot shoulders
would be:

For lanes 1 and 33._ 0. 91X1, 500 X2=2, 730

Forlane 24 _______ 0. 861,500 =1,290

Shoulders

At no time are adequate shoulders more
necessary on & highway than when the lanes
are used to full capacity. Without a place of
3 Factor of 0.81 from table 8, 10-foot lanes with no obstruc-
tions; WL =
# Factor of 0,80 from table 8, 10-foot lane with clearances of
2 fest on either side to ears in adjoining lanes.

Bridge rails must be well removed from the edge of the pavement if they are to have no
effect on the traffic capacity of a highway.
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 Consideration must be given to the needs of

" disabled vehicles, of which one may be
 expected for every eight to ten thousand
vehicle-miles of travel, if all traffic is to

- be properly served.

-refuge outside the: traffic lanes; one disabled

vehicle can reduce the capacity of a highway
by more than the capacity of one lane, especi-
ally if the lanes are less than 12 feet wide.
The disabled vehicle blocks the lane occupied
and, in addition, reduces the capacity of

adjoining lanes whenever vehicles must merge

into fewer lanes at speeds below 30 miles per
hour. * For example, the possible capacity of
s traffic lane with wvehicles moving at 20
miles per hour is only 87 percent of its capacity
at 30 miles per hour. At 10 miles per hour a

_lane has only about 50 pereent of its 30-

mile-per-hour capacity (see fig. 3). A minor
accident which causes a reduction in speed
can, therefore, cause complete congestion on

- a facility operating near its possible capacity.

For lanes less than 12 feet wide, shoulders

" treated with bituminous materials for a width

of 4 feet or more increase the effective width
of the adjacent traffic lanes by 1 foot.

Commercial Vehicles

Commereial vehicles reduce both the practi-
cal and possible capacities of a highway (see
table 9) in terms of vehicles per hour because
they occupy a greater road space and influence
traffic over a larger ares than do passenger
cars. They also generally travel at lower

gpeeds, especially on upgrades, thereby in-

creasing the number of passing maneuvers
that are necessary for other vehicles to main-
tain reasonable speeds. On.muitilane facili-
ties with uninterrupted flow, one eommercial
veh‘icle; (includes only thoge vehicles having

Table 9.~Effect of commercial vehicles on
practical capacities of multilane facili-
ties

Capacity expregsed as al |
| percentage of passen-
ger-car capacity on

Commercial vehicles lovel terrain

Level Rolling
terrain tarrain
Perceni Percent Percent
100 100
91 77
83. 63
229




The effect of trucks on capuacity is greatest
where alinement is poor and grades are
long and steep.

dual tires on rear axle) has approximately the
effect of two passenger cars in level terrain,
and of four passenger cars in rolling terrain.

For example, approximately the same
operating conditions will prevail on an express-
way through rolling terrain when there are
1,500 passenger cars per lane per hour as
when there are 115 trucks and 1,040 passenger

. cars per lane; a total of 1,155 vehicles.

" In mountainous terrain the effect varies |

widely with the particular profile but, as an
average, one commercial vehicle has ap-

proximately the same effect as eight passenger

cars. The values of table 9 apply only to
percentages of commercial vehicles within
normal limits and do not include the effect of
bus stops, ete. Care must be exercised in their
application because the percentage of com-
mereial vehicles during peak hours is generally
considerably lower than the average percent-
age during all hours. On two-lane highways,
the effect of commercial vehicles is about 25
percent greater than on multilane expressways.

Imperfect Alinement

The alinement and préﬁle of a highway are
important factors affecting its eapacity at

Table 10.—Percentage of total traffic and
percentage of passed vehicles traveling at
various speeds on two-lane highways
where sight distances and oncoming traf-
Jfic do not restrict passing opportunities

Average main | Highest-speed
rural highway | rural highways

Speed group
{m. p. h.)
All | Passed | All | Passed
traffic [vehicles! traffic |vehicles

Percent| Percent} Percent Pergml
1

57 15 43 40
30 b4 17 40
2 30 1 15

100 100 100 100
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different operating speeds. In combination,
they influence the sight distances along the
highway or the length of roadway visible to

- the driver at any point on the roadway when

the view is unobstructed by other traffic.
To determine operating conditions on a high-
way, sight distance is divided into two

_ecategories: stopping sight distance and passing
_ sight distance. .

