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RESULTS OF HIGHWAY-CAPACITY 
STUDIES 

BY THE DIVISION OF HIGHWAY TRANSPORT, PUBLIC ROADS ADMINISTRATION 

HE highway capacity 
studies conducted by 
the Public Roads Ad- 

ministration in cooperation 
with the highway planning 
surveys of several State high- 
way departments are closely 
related to the studies of lat- 
eral placement, truck per- 
formance, driver behavior, 
and passing practices. All 
are part of a program de- 
signed to obtain information 
regarding the operation and 
performance of motor vehi- 
cles under a wide range of 
traffic and highway condi- 
tions. This information will 
be of practical value in facil- 
itating safe and economical 
highway transportation. 
The ultimate objective of 
the highway capacity stud- 
ies is to determine practical 
carrying capacities for all 
types of highway design, but 
in particular for modern 2-, 
3-, and 4-lane roads, and to 
determine what effect cer- 
tain highway design fea- 
tures, motor-vehicle charac- 
teristics, highway regula- 
tions, and driver character- 
istics, have on the practical 
capacities. To reach this 
objective, use must be made 
of the facts brought to light 
by the related studies, espe- 
cially the passing-practice 
study, and complete and re- 
liable data on traffic move- 
ment during light and heavy 
densities must be available 
for each major highway con- 
dition that is to be con- 
sidered. 

Some of the preliminary 
results based on data gather- 
ed on about 300,000 vehicles 
from 1934 through 1937 have 
been published.! Since then, 
additional studies have been 
conducted in Massachusetts, 
Illinois, and California, un- 
der traffic conditions that will yield data useful in the 

1 Preliminary Results of Highway Capacity Studies, by O. K.Normann. PUB- 
LIC ROADS, February 1939. 

461907—42——-1 

Reported by O. K. NORMANN, Highway Engineer-Economist 

Preliminary results of highway capacity 
studies conducted by the Public Roads Ad- 
ministration in cooperation with the highway 
planning survey organizations in several States 
were published in 1939 and have been used in 
the solution of numerous treffic-control and 
highway-design problems by the various State 
highway departments and other agencies. Data 
obtained prior to 1939 have been supplemented 
by more recent data and the analyses com- 
pleted to determine theoretical, possible, and 
practical capacities for 2-, 3-, and 4-lane 
highways. 

Since the results are based on data gathered 
prior to the present tire and gasoline rationing 
programs, they will be of maximum value upon 
a return to normal driving conditions. How- 
ever, many of the principles developed are 
applicable to military traffic as well as the 
efficient movement of civilian traffic in the 
neighborhood of defense industries. 

The maximum theoretical capacity of a 
single traffic lane is about 2,000 vehicles per 
hour, occurs at speeds above 30 miles per hour, 
and can be attained on 4-lane highways or on 
short sections of 2-lane roads. 

The total possible capacity of a long section 
of 2-lane highway with good alinement, carrying 
few trucks, is about 2,000 vehicles per hour or 
one-half its theoretical capacity. A correspond- 
ing value for 3-lane, 2-directional highways is 
3,600 vehicles per hour. The maximum pos- 
sible capacity of a 4-lane highways is 8,000 
vehicles per hour or 4,000 vehicles per hour for 
the 2 lanes used by traffic traveling in the one 
direction. When trucks constitute 17 percent 
of the traffic the possible capacity of a 2-lane 
highway is reduced by about 25 percent. 

The practical working capacity of a mghway 
is a relative value and depends upon local 
conditions as well as the width or number of 
lanes. The maximum practical working ca- 
pacities for 2-, 3-, and 4-lane rural highways 
under normal conditions are 800, 1,400, and 
2,800 vehicles per hour, respectively. How- 
ever, the results presented are of sufficient 
scope to be of value in the determination of the 
practical capacity for any highway condition 
and in the solution of numerous traffic control 
and design problems. 

May 1942. 

Proceedings, 1941. 

determination of highway 
capacity. Speed-placement 
studies have also been con- 
ducted in Iowa, Minnesota, 
Ohio, Oregon, South Caro- 
lina, Texas, and Washing- 
ton. However, the data 
gathered in the latter group 
of States do not include ex- 
ceptionally heavy traffic den- 
sities, since the studies were 
made primarily to obtain 
speed and transverse place- 
ment data on various curves, 

different pavement and 
shoulder widths, and other 
highway design features. 

Since 1938, greatly im- 
proved equipment? has been 
used in obtaining the nec- 
essary data but during all 
studies the speeds and spac- 
ings from other vehicles were 
obtained for practically 100 
percent of the vehicles on 
the highway. This report 
covers the results of an anal- 
ysis of all data gathered prior 
to 1938 and the pertinent 
1939 data. 

In analyzing the data to 
determine practical working 
capacities for 2-, 3-, and 4- 
lane highways, numerous 
facts regarding the opera- 
tion and movement of vehi- 
cles on various highways 
have been brought to light. 
A few will be presented. A 
thorough understanding of 
all of these in addition to the 
findings of the driver behay- 
ior,’ motor-vehicle perform- 
ance,’ and passing practice 
studies,® is necessary in any 
scientific determination of 

practical capacities for par- 

ticular roadway conditions. 

2 New Techniques in Traffic Behavior 

Studies, by E. H. Holmes and S. E. Rey- 
mer. PUBLIC ROADS, April 1940. 

3 A Study of Motor-Vehicle Drivers and 
Speed in Connecticut, by Harry R. De 
Silva. PUBLIC ROADS, July 1940. 

4 Hill-Climbing Ability of Motor Trucks, by Carl C. Saal. PUBLIC ROADS, 

5 Passing Practice on Rural Highways, by C. W. Prisk. Highway Research Board 
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MODE: 1.47 = -AVERAGE: 1.77 (INCLUDES ALL SPACINGS BELOW 3.75 SECONDS ) 

vt | 500 } it a So eS eae 

OF VEHICLES 

NUMBER 

= ae oes 
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SPACING BETWEEN VEHICLES (CENTER TO CENTER) ~ SECONDS 

Figure 1.—Frequency DistTRIBUTION oF TIME SPAcINGs 
BETWEEN VEHICLES TRAVELING AT THE SAME SPEED, (30-35 
Miie-Per-Hour Group on 2-LANE LeveL HicHways). 

MINIMUM SPACINGS BETWEEN VEHICLES VARY WITH TYPE OF 
HIGHWAY AND VEHICLE SPEED 

A review of published material on highway capacity ° 
shows that practically all attempts to determine the 
maximum capacity of a highway at various speeds 
have been based upon safe following distances which 
in turn have been based upon assumed reaction times, 
coefficients of friction, etc. The safe following dis- 
tances as calculated by different authors vary from 40 
to 150 feet at 20 miles per hour and from 87 to 1,230 
feet at 60 miles per hour. The maximum capacity 
of a single traffic lane based upon these theoretical 
derivations varies from 1,500 to 4,800 vehicles per hour. 
A few authors maintain that there is an increase in 
capacity with an increase in speed but the majority 
hold that the maximum capacity is attained at speeds 
in the neighborhood of 20 miles per hour or less. 

The traffic data analyzed by the Public Roads Ad- 
ministration include information for drivers of 11,000 
vehicles that were trailing another vehicle in the same 
traffic lane and traveling at practically the same speed. 
Figure 1 shows the distribution of time spacing for all 
vehicles on 2-lane highways that were traveling between 
30 and 35 miles per hour and following another vehicle 
traveling at practically the same speed. Under such 
a condition it is expected that there will be a range in 
the time spacings at any particular speed for different 
drivers as well as for the same driver due to inability 
to maintain for very long the exact speed of the vehicle 
being followed. However, in the distribution are also 
included drivers who chanced to be traveling at the 
same speed as the preceding vehicle on the highway 
when their speeds and spacings were recorded but who 
were not. at their minimum spacings. The spacing 
values for these drivers should not be included and 
therefore all spaces exceeding 3.75 seconds, which is the 
highest value that could be considered within the nor- 
mal distribution, have been excluded in determining the 
average minimum spacing for the particular condition 
repre esented. In a similar manner, exceedingly long 
time intervals were excluded from the average values 
for other speeds and highway conditions and the re- 
sulting values were used to obtain figures 2 and 3. 

Figure 2 shows the average minimum distance spac- 
ings ‘allowed by drivers at different speeds. All curves 
are for daytime operation except the one for 2-lane 
highways at mght. Although insufficient data were 
obtained to determine accurate spacings at low speeds 
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for any but daylight conditions on 2-lane highways, 
all curves probably approach the one for the 2-lane 
highways as the speed decreases. 

Although all curves show an increase in the distance 
spacing with an increase in speed, it is evident that 
factors other than safe stopping distances are involved 
in the spacings allowed by drivers when following 
another vehicle. On 2-lane roads there is a relatively 
slight decrease in the distance spacing with a decrease 
in speed below 20 miles per hour. As long as both 
vehicles are moving at a uniform speed there is an 
average spacing of at least 40 feet between centers. 
This is considerably greater than the distance between 
them when the two vehicles come to a stop on the 
highway. One reason for this may be that it is hard 
to maintain a uniform spacing at low speeds. Another 
reason may be that at low speeds drivers do not desire 
to drive any closer to the vehicle ahead than the distance 
required to prevent the vehicle behind from passing 
and crowding back into line. 

At night, drivers allowed a greater clearance than in 
the daytime for corresponding speeds. On 3-lane 
roads, a greater distance was allowed at the lower speeds 
and a shorter distance at the higher speeds than on 
2-lane roads. On 4-lane highways the drivers in the 
left-hand lane allowed shorter spacings than did those in ° 
the right-hand lane. It is possible that the right-hand 
lanes contained a higher percentage of cautious drivers 
or that while a driver was in the left lane he allowed 
a shorter distance because he felt that the driver of the 
preceding vehicle was not likely to slow down suddenly. 
A comparison was made of values obtained during 

1934 and 1939 and indicated that there was no change 
during these years in the distance that drivers followed 
one another when traveling at the same speed. 

Figure 3 shows for different conditions the numbers 
of vehicles traveling in a single traffic lane that could 
pass a given point if all drivers traveled at the same 
speed and no space between vehicles exceeded the 
distance allowed by the average driver while trailing 
another vehicle. Although the values shown by the 
curves are based upon observed spacings, they are 
“theoretical” lane capacities. The maximum theoreti- 
cal lane capacity on a 2-lane road is 2,000 vehicles per 
hour in the daytime and about 1,800 at might, both 
being attained at a vehicle speed of about 33 miles per 
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hour. The left lanes of 4-lane highways reach their 
maximum theoretical capacities of about 2,250 vehicles 
per hour when the vehicles travel at a speed of 40 miles 
per hour, while the right-hand lanes and the lanes of 
3-lane highways show increased capacities with increased 
speeds within the range of speeds observed. The values 
for 3-lane highways refer to the outside lanes. These 
theoretical lane capacities may be approached over 
very short sections of highway that act as bottlenecks 
and where drivers expect to stay in line. However, 
since all vehicles must stay in line and travel at the same 
speed, the speed of the slowest moving vehicles in such 
a case will determine the actual capacity. 

MEAN DIFFERENCE IN SPEED BETWEEN SUCCESSIVE VEHICLES 

BEST INDEX OF POSSIBLE HIGHWAY CAPACITY 

Probably the most important conclusion that can be 
drawn from the results of this analysis based on actual 
spacings as compared with the results based on assumed 
or calculated values is that maximum capacities occur 
at speeds well above 20 miles per hour. If conditions 
are such that traffic at bottlenecks can be kept moving 
at speeds of 20 to 25 miles per hour, one lane will handle 
nearly twice as many vehicles per hour as can be handled 
if traffic is required to slow down to 10 miles per hour. 
This is a very important consideration when regu- 
lating traffic under emergency conditions such as at 
construction projects or where an accident has occurred 
and vehicles that normally use 2 lanes are required to 
use one lane. 

Under actual highway conditions all drivers do not 
desire to travel at the same speed. To permit drivers 
to travel at their desired speeds it must be possible for 
the drivers traveling at the higher speeds to pass those 
traveling at the slower speeds. Obviously, on a 
straight, level 2-lane highway this becomes increas- 
ingly difficult as the traffic density increases until 
finally the faster drivers are forced to stay in line and 
travel at a reduced speed. As the number of oppor- 

AVERAGE SPEED- MILES PER HOUR 

MEAN DIFFERENCE IN 
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SUCCESSIVE VEHICLES - 

MILES PER HOUR 
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FigurRE 4.—SpPEED AND MraAN DIFFERENCE IN SPEED FOR 
2-LanE LeveL Tancent Higuway SEcrion 1n ILLINOIS. 

tunities to pass slow-moving vehicles decreases, the 
highway becomes more and more congested. 

Efforts to find a measure of the congestion on a high- 
way have revealed that the mean difference in speed 
between succeeding vehicles is the best index available. 
Many other indices, including the drop in speed with 
increased densities, were tried and found lacking. 