Stopping sight distance is the distance

- required by the driver of a vehicle, traveling
_at a given speed, to bring his vehicle to a stop
‘afier an object on the roadway becomes

visible. Passing sight distance is the mini-
mum sight distance that must be available to
enable the driver of one wvehicle to pass
another vehicle safely and comfortably,

without interfering with the speed of an
_oncoming vehicle should it come into view
after the overtaking maneuver is started.
Stopping sight distances are necessary con-
tinuously on all types of highWays, whereas

Heavy grades, as a rule, have little effect on

the speeds of passenger cars. It is the
restrictive sight distances, which usually
accompany steep grades, that create con-
gestion at low volumes in mountainous
terrain.

passing sight distances are necessary only on

two-way roadways with two or three lanes.

Where sight distances are inadequate on
two- and three-lane highways, drivers are re-
stricted in much the same manner as if the
lane used for passing were filled with oncoming
vehicles. The prudent driver must always
assume the existence of an approaching vehicle
just beyond the limit of his sight distance.
The reduction in eapacity caused by short sight
distances can be obtained by using as a cri-
terion the percentage of the total highway on
which sight distances are insufficient to permit
passing maneuvers to be performed safely.

The results of passing-practice studies con-
ducted by the Bureau of Public Roads in

~cooperation with several State highway de-

partments at locations where the alinement
and profile provided unlimited opportunities
for passing reflect the need for passing sight
distances on two-lane rural highways., Table

Table 11.—Effect of passing sight-distance
restriction on practical capacities of two-
lane highways when adequate stopping
sight distances are always present }

Practical capacity, in pas-

senger cars per hour—
Percentage of total length |__
of highway on which

sight distance is restrict- | For operat- | For operat-
ed to loss than 1,500 feet | ing spoed ? of | ing speed 2 of
45650 miles | 50-55 miles
per hour per hour
900 600
840 560
800 500
720 420
T 620 300
| 500 160

1 The data in this table apply to sections with 12-foot traffic
lanes, shoulders adequate for parking disabled vehicles clear
of the traffic 1anes, and a continnous stopping sight distance
corresponding to the design speed  Also, the sight distance
on the restrieted portions of the section must be uniformly
distributed between the required stopping sight distance for
the design speed and 1,500 feet, ;

2 Average spesd for drivers trying to travel at max{mum
safe speed. = - ! il

10 shows the speed of the vehicles that were
passed related to the speeds of all vehicles on
the average main rural highway and on the
highest-speed rural highways during periods
of low traffic when passings: could be made
almost without interference from oncoming
traffic. ; ¥

Since these are the conditions that exist
where alinement provides unlimited oppor-
tunities for passing, the greatest need on rural
two-lane highways is for sight distaneces that
will permit vehicles traveling under 50 miles
per hour to be passed safely. 1

The results of the passing-practice studies
show that for the most critical condition, when
the passing vehicle first slows to the speed of
the passed vehicle before accelerating to per-
form -the passing maneuver, a sight distance
to the road surface of 1,500 to 2,000 feet is
required to pass a vehicle traveling between
45 and 50 mileg per hour with the possibility
of oncoming traffic traveling 70 miles per hour.

In mountainous terrain the effect of trucks
on highway capacity can be minimized by
the construction of added lanes on up-

grades. This is not a three-lane road in
the usual sense.

October 1549 ® PUBLIC ROADS
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Passing sight distances within the range of
1,500 to 2,000 feet are, therefore, those most
widely needed at frequent intervals on rural
highways.

Where sight distances within the range of
1,500 to 2,000 feet are not continuously avail-
able throughout the length of a two-lane high~
way, the percentage of the total length of high-
way with a 1,500-foot sight distance can be used
as a criterion of the highway’s practical capac-
ity. Table 11 shows the reduction in capacity
caused by sight-distance restrictions when
operating speeds of 45 to 50 and of 50 to 55
miles per hour are desired.

Figure 18 shows in more detail the effect
of passing sight-distance restrictions on the
capacity of two-lane highways for various
operating speeds.

Grades

Grades affect the capacity of a highway in
three ways, as follows:

1. Vehicle braking distance is less on up-
grades and greater on down grades than on
the level, thereby permitting shorter spacings
between vehicles that are climbing grades,
and requiring longer spacings between vehicles
going down grades, in order to maintain a
safe headway.

70 M.P H.DESIGN

2. The presence of a grade generally causes
a restrietion in the sight distance, thereby
affecting the percentage of highway on which
passing maneuvers can be performed safely.

3. Commercial vehicles with their normal
loads travel at slower speeds up grades than
on the level, especially if the grade is long and
steep. This is also true to some extent for
passenger cars. Most passenger cars, how-
ever, can negotiate long 6- and 7-percent
grades at speeds above 30 miles per hour.
The effect that grades up to 7 percent have on

capacity as related to the performance of

passenger cars is therefore generally negligible.

In the discussion of commercial vehicles,
it was stated that one commercial vehicle on
a multilane highway has approximately the
same effect on ecapacity as two passenger
cars in level terrain and as four passenger
cars in rolling terrain. It was also stated
that their effect on capacity for two-lane
highways is 25 percent greater than on multi-
lane highways. The figures refer to general
conditions over the entire length of a highway.
In considering the effeet of an individual
grade, the length and rate of grade are im-
portant factors.

The relationships between speed of trucks
at the bottom of a hill, percentage of grade,
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Figure 18.—Possible average speed at different traffic volumes, for drivers trying to travel
at the design speed, when the sight distances on various portions of the highway are

less than the passing sight distance.
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Table 12.—Distance from bottom of grade
at which speed of trucks is reduced to 30
miles per hour !

Distance l}fe%t}ca]
from climb from
Gradg bottom of | bottom of
grade grade

LicHT-TOWERED TRUCKS WITH GRO8S LOADS OF

,000 POUNDS
Percent Feet Feet
2 40
1,090 33
760 30
570 29
470 28
400 28
325 26

MEDIUM-TOWERED TRUCKS WiTH (GROSS LOADS OF
40,000 POUNDS

1,780 36

1,035 31
740 30
550 28
450 27
390 27
320 26

! Assuming an approach speed of 40 m.p.h. Bad aline-
ment, weak or narrow bridges, or other hazardous conditions
at the bottom of the hill would make this approach speed
unsafe.

and distance upgrade are shown in figure 19
for light-powered motortrucks or combination
units and in figure 20 for medium-powered
motortrucks or combination units in operation
in 1941.

The light-powered vehicles had engines
which, on an average, would develop 93 brake
horsepower; the medium-powered vehicles had
engines which, on an average, would develop
106 brake horsepower. Heavy-powered ve-
hicles in operation in 1941 had engines which
would develop, on an average, 115 brake horse-
power. At the present time, light-powered
vehicles will develop nearly the same brake
horsepower as those considered medium-
powered in 1941.

From these data, for the power and gross
weights of vehicles represented, it is possible
to determine how far a vehicle, starting its
clinib from any speed between 9 and 41 miles
per hour, can travel up various grades or com-
binations of grades before the maxzimum sus-
tained speed reaches any stated value. The
solid curves in figures 19 and 20 indicate the
performance that may be expected when the
beginning speed is above the possible sustained
or crawl speed. The broken lines, starting
at 9 miles per hour, show what performance
may be expected when the hill is approached
at crawl speed.