Figure 4 shows both the average speed and mean dif- 
ference in speed for various traffic densities on a 2-lane 
road in Illinois. At the light traffic densities, when all 
drivers could travel at their desired speed, the average 
speed on this 2-lane highway was 43 miles per hour 
and the mean difference in speed between succeeding 
vehicles was 7.2 miles per hour. As the traffic density 
increased there was a gradual decrease in the average 
speed and also in the mean difference in speed, until at 
a density of 1,380 vehicles per hour the mean difference 
in speed was only 2.4 miles per hour, although the 
average speed had only decreased to 31 miles per hour, 
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Since it was evident that for all practical purposes the 
relationship was a straight line, the line for the mean 
difference in speed was extended until it imtersected 
zero difference in speed at 1,940 vehicles per hour. 

It is obvious that when there is a zero difference in 
speed between succeeding vehicles, no passings can be 
made and no driver can travel faster than the vehicle 
immediately ahead. The result is that groups of cars 
are formed, each following a slow-moving vehicle. If 
the highway is long enough, one group may catch up to 
another group, but there is no possibility of filling the 
spaces between groups by one group passing the other. 
When this condition occurs, the possible capacity of the 
highway has been reached, and, although vehicles from 
side roads may tend to fill the gaps, they cannot travel 
faster than the group of vehicles ahead. Possible 
capacities as used in this report, therefore, refer to the 
number of vehicles per hour that can travel over long 
stretches of highway that are free from intersections 
that would further reduce the roadway capacities. 
On this particular section of highway, the maximum 

possible capacity of 1,940 vehicles per hour would be 
reached when the average speed had decreased to 26 
miles per hour. With traffic moving at 26 miles per 
hour, the highway would not ordinarily be considered 
completely congested, but the mean difference in speed 
is a gage that measures the congestion on a highway and 

shows when the possible capacity is reached. When it 
has decreased to zero, even’a slight additional load or 
some other factor may cuase a complete tie-up of traffic 
or an immediate drop in speed to a value below the 
speed at the possible capacity, which in this case is 26 
miles per hour. 

The Illinois studies included data for a number of 
2-lane, 4-lane undivided, and 4-lane divided highways 
carrying similar traffic and comparable in all respects 
except for the number of traffic lanes. At some of the 
locations studied traffic went directly from one type of 
highway to another. Figure 5 shows the distribution 
of speeds and the average speed for vehicles traveling 
on each type of highway during very low traffic dens- 
ities when each driver was free from any restriction in 
speed by other vehicles. The curves look very similar, 
but if studied closely it may be seen that the data 
represented by any one are quite different from those 
for any of the others. 

On the 4-lane divided highway the average speed of 
the free-moving vehicles was 47.5 miles per hour, 
which is the highest average speed yet recorded in these 
studies. As far as the highway itself was concerned, 
there was no reason why all vehicles could not have 
traveled 70 miles per hour or faster, as the highway was 
designed for speeds of 100 miles per hour, and has no 
major intersections at grade. Yet with the study loca- 
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tion on this highway at the center of a 5-mile level 
tangent, 18 percent of the drivers desired to travel less 
than 40-miles per hour, 80 percent desired to travel 
less than 53 miles per hour, and only 5 percent traveled 
over 60 miles per hour. 

The average speed for free-moving vehicles on the 
4-lane undivided highway was 45 miles per hour and 
on the 2-lane highway it was 43 miles per hour. All of 
these highways carried few trucks during the study 
periods. The 2-lane highways represented by the 
dashed curve carried about 17 percent trucks and, as a 
result, the speed range was greater. Only 20 percent 
of the vehicles traveled between 40 and 45 miles per 
hour, compared with nearly 30 percent within the same 
range on the 2-lane highways carrying a negligible 
number of trucks. 
When the average speed and mean difference in speed 

between successive vehicles for the various traffic vol- 
umes were plotted for each highway condition, figure 6, 
based upon reliable and detailed data for 81,581 ve- 
hicles, was obtained. The 2-lane highways with few 
trucks had possible capacities of 1,940 vehicles per hour 
at an average speed of 26 miles per hour. The same 
type of highway carrying 17 percent trucks had a 
possible capacity of 1,500 vehicles per hour at a speed 
of 26 miles per hour. 

Two lanes of the 4-lane highways had total possible 
capacities of 4,200 vehicles per hour, this value cecurring 
at a speed of 24 miles per hour on the undivided sections 
and at 33 miles per hour on the divided sections. 

The points at which the lines for the speed differences 
intersect the Y-axis show the mean difference in speed 
when the vehicles could move freely and pass as many 
other vehicles as was necessary for the drivers to main- 
tain their desired speeds. On the 2-lane highways the 
average difference in speed was 7.2 miles per hour. 
When there were 17 percent trucks, the difference was 
9.5 miles per hour, due to the wider range in speeds 
when trucks were intermixed with passenger cars. On 
the 4-lane highways, during free movement there was a 
mean difference in speed of 9 miles per hour, which is 
higher than for the 2-lane highways without trucks. 
This was caused by the drivers’ desire to travel at a 
wider range of speeds on the 4-lane than on the 2-lane 
highways. 

The capacity studies in New York and Massachusetts 
were made under a wider range of highway conditions 
than were those in Illinois. When data from all the 
locations on level tangent sections of highways were 
classified by the number of lanes and the speed at which 
the vehicles were traveling during very light traffic 
densities, they fell into seven different groups, as shown 
by figure 7. 

AVERAGE VEHICLE SPEEDS VARY WIDELY 

The speeds of the free-moving vehicles on 2-lane 
highways are represented by curves A, B, and C. 

Curve A: shows the frequency distribution of speeds 

through the residential section of a small town on a 

highway having no cross traffic and where the two 
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lanes were free from parked vehicles. At this location, 
drivers uninfluenced by other traffic traveled from 16 to 
45 miles per hour, with 80 percent traveling between 
25 and 35 miles per hour. Curve B represents 2-lane 
highways at three rural locations in Massachusetts, 
while curve C represents highways in three rural loca- 
tions in New York. 

At each of the Massachusetts locations the average 
speed for free-moving vehicles was 38 miles per hour, 
while at the New York locations it was 43 miles per 
hour. The highways studied do not represent average 
conditions in each State, since the particular locations 
were selected to obtain desired data for these capacity 
studies rather than to make comparisons between 
highways in different States. Although curves B and C 
both represent level, tangent, rural locations, the differ- 
ence of 5 miles per hour in the average free speeds may 
have been caused by a number of factors, such as the 
general alinement of the highways, the smoothness of 
the surface, and the distance between towns. 
On each of three 3-lane highways in one group, the 

average free speed was 42 miles per hour, as represented 
by curve D, and for another group of two 3-lane high- 
ways, as represented by curve KE, the average speed 

~ 

was 47.5 miles per hour. Curve F represents the free 
speeds on a 4-lane highway near the city limits of a 
town, while curve G represents the free speeds within 
the city limits where there was a 30-mile-per-hour speed 
limit. Thus it may be seen that even on level, tangent 
sections of highway unaffected by intersections or by 
other traffic, there is a wide range in the average free 
speeds at different locations. 
When the average speeds and mean differences in 

speed are plotted for different traffic densities for these 
seven highway conditions, the results illustrated by 
figure 8 are obtained, based on data for 131,340 vehicles. 

The speed and difference in speed values shown for 
the points where the curves intersect the line represent- 
ing 0 volume are in effect values for densities approach- 
ing 0 vehicles per hour, or for drivers whose speeds 
are not influenced by other traffic. 

Considering first the 2-lane highways (fig. 8),” the 
average speeds on sections A, B, and C at light traffic 
volumes, or the average free speeds, were 29, 38, and 
43 miles per hour, respectively. When all drivers could 
maintain their desired speeds there was a speed differ- 
ence of 4.1 miles per hour on section A, 5.7 miles per 
hour on section B, and 8.7 miles per hour on section 
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C. With a given increase in traffic density, there was a 
greater decrease in the speed difference on section C 
than on section A or B. The speed difference became 
zero at about 1,950 vehicles per hour on sections A 
and C, and at 1 980 vehicles on section B. The possible 
capacities are practically the same for conditions 
represented by curves A, B, and C, although they 
occur at average speeds of 16. 5, 20, and 31 miles per 
hour, respectively. The possible capacity of the 
Illinois 2-lane section with few trucks was 1 ,940 vehicles 
per hour at an average speed of 25 miles per hour. 

Each of the 3-lane sections represented by curve D 
had a possible capacity of 2,860 vehicles per hour at 24 
miles per hour, while each of the 3-lane sections repre- 
sented by curve E had a possible capacity of 3,660 
vehicles per hour at 26 miles per hour. 

The speed restrictions on the 4-lane sections F and 
G caused lower speeds and speed differences at low 
volumes, but the speed restrictions apparently had no 
effect when the traffic volume in one direction reached 
2,450 vehicles per hour. The possible capacity in 
both cases was about 4,000 vehicles per hour at a speed 
of 20 miles per hour. 

From the studies in Illinois, Massachusetts, and New 
York, it is evident that: 

1. Two-lane, level, tangent sections of highway 
carrying few trucks have a possible capacity of nearly 
2,000 vehicles per hour. With 17 percent trucks their 
capacity is reduced about 25 percent. 

COM C Cm a ONO OOM SC mmr 4a Om SOM Ome 4c 

2. Two lanes of level tangent sections of 4-lane high- 
way carrying few trucks have a possible capacity of 
about 4,000 vehicles per hour. If the possible capacity 
of a 4-lane highway is considered to be reached when 
the lanes in one direction are carrying their maximum 
possible capacity, the possible capacity of the entire 
roadway depends upon the relative number of vehicles 
traveling in each direction. With all traffic in one 
direction during peak periods, the total possible capacity 
of a 4-lane road (retaining the two-directional character 
of the road) is 4,000 vehicles per hour; with traffic 
equally divided by direction, the total possible capacity 
becomes 8,000 vehicles per hour. However, since about 
two-thirds of the traffic is usually in one direction on 
most highways during peak periods, the lanes in one 
direction will be carrying their maximum possible 
capacity with a total volume of 6,000 vehicles per hour. 

3. Three-lane level tangent ‘sections of highway 
apparently do not all have the same maximum possible 
capacities, as is the case for 2- and 4-lane highways. 
A possible capacity of 2,800 vehicles per hour was ob- 
tained for one group of 3-lane highways, and a possible 
capacity of 3,600 vehicles per hour was obtained for 
another group. The latter group included highway 
sections with exceptionally long sight distances, smooth 
surfaces on all three lanes, and lanes that were well 
defined by painted lines. These factors all had a 
tendency to encourage the use of the center lane. for 
passing purposes. The best 3-lane roads can therefore 
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be expected to have maximum possible capacities of 
3,600 vehicles per hour. Since the ey of each 
of the other 3-lane roads was only 2,800 vehicles per 
hour, there apparently is a tendency for the camer to 
decrease rapidly with a lowering of the design standards. 

4. The speed at which vehicles will travel when the 
possible capacity of a highway is reached will depend 
entirely upon the speed at which the slowest vehicles on 
the highway are traveling. Usually this will be about 
the same as the speed of the slowest group of vehicles 
during light traffic densities. 

POSSIBLE CAPACITY OF 2-LANE HIGHWAY ABOUT HALF OF 

THEORETICAL CAPACITY 

It is interesting to compare the possible capacities 
with the theoretical capacities. For a 2-lane highway, 
the possible capacity is about half of the theoretical 
capacity. With practically all traffic traveling in one 
direction on a 2-lane highway the lane normally used by 
oncoming traffic provides the means for passing the slow- 
moving vehicles so that the exceedingly long spaces 
ahead of slow- -moving vehicles may be filled. However, 
one oncoming vehicle will require all other vehicles to 
crowd into their own lane, making the total possible 
capacity equal to the theoretical capacity of one lane. 
With traffic equally divided by direction it will be shown 
by figures to be presented later that few spaces suffici- 
ently long to permit a passing exist when there are 
over 1,000 vehicles per hour traveling in each direction, 
but the drivers do not take advantage of these passing 
opportunities. 

On 3-lane tangent highways carrying practically all 
traffic in one direction and two lanes filled, the possible 
capacity of all three lanes cannot exceed the theoretical 
capacity of two lanes. With traffic evenly divided, the 
number of passings required to keep both outside lanes 
full apparently cannot be made in the one center lane. 

On 4-lane highways, the possible capacities are very 
close to the theoretical capacities. Both lanes can be 
used to carry traffic and at the same time provide a 
means of passing slow-moving vehicles so that the spaces 
that occur ahead of the slow vehicles can be filled. 
When a highway is carrying its maximum possible 

capacity, no vehicle can travel at an average speed in 
excess of the speed of the slowest vehicle on the highway. 
It has been shown that all drivers do not desire to travel 
at the same speed even under identical highway condi- 
tions and that the speed of the slowest vehicle is gener- 
ally far below the speed at which a great majority of the 
drivers desire to travel or should be expected to travel. 
It is therefore desirable to establish practical capacities 
for 2-, 3-, and 4-lane highways based upon the maximum 
interference between vehicles, or the maximum conges- 
tion, that the drivers can reasonably be expected to 
tolerate. 