Table 12, for example, shows the distance
that light-powered trucks with gross loads of
30,000 pounds, and medium-powered trucks
with gross loads of 40,000 pounds, can go up
various grades before their speeds are lowered
to 30 miles per hour, assuming that they enter
the grade at 40 miles per hour. It will be
noted that the length of grade that reduces
the speed to 30 miles per hour is approxi-
mately the same for the light-powered trucks
with gross loads of 30,000 pounds as for the
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Figure 20.—~Effect of length of grade on the speed of medium-powered trucks and combinations.
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Table 13.—Effect of commercial vehicles and
grades’on the capacity of two-lane high-
ways with uninterrupted traffic flow when

the grade does not cause a restriction in

the passing sight distance ‘ :

Equivalent of one dual-tired
cominercial vehicls, in terms .

of passenger cars, on a grade

Length of grade averaging— d

3 per-| 4 per-| 5 per-| 6 per-| 7 per-

cent | cent | cent | cent | cent |

0.1_ 301 41| 4.2} 42/]4.4
0.2 4.1 431 46| 4.71]8.1
0.4. 43| 46| 4.9 53155
0.6, 4 44} 48] 52} 5.876.5
0.8... 46| 51 57 6,471
1.0._. 46| 5.3] 601 6.7 7.4
1.5. 1 48! 5.6} 83 7.0}7.7
2.0.._ 50| 5.8 6.5| 72180
3.0--- 50 60| 66! 7.3(82
4.0._. 51| 60| &7 74183
5.0..- 51| 60| 67| 76183
8.0 e BRRIERE 5.1} 6.0, 88 7.6{83

medium-powered trucks with gross loads of
40,000 pounds. Grades longer than those
shown in table 12 would, therefore, have an
effect on the possible capacity of a highway

because they reduce the speed of trueks that.

oceur with considerable frequency to speeds
below 30 miles per hour, the optimum speed
for maximum capacity. : e
If, for the time being, we disregard the effect
that grades have in causing sight-distance
restrictions, the effect of one commercial
vehicle on highway capacity, in terms of pas-
senger cars, is as shown in table 13. There
would obviously be an additional effect due to
the restrictive sight distances on the grade
which would prevent passing maneuvers from
being performed as readily as on a level section.
The effect due to restrictive sight distances, as
shown in table 11, must therefore be added to

Table 14.~Effect of commercial vehicles and
grades on the capacity of two-lane high-
ways with uninterrupted traffic flow, with
passing sight distance restricted for 1,500
Seet ahead of the crest and a typical aline-
ment elsewhere along the grade

Equivalent of one dual-tired
commercial vehiele, in terms
of passenger cars, on a grade
averaging— 5

3 per-| 4 per-| 5 per-| 6 per-|7 per-
cent | cent | cent | cent | cent

Percentage of high-
way with restrict-
ed sight distance
(mlv.sumed as typi-

e}
Capacity of high-
way with restrict-
ed sight distance,
a3 & percentage of
unrestricted ca- :
75 89 62

pacity e coaeoo..| 87 81
Length of grade, in

miles:
0.J oohaopadis S 5.8 7.1 8.610.2 1125
0.2.. 6.0 7.4] 9.0]10.9] 13.6
(1) Ksatlie do 8.3 7.8 9.6 11.6 | 14.6
0.6 6.51 821101]125]16.1
0.8 6.6 85 )10.6!13.0]16.8
1.0 6.7 8.7111.0 1 13.5 | 17.4
L5 6.1 9.0 11.5]14.11]182
2.0 7.0 9.3 |11.9 145 118.4
3.0 7.1 6411204147 19.0
4.0 7.1 ] 9411211147 |10.1
5.0 7.21 9.5{12.1 1148} 19.1
(RNl SBLL O o 73] 9.6 121|149} 19.1
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the effect shown in table 13. To illustrate the
total effect that one commerecial vehicle has on
capacity in terms of passenger ¢ars, including
the effect of imperfect alinement, table 14 has
been prepared assuming that the percentage
of restrictive sight distance increases from

30 percent for 8 3-percent grade to 70 percent -

on a 7-percent grade. - For specific conditions,

these percentages should be modified to

correspond with actual conditions.

The data shown in table 14 can be applied fo -

& number of problems: For example, table 15
shows the relation of length and rate of grade
and of traffic volume to the type of facility
required in order to provide operating con-
ditions equivalent to conditions on & level
stretch with 800 vehicles per hour, including
10 percent commercial vehicles. .