The figures that have been presented show that for 
any partic ular highway location there is no sudden drop 
in speed or sudden increase in interference between 
vehicles with an increase in the traffic density until the 
possible capacity of the highway is reached. Rather, 
the opportunity for each individual driver to travel at 
his desired speed is gradually reduced as the density 
increases. The standard of practical capacity adopted 
for a highway is therefore a relative value that will vary 
even for highways of the same design and will depend 
upon: 

The particular type of traffic the highway serves, 
The congestion that will be tolerated by drivers in 
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various sections of the country and localities under cer- 
tain conditions, and- 

3. Economic considerations such as the funds avail- 
able for highway construction and congestion reduction. 

In addition to figures already pr esented showing the 
relative congestion at different traffic volumes on 
tangent sections of highway, other information regard- 
ing “driver behavior on 2-, 3-, and 4-lane tangent, sec- 
tions that is useful in arriving at practical ‘highway 
capacities has been obtained “from. the study data. 
Such information includes the number of passings that 
occur, and the distribution of time spacings between 
vehicles, the distribution of speeds at various traffic 
densities, and for 3- and 4-lane highways the number 
and speed of vehicles traveling in the inside and out- 
side lanes. 

Figure 9 shows the percentage of vehicles, moving 
in one direction on 4-lane level tangent rural highways, 
that use the right-hand and left-hand (outside and 
inside) lanes during a wide range of hourly traffic 
volumes. Data for a total of 102,807 vehicles obtained 
on six undivided 4-lane highway sections and five 
divided sections were analyzed to construct this figure. 
All highways had smooth surfaces*with lane widths as 
shown in table 1. On all roads during the studies there 
were relatively few trucks, the number usually not 
exceeding 5 percent of the total traffic. 

With the exception of the one undivided highway 
with 9-foot lanes, there was no marked difference at 
the same traffic density in the number of vehicles using 
the respective lanes on highways with different lane 
widths. Although more vehicles used the outside lanes 
on the divided than on the undivided highways, the 
difference was slight and occurred only at the low hourly 
traffic volumes. Therefore, for all practical purposes 
the results as shown by figure 9 may be considered as 
representative of all 4-lane rural highways in connection 
with any calculations with respect to capacities. 

TasBiE 1.—Wzidth of lanes on 4-lane undivided and divided high- 
ways on which distribution of vehicles between traffic lanes was 
studied 
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At traffic volumes up to 1,700 vehicles per hour for 
both lanes more vehicles traveled in the right-hand 
lane than in the left-hand lane. Above this traffic 
volume a majority of the drivers chose to travel in the 
left or inside lane until, at a volume of 3,200 vehicles 
per hour, 60 percent, or 1,920 vehicles, were in the left 
lane. Since this value approaches the maximum 
theoretical capacity of the left lane (fig. 3) the right 
lane must carry a larger proportion of the total number 
of vehicles during volumes above 3 200 vehicles per 
hour. The difference between the relative number in 
each lane is considerably amplified at the low traffic 
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densities by including the vehicles straddling the lane 
line with those in the right-hand lane. The data for 
most of the study did not permit vehicles straddling the 
lane line to be segregated. However, on two of the 
more recent studies transverse placements to the nearest 
foot were obtained for all vehicles. At low traffic 
densities about 17 percent of the vehicles on an undi- 
vided highway were straddling as against 12 percent on 
a divided highway. 

The lower curve (fig. 9) shows the percentage of 
vehicles that shifted from one lane to the other in a 
section of highway 0.2 mile long. The maximum occurs 
at a volume of 1,000 vehicles when, on an average, all 
vehicles went from one lane to the other within 1.1 
miles of straight level highway. 

It can reasonably be expected that if there were no 
congestion or interference between vehicles, the per- 
centage of vehicles that would shift from one lane to 
the other would increase or at least would not decrease 
with an increase in traffic density. When the traffic 
volume exceeded 1,100 vehicles per hour in one direc- 
tion, the vehicles were not moving freely since at this 
density the percentage of vehicles that shifted from one 

‘lane to the other started to decrease. However, the 
interference between vehicles probably was not great 
enough at this density to consider the highway congested. 

The results shown by this figure illustrate the futility 
of basing highway design on oil patterns. On prac- 
tically all highways at least 95 percent of the total 
travel is performed during periods when traffic is 
relatively light as compared to the volumes a highway 
must be designed to handle without being considered 
congested. Some design features, such as acceleration 

461907—42—2 

and deceleration lanes, are designed mainly to be of 
service during high traffic densities. Oil patterns, 
which represent primarily low traffic densities, are not 
a true index of their value. 

As expected, the average speed for vehicles traveling 
in the left-hand lane on 4-lane divided or undivided 
highways was always higher than for vehicles in the 
right-hand lane. There was also a tendency for the 
difference in speed, as well as the percentage difference, 
to be greater for roads where the average speed was 
high than for roads where the average speed was low. 
On highways where the average speed was about 32 
miles per hour at low densities, the average speeds in 
the left-hand lanes were from 11 to 16 percent higher 
than those for the right-hand lanes, while on sections 
with an average free speed of about 45 miles per hour 
the difference varied from 15 to 22 percent. 

RELATIVELY LITTLE TRAFFIC CARRIED BY CENTER LANE OF 3-LANE 

HIGHWAY 

There was no apparent tendency for the difference 
in average speed on the lanes to decrease uniformly as 
the traffic density increased except at the very high 
hourly volumes. Figures 10 and 11 show the distribu- 
tion of vehicle speeds between lanes at five of the study 
locations during the lowest and highest traffic densities 
during the study. The distribution at an intermediate 
traffic volume is also shown for study section 1—E, the 
only section where there was a speed limit. Although 
a majority of the low-speed vehicles travel in the right 
lane and a majority of the high speed vehicles travel in 
the left lane, speed distributions by lanes show that 
there is not the segregation of speeds between lanes 
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Figure 10.—DIstrisuTioN oF VEHICLES BY SPEED Groups ON 4-LaNE UNpDivipED HIGHWAYS. 

that one would expect. Slow-moving vehicles use the 
left lane to pass vehicles traveling at even slower speeds 
and passings are made to the right when more con- 
venient than to the left. It is not uncommon to find 
from 13 to 19 percent of the passings being made to the 
right of the passed vehicle. 

Three-lane, two-directional highways are constructed 
to accommodate traffic volumes in excess of those that a 
2-lane highway will handle efficiently but that are not 
ereat enough to require a 4-lane road. To obtain a 
better understanding of driver behavior on 3-lane high- 
ways under various total traffic densities and direc- 
tional distributions, data from studies made in 1939 
on sections of 3-lane highways having 30-foot surfaces 
(three 10-foot lanes), level tangent alinements, and 
other design details which permitted high speed oper- 
ation, have been analyzed (table 2). Since the sections 
were located in a State where 3-lane construction is 
common practice, most of the drivers were familiar 
with the operation of vehicles on 3-lane roads. 

It is commonly assumed that a 3-lane highway is 
most efficient for locations where at least two-thirds of 
the traffic travels in one direction during the high- 
volume periods. However, it is the rule, rather than 
the exception, that at least twice as many vehicles will 
be traveling in one direction as in the other on any 
highway, especially during periods in which the highest 
densities occur. 

Figure 12, based on data for 12,119 vehicles, shows 
that under these conditions on level tangent sections of 
highway the percentage of the total vehicles traveling 
in the center lane at any one point increases as the 

total volume increases to 1,500 vehicles per hour. At 
1,500 vehicles per hour, only 15.9 percent were in the 
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center lane, 13.8 percent traveling in one direction, and — 
2.1 percent in the other. Indications are that a maxi- 
mum of about 300 vehicles per hour, or 15 percent, will 
be traveling in the center lane at any one point on the © 
highway when the total hourly volume reaches 2,000 
vehicles. This fact will be a surprise to anyone who 
has thought that about one-third of the total traffic 
would use each lane, that the vehicles in the center lane 
would consist almost entirely of vehicles overtaking the 
slow-moving vehicles traveling in the direction of the | 
heavy density, and that these circumstances would be 
the reason for a most efficient operation of a 3-lane 
road when two-thirds of the traffic is in one direction. 

Figure 13 shows the average speeds for the vehicles 
in the center and outside lanes at different traffic den-— 
sities. The average speeds for vehicles in the center lane 
remained practically constant, while for vehicles in the 
right-hand lanes there was a marked decrease in speed — 
with an increase in the total traffic volume. 
rather high densities the average speed of vehicles while 
using the center lane for passing was nearly as high as 
the average speeds for all vehicles on high-speed, 4-lane 
highways during low traffic volumes. 

3-lane road, where there was always the possibility of 
oncoming traffic entering the same lane, than on a 4- 
lane road. 

Figure 14 shows the distribution of speeds by lanes 
and direction at both a low and high total traffic den- 

Even at — 

The high speeds — 
would certainly seem to be far more hazardous on the — 

sity. At the higher traffic density a much larger propor- — 
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TABLE 2.—Distribution of vehicles between lanes and average speeds on 8-lane highway during various traffic densities while about two 
thirds of all traffic traveled in one direction 
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tion of the high-speed vehicles was in the center lane. 
Although only 15.2 percent of the vehicles were in the 
center lane, 41.7 percent of those traveling over 40 
miles per hour, 58.3 percent of those over 45 miles per 
hour, and 72.7 percent of those traveling over 50 miles 
per hour were in the center lane. At the heavy density 
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Figure 14.-—FREQUENCY DISTRIBUTION OF VEHICLE SPEEDS ON 
3-LANE HIGHWAYS. 

no vehicle traveling less than 30 miles per hour was in 
the center lane. Apparently the vehicles had to com- 
plete the passing maneuvers and return to the right- 
hand lane as quickly as possible. The decreased speed 
of the vehicles traveling in the right-hand lane and in 
the direction of the heavier traffic movement was the 
main reason the average speed was lower during the 
higher total traffic volume. 

MOST EFFICIENT WHEN TRAFFIC IS EVENLY 

DIVIDED BY DIRECTION 

3-LANE HIGHWAY 

A similar analysis was made of traffic on the same 
3-lane highways during periods when traffic in the 
direction of heaviest travel did not exceed 60 percent 
of the total and averaged between 54 and 57.6 percent 
at the different traffic densities (table 3). For this 
condition, speeds for corresponding total traffic volumes 
were a little higher than when about two-thirds traveled 
in one direction. ‘The most significant difference 
occurred at the highest comparable traffic densities 
of about 1,500 vehicles per hour when there was a 
difference of 1.9 miles per hour in the average speed 
and a difference of 2.6 miles per hour in the speed of the 
slowest-moving lane of traffic. The total number of 
vehicles making use of the center lane was about the 
same in both cases. 

TaBLE 3.—Distribution of vehicles between lanes and average speeds on 8-lane highway during various traffic densities while about half 
of all traffic traveled in each direction 

310 vehicles per hour 670 vehicles per hour | 1,248 vehicles per hour 1,530 vehicles per hour 
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The conclusions reached from both analyses for 3-lane 
level tangent sections of highway carrying few trucks 
were: 

1. At any one point on a 3-lane highway relatively 
few vehicles are traveling in the center lane. The 
maximum number that can be in the center lane is 
about 300 per hour, regardless of the total traffic 
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 
traffic, the center lane will be used by vehicles traveling 
in both directions. 

4. The average speed of all vehicles was slightly 
higher when the traffic was nearly evenly divided by 
direction than when two-thirds traveled in one direction. 

» Other obvious facts are: 
1. At places where the sight distance is restricted, 

the use of the center lane for passing is dangerous, so in 
effect a 3-lane highway will carry only two lanes of 
traffic at such points. 

2. A 3-lane highway haying even one restricted sight 
distance cannot carry more vehicles per hour in one 
direction than the number that can crowd into one 
traffic lane. 

It may be concluded, therefore, that a 3-lane highway 
is more efficient when traffic is evenly divided by direc- 
tions than when two-thirds of the traffic travels in one 
direction. There is a possibility that a two-directional, 
3-lane highway would be more efficient when practically 
all traffic moved in one direction than when traffic 
was evenly divided, but the percentage traveling in one 
direction in such a case would be closer to 100 than to 
67. However, since no data were available for this 
condition, this possibility could not be explored. 

DESIRED NUMBER OF PASSINGS PER MILE OF HIGHWAY 

CALCULATED 

By knowing the frequency distribution of vehicle 
speeds for a particular hourly traffic volume on a 
tangent section of highway, it is possible to calculate 
the approximate number of passings that will take place 
per hour per mile of highway. As an example, if there 
were 10 drivers traveling 50 miles per hour and 20 
drivers traveling 40 miles per hour, each hour in the 
same direction on a highway, each driver traveling 50 
miles per hour would, on an average, pass a vehicle 
traveling 40 miles per hour every 12 minutes. The 
total number of passings per hour on each mile of high- 
way would be: 

p—AB (F—S) 
FS 

where 

P=number of passings per hour on each mile of high- 
way 

A=number of the faster moving vehicles per hour, 
B=pumber of the slower moving vehicles per hour, 
F’=speed of the faster moving vehicles in miles per hour, 
S=speed of the slower moving vehicles in miles per hour, 

and in the above example 

1020 (50—40) 
hs 50X40 

per hour. 