Table 15.—Effect of grades on type of high-
way facility required when the traffic in-
cludes 10 percent commercial vehicles
with dual rear tires

Type of facility
required to
provide satis-
factory operat-
ing conditions
for Pa&senger
cars13

Gradi-|" Traffic Length of Two-
ent | volums grade 5
high-

Two-| Y27 | Four]

lane g}tfck lane

high- lane high-

W8Y | on | WBY

i
h
side
Per- | Vehicles
cent | per hour
0 {800 orless.| Anylength__..| X o o |
----11Over 8003.} Anylength.__.| _...] _. X
g 550 or less. ﬁ[)% }eng‘thl.._, X o e
Salse s eet or less; X Lis, S
651 t0 800-- Over 1,100 feet| .. x e
Over8003_)| Anylength .| __ o X
500 or less. %s; legxgt];,... X o =
eet or less | X o, AL
41501 to 800... Over 800feet__| __ x 22
Over 800%.| Aunylength.._.| __ A X
400 or less. &J&;{f lengt]lx_“- ¥ i, b
eet or less_| X o =
5..-..|1401 to 800... Over 600 fest__| _. X s
Over 8003 | Any length .| __ oo X
350 or less.. 4A.(l)loy‘)lfengi;h].... X e e
,000 feet orless| X e B
361 L0 400-- 1§ Gyer 4,000 feet | . | X | ..
[T Under 500 feet | X M L.
401 to 800._|3500to4,000feet | _. i)
Over 4,000 feet | .. s X
Over 8003.| Any length....{ __ Lo X
300 or less. ?go%lfentgthi_.. ¥ i o,
feet orless) X o !
301 t0.350... {60 Sl ot | - | % | o
T Under 500 fest | X = ),
351 to 800..[{500 t0 4,000 feet | _. X o
Over 4,000 feet | .. 15 X
Over8003.| Any length._..] __ g X

1 Batisfactory operating conditlons for passenger cars are
here considered as the equivalent of a caglacity of 800 vehicles

hour on level sections of a two-lane highway.

2 This table is based on the assumptions that a three-lans
highway on which traffic in both directions has an equal
right in the center lane has no place in modern highway
design. Also, when the hourly fraffic volume nsed for de-
gign purposes (30th highest hourly volume in the year) ex-
ceods 800 vehicles, a four-lane divided highway is required
for any condition of grmllent or alinement. X the sight
distanee is restricted to less than 1,600 feet on portions of the
highway other than the grade under congideration, an added
truck lane or a four-lane highway may be needed for traflic
volumes lower than those shown in the table,

3 If volume is suMclently high, a truck lane may be neces-
sary on the uphill side of & four-lane highway, or 8 multilane
highway of more than four lanes may be required.

CAPACITIES EXPRESSED AS AVERAGE
ANNUAL DAILY TRAFFIC VOLUMES

The relation between peak hourly rates of
flow and annual average daily traffic volumes
is the subject of part vim of this report.
There, a method is outlined for converting
peak hourly volumes into average daily
volumes. It is shown that if the average
daily traffic is known, the hourly volume
during - peak periods can be estimated by
applying certain known factors. Conversely,
the hourly capacity for a highway may be
converted to an average annual daily volume
by applying the reciprocal of the factor.
For most rural highways the factor for:this
purpose is between 15 and 16 percent, with a
typical value of 15.6 percent. Thus, for a
two-lpne rural highway with ideal conditions,
the average daily volume which will corre-
spond to the practical capacity of 900 vehicles
per hour is 900--0.156=25,750 vehicles per
day. This is an average value and conse-
quently will differ according to locality. As
a matter of interest, table 16 has been pre-
pared for the purpose of showing average
annual daily traffic volumes corresponding
to the practical capacities of various types of
highways, using the factor 15.6 percent. :

It should be obvious that volumes of the
magnitude shown in this table are seldom
achieved without exceeding the practical
capacity, because the high design standards
upon which they are based can be economically
justified in rare cases only. Particularly is
this true for two-lane roads, the capacities of
which are very sensitive to restrictive sight
distances. :

In rolling terrain the alinement may be such
as to cause a reduction of 50 percent or more
in the average daily volumes for two-lane
roads as shown in table 16. For any specific
highway, an evaluation of the several factors
affecting eapacity must precede the computa~
tion of a reasonable value for the annual aver-
age daily traffic volume.