=1 passing per mile of highway, 

In a similar manner the number of passings per hour 
on each mile of highway for any frequency distribution 
of speeds can be calculated by obtaining a summation 
of the number of passings made by vehicles moving at 
each speed passing vehicles moving at each lower 
speed, 

When the number of passings as calculated in this 
manner from the frequency distribution of speeds 
recorded during a large number of studies on tangent 
sections of highway are compared with the passings 
that actually took place during the same period, the 
calculated number is generally somewhat higher than 
the actual number. The difference is no doubt caused 
by the fact that the speed frequencies represent speeds 
at a particular point on the highway rather than the 
distribution of average speeds for the vehicles over 
the entire portion of the highway having the same design 
features as the study location. From a frequency 
distribution showing 10 percent of the vehicles traveling 
over 50 miles per hour, it is not correct to assume that 
10 percent of the drivers traveled over 50 miles per hour 
all the time under similar conditions. Neither is it 
correct to assume that all drivers traveled over 50 miles 
per hour 10 percent of the time. However, the first 
assumption is more nearly correct than the second for 
the short time period required by each vehicle to traverse 
the 0.2 mile section of highway on which the number of 
passings was recorded. A passing as recorded for this 
study consisted of two vehicles changing position with 
respect to one another between the time they entered 
and left the study section. Whether or not the entire 
passing maneuver was completed within the study 
section was not considered. 

If it were not for the interference between vehicles 
as the traffic volume on a highway increases, all drivers 
could travel at their desired speeds regardless of the 
traffic density and the distribution of speeds would be 
the same as the free-speed distributions. In such a 
case, the total number of passings per hour made by 
vehicles traveling in one direction on the highway 
would increase as the square of the hourly traffic 
volume in that direction. 

Using the free-speed distributions for each 2- and 
3-lane highway section, the numbers of passings per 
mile of highway per hour were calculated for the 
different hourly traffic volumes at each location and 
compared with the numbers of passings that occurred. 
Figure 15 shows the percentages that the actual 
number of passings performed were of the desired 
number of passings, or passings that would have been 
performed providing the drivers could have traveled at 
their desired speeds. Individual points are shown 
only for the 2-lane highways, each point representing 
the result for a particular traffic volume at one of 12 
level tangent locations. 

Although there is a scattering of points at all hourly 
traffic volumes, the straight-line relaticnship calculated 
by the method of least squares shows a very definite 
decrease in the percentage with an increase in the 
total traffic density. The line for 3-lane highways was 
based on data for the same locations as*those for curve 
E of figure 8. Data for both highway types include a 
total of 11,005 passings performed during the time that 
91,866 vehicles traversed the 16 study sections each 
0.2 mile long. 

It is significant that the hourly traffic volumes of 
1,933 vehicles and 3,490 vehicles when no passings 
could be made on the 2- and 3-lane highways, respec- 
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tively, are approximately the same as the possible 
capacities of the corresponding highways determined 
by using the mean difference in speed between succes- 
sive vehicles as an index of the passing possibilities. 

Figure 16 shows the actual number of passings com- 
pared with the required number of passings for drivers 
to maintain their free speeds on a 2-lane highway with 
two-thirds of the traffic in one direction where the 
variation in speed was great enough to cause a total of 
18.5 passings per mile per hour at a volume of 100 vehicles 
per hour in one direction. This figure represents a 
typical 2-lane level tangent highway carrying few trucks 
and with a frequency distribution of free speeds as 
shown by the curve for 2-lane highways in figure 5. 

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 
each driver should be able to increase the number of 
passings he makes directly as the traffic volume in- 
creases. 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 then decreases with a further increase in the traffic 
density. The fact that the average driver on a 2- 
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 to the traffic density, is a very important considera- 
tion in the determination of practical capacities for 
rural highways. 

VEHICLE SPEEDS IN 1934 AND 1989 COMPARED 

Another important factor in the determination of 
practical capacities, especially for design purposes, is 
the speeds at which drivers travel at the present time 
and the speeds at which they will desire to travel at some 
future date. Until recent years little data have been 
available regarding speeds on rural highways, but it 
is known that motor-vehicle speeds increased rapidly 
until about 1930. During recent years the performance 
of motor vehicles has continued to improve and there 
has been a marked improvement in rural highways. 
Both have tended to increase the average travel speed 
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on rural highways. However, estimates of future per- 
formance must be based on speed trends during recent 
years on modern, well-designed highways. The capacity 
studies in 1939 included one location of this type that 
had also been included in the 1934 studies, a section of 
3-lane highway. From 1934 to 1939, the paved surface 
width, alinement, and other general features had not 
been changed. The speeds of over 8,000 vehicles were 
obtained during the studies in each of the years. 
Weather conditions, hours of study, etc. were also the 
same. 

Table 4 shows a comparison of the average speeds for 
the 2 years. It is rather surprising to find that the 
average speed for the free-moving vehicles, that is, 
those that were traveling without interference from 
other vehicles, or at the driver’s desired speed, was 
slightly lower in 1939 than in 1934. However, at the 
highest traffic density recorded, the speeds during 1939 
were higher than in 1934. In other words, an increased 
traffic volume hada greater effect on the average speed 
in 1934 than in 1939. 

TaBLE 4.—Comparison of speeds during 1934 and 1939 on the 
same 8-lane highway during similar traffic densities 

1934 studies 1939 studies 

Traffic Average Traffic Average 
density speed density speed 

Vehicles per | Miles per || Vehicles per | Miles per 
hour our hour hour 
(1) 40.8 (1) - 39.6 

1, 069 36.8 1, 072 35. 7 
1, 391 36.6 1, 338 37.0 
1, 544 34.4 1, 517 37. 2 

pee ee All 1, 684 35.3 

1 Free-moving vehicles. 

Table 5 shows that in 1939 there was a greater varia- 
tion in speeds than in 1934. In 1934 only 0.5 percent 
of the free-moving vehicles traveled less than 25 miles 
per hour and 0.6 percent traveled over 60 miles per hour, 
while in 1939 5.2 percent traveled less than 25 miles per 
hour and 3.4 percent traveled over 60 miles per hour. 
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There was a corresponding or even greater difference 
between the two years for the extreme speeds at the 
heaviest comparable densities studied. Since trucks 
were a negligible portion of the total vehicles on this 
road during both years, they do not account for this 
difference. However, a much longer road section was 
used to determine the speeds for 1934 than for 1939. 
With the shorter section there was a greater likelihood 
of obtaining extreme speeds and therefore little signifi- 
cance can be placed on the fact that the results show a 
greater variation in speeds for the 1939 than the 1934 
values. 