Table 16.—~Average annual daily traffic
volumes corresponding to the practical
capacities of different types of highways,
as based on the Nation-wide average
relationship between the thirtieth highest
hourly volume and the average annual
daily traffic volume !

Type of Average annual dafly traffic volume
traffie on—
Two-lane | Fourlane | urggrl:,;lm;gs&
Per- | rural roads | rural roads? wi qp’
Per- | cent- ! "y
oent- |age of T R | |
age of | com- ! | | 5 "
pas- | mer- | | .| In n
senger | cial | lelv:lel | roll- lul\l'.(‘l | roll- {4 clvnel roll-
oars | Vel tor- | i |'or. | 10 | tgn | InE
|hicles| "=, er- er- ar-
i | raln | Poin rain | cuo | rain | s
PR il S py OB |
100 0 | 5760 5,750{10, 250119, 25037, 500/37, 500
90 10 | 5,200 4, 450(17, 500/14, 80034, 000/29, 000
80 20 4,800i 3,m;,1&um|12,0m31.tn)'21,5(x)
|

1 Except for the presence of commercial vehicles, roadwas;
and traflic conditions are assnmed to approach the idea{
ineluod 12-foot traflic lanes, tangent ement, and unin-
terrupted flow. g :

3 Assuming two-thirds of traffic in heavier direction during
pesk hour.
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APPLICATION OF CAPACITY INFORMA-
TION TO SPECIFIC PROBLEMS

The following examples illustrate correct ap-
plications of the data contained in this chapter
to specific conditions.
problem is stated first, and the solution is then
worked out in three successive steps: First,
the capacity under ideal conditions is deter-
mined; next, the adjustment factors for
existing conditions are obtained from the
tables; and finally, these factors are applied
to the ideal-condition capacltles

- Example 1

Problem 1

What is the possible eapacity of one tube of
the Holland Tunnel during periods when 10
percent of the traffic is heavy commercial
vehicles? The tube has a 20-foot roadway
between curbs, a 1-foot clearance to the
vertical walls on each gide, and a 4-percent

grade.
Solution
For ideal conditions: possible ecapacity=
2 2,000== 4,000 passenger cars per hour.
Adjustments: Pl
Surface width and lateral clear-
AITCEE P L 4 St e GPT RS L BT 3 0. 80
Commercial vehicles®__________. T
Combined factor____________ 0. 616

Appliéation of factor: possible capacity=
4,000X0.616=2,464 vehicles per hour.

‘s Factor obtained from table 8,
¢ Factor obtained from table 9.
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In each example the

: ; Example 2
Problem s

What are the possible and practical hourly
capacities of a two-lane rural highway with a
20-foot surface and with frequent obstructions
within 4 feet of both pavement edges, located
in rolling terrain where 10 percent of the peak-
hour . traffic is commercial vehicles and the
sight distanee is restricted to less than 1,500
feet over 60 percent of its length?

Seolution
For ideal conditions:

Possible capacity =2,000 passenger cars per

hour. ,
Practical capacity =900 passenger cars per
hour to provide operating speed of 45 to
50 m.p.h.
_ Possible Practicat

capacity capacity
factor  factor

Adjustments:

Surface width and lateral

elearance 7__.________. 0.76 0.71
Commercial vehicles#.___ .67 .67
Alinement ®_____________ 1.060 .80

Combined factor
(produet of individ-
ual factors) ___.___ 0. 509 0. 381

Application of factors:
Possible capacity=2,0000.509=1,018 ve-
hicles per hour. ]
Practical capacity=9000.381=343 ve-
hicles per hour.

7 Factors obtained from table 8.

& Faetors obtained from tsble 9, further corrected for in-
creased effect of commercial vehicles on two-lane roads.

¢ Factors obtained from table 11 (practical capacity factor =
720-+900).

Example 3

Problem 24

What are the possible and practical capaci-
ties of the upper roadway of the San Franeisco-
Osakland Bay Bridge, which carries passenger
cars only, and has three lanes each 9.5 feet
wide for traffic traveling in each direction?
The roadway is not divided and has high
vertical curbs.

Solution

For ideal conditions:

Possible capacity=2,000 passenger cars per
lane. [

Practical capacity for operating speed of
35 to 40 m. p. h.=1,500 passenger cars per
lane,

' Adjustments (necessary only for the lane

widths and lateral clearances):

Clegrance in feet
Right Lejt Fuactor @
Lanel1________ 0 1.5 0.74
Lane 2______.__ 1.5 1.5 .78
Lane 3. ______. 1.5 1.5 .78
Application of factors Possible  Pracrical -
: capaciiy capacity
Laneg 1 . T Lo 1, 480 1,110
ABE S T L i R R 1 1, 560 1,170
Diang dzoperass cge o T 1,560 1,170
Total, vehicles per
HOUE. oo o 4, 600 3, 450

1 To obtain factor for lane 1, interpolate in table 8 for an
average factor between values of zero feet on both sides and
clearance of 134 feet on both sides. Then interpolate be-
tween these average factors for 9- and 10-foot lgnes,
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Estimated Motor-Yehicle Registrations, 1949

Motor-vehicle registrations and the volume
of highway travel in the United States con-
tinued their upward climb through the first
half of 1949 and will surpass last year’s record
levels before the end of the year, according to
preliminary estimates prepared by the Bureau
of Public Roads.

Registration reports from State authorities
for the first 6 months of 1949 indicate that
approximately 43,298,000 private and com-
mercial motor vehicles will be registered during
the calendar year, an increase over 1948 regis-
trations of 2,230,000 automobiles, or 6.7 per-
cent, and 446,000 trucks and busses, or 6.1
percent. A tabulation of the estimates, by
class of vehicle and by State, appears on the
following page.

These estimates do not inelude vehicles
owned by the Federal, State, county, and
municipal governments. The number of
publicly owned motor vehicles registered in
1948 was 529,062,

The estimated number of automobiles,
busses, and trucks that will be registered in
1949 represents a 10-year growth in the motor-
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vehicle population of 41.4 percent, compared
with 15.5 percent for the previous decade of
1930 through 1939. The greatest increase
has occurred in trucks and busses, which have
risen 74.4 percent over 1939 and 126.8 per-
cent over 1929, while automobiles have in-
creased 35.8 percent since 1939 and 53.9 since
1929,

It now appears, however, that 1949 will be
the first year since 1941 in which the percent-
age increase over the previous year’s registra-
tions will be greater for automobiles than for
trucks and busses. This is largely the result
of the fact that the production of trucks in-
creased more rapidly than that of passenger
cars during the immediate postwar years.
In 1949 it is expected that automobile produc-
tion will be the greatest in history, but truek
production will be less than for 1948.

The greater increase in automobile regis-
trations resulted, of course, in a slight decrease
in the proportion of trucks and busses to the
total number of vehicles registered. Contrary
to the long-term trend in which trucks and
busses have risen from 13.0 percent of total

registrations in 1929 to 14.6 percent in 1939
and 18.1 in 1948, they declined slightly to 18.0
percent in 1949.

The relative increases in motor-vehicle reg-
istrations during the last two decades have
been accompanied by even greater increases
in the consumption of motor fuel. With a
tentatively estimated 31,400,000,000 gallons
to be consumed on the highways by private
and commercial motor vehicles in 1949, the
increase from 1939 is 52.1 percent and from
1929 is 122.1 percent. The 1949 estimate rep-
resents a gain of 5.0 percent over 1948, com-
pared with an increase in 1948 of 7.9 percent
over 1947.

The increases in the number of vehicles
registered and motor fuel consumed are re-
flected in the most recent data on rural traffic
volumes. It is estimated that there were
2,167,200,000 miles of travel on rural roads
in July, the latest month for which figures are
available. This is an increase of 7.5 percent
over the volume of travel on rural roads in
July of last year, and is 25.2 percent more
than the volume reported for July 1941.

235



	Highway Capacity Manual_PR v25 nos10-11
	Scan.PDF.pdf