The important conclusion that can be drawn from this 
comparison is that there was a relatively small change in 
speeds from 1934 to 1939 under similar highway and 
traffic density conditions. This is very significant since 
the comparison has been made on a highway where there 
should be the greatest probability of increased speed due 
to improved vehicle performance. The drivers utilized 
the potential speeds of their vehicles to a greater extent 
in 1934 than in 1939. 

TaBLE 5.—Comparison of distribution of speeds during light and 
heavy traffic volumes on same highway tn 1984 and 1939 

Heavy traffic density 
Free-moying vehicles (about 1,500 vehicles 

Speed group (miles per hour) per hour) 

1934 1939 1934 1939 

Percent Percent Percent Percent 
BOLOW iC eee eee 0.1 Pf 0.3 22 
DAT We, oo ae a pee 4 2.5 1.5 3.2 
Rha ee et SE a ee ee 1.9 3.9 10.0 5.9 
USE 5 ees eee 12.0 23.4 33.6 33.1 
SiR es SN A eae, a 31.8 WEE 29.8 DALY 
Ce 3 st cet Ns a a 25.4 26.1 16.7 18.7 
Ce eo See = ees ae 17.1 12.9 6.0 8.1 
SUEUR ipa a pe 9.1 3.9 lees 2.6 
so & ee ee ee 1.6 3.5 «2 2.3 
SEO. Se ae Rane ee ee eee 0 3.4 oe 2:2 

ERG al ae mee Ne cee ee at 100.0 100.0 100.0 100. 0 

At present it is not possible to predict with any 
degree of accuracy what the maximum highway speeds 
in the future will be. The development of the airplane 
and its construction by mass production methods will 
undoubtedly tend to reduce the demand for exceedingly 
high-speed operation of the motor vehicle. Based on 
recent trends, there will be an increase in speed: chiefly 
by the modernization of substandard highways and by 
a reduction in the percentage of drivers who travel at 
exceedingly low speeds on highways designed for high- 
speed operation, but there is no basis for the assump- 
tion that maximum motor-vehicle speeds will be mate- 
rially higher than they have been on our modern, well- 
designed highways. Apparently, maximum speeds of 
passenger cars have been and will continue to be gov- 
erned to a larger extent by characteristics of the driver, 
such as his reaction time and ability to see other vehicles 
and estimate their speeds, than by the possible speed of 
the vehicle he is operating. 

CHARACTERISTICS OF TRAFFIC FLOW USEFUL IN DETERMINING 

PRACTICAL CAPACITIES GIVEN 

When the preliminary results of these capacity 
studies were published in 1939, a number of figures 
were presented showing certain characteristics of traffic 
flow on tangent highway sections that have since been 
very useful in the determination of practical capacities 
for different highway conditions. The results as given 
by these figures have been verified and their possible 
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application expanded by checking them with the results 
of additional and more recent data. One of the figures 
presented ! showed that on 2-lane tangent highways 
operators of vehicles at or above a time spacing of 9 
seconds from the preceding vehicles are not influenced 
by the speed of the preceding vehicle, but drivers of 
vehicles spaced at less than 9 seconds govern their 
speeds to an increasingly greater extent by the speed of 
the preceding vehicles as the spacing decreases. 

The numbers of vehicles traveling at various time - 
spacings from a preceding vehicle on a typical 2-lane 
tangent highway are shown by figure 17. Similar data 
representing other 2- and 38-lane tangent highways 
show that practically the same distribution of time 
spaces occurs for the same traffic volume in one direc- 
tion regardless of the average vehicle speed, distribution 
of speeds, or whether or not the vehicles appeared to 
be bunched. Any marked difference between the 
distribution on the various highways generally occurred 
in the number of vehicles at the extremely short time 
spacings. 

Likewise, the time spacings between successive 
vehicles traveling in one direction on 4-lane highways 
regardless of the traffic lane the vehicles were in are 
shown by figure 18. There was a more uniform distri- 
bution of the shorter time spacings and fewer of the 
extremely long time spacings on the 4-lane roads than 
on the 2-lane roads for corresponding hourly traffic 
volumes. 

Were it not for the wide variation in vehicle speeds 
and resulting variation in the time spacings between 
vehicles, the determination of practical highway capaci- 
ties and numerous other traffic problems would be 
relatively easy. In this connection it is rather surpris- 
ing, when reviewing published material regarding the 
movement and delay of vehicles under ‘certain condi- 
tions, that many theoretical derivations are based on 
the assumption that all time spaces are equal. In 
most cases entirely different results would be obtained 
if consideration were given to the variation that actually 
exists. The relation between the average time spacing 
for a given traffic volume and the spaces that exist on 
2- and 4-lane tangent rural highways is given by figures 
19 and 20. At a traffic volume of 600 vehicles per hour 
in one direction on a 2-lane highway, instead of a 
vehicle passing a given point on the highway every 
6 seconds, 58 percent of the vehicles will pass within 
3 seconds (half the average interval) of another vehicle 
and there will be an appreciable number of times during 
the hour that a time interval exceeding 24 seconds will 
elapse between two vehicles. 

For the solution of certain traffic problems involving 
time spacings between vehicles, such as calculations 
regarding the average wait before a space sufficiently 
long occurs in a stream of traffic to permit crossing it 
with safety, or determinations of the percentage of 
time that the lane normally used by oncoming traffic 
may be used to perform passing maneuvers, it is neces- 
sary to know the percentage of the total time that the 
spaces between vehicles are in excess of certain time 
values in addition to the number of times per hour a 
space exceeding a certain value occurs. Figures 21 
and 22 have been constructed to show this information 
for tangent sections on 2- and 4-lane rural highways 
where drivers are not influenced by traffic lights at 
intersections. An analysis of data for a number of 

1 Preliminary results of Highway Capacity Studies, by O.K.Normann. PUBLIC 
ROADS, February 1939, p. 228. 
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locations showed that there was some variation in 
corresponding values at different locations, but for all 
practical purposes the values as given by figures 21 
and 22 are sufficiently accurate for all 2- and 4-lane 
highways, respectively. Corresponding values for 3- 
lane highways were not consistent, generally being in 
the neighborhood of those for 2-lane highways but 
oftentimes approaching those for 4-lane highways. 

In combination with figures 17 and 18, figures 21 and 
22 may be used to solve a number of traffic problems 
for which it is either impossible or impractical to obtain 
more accurate results by actual field studies. 

10 i 12 13 14 15 16 17 18 19 20 

PRACTICAL APPLICATION OF RESULTS ILLUSTRATED 

To illustrate one of the many uses of figures 21 and 22, 
assume it is desired to compare the average time lost 
by a driver in safely crossing 2- and 4-lane highways. 
Assume that a driver on a minor east and west road 
approached a 2-lane arterial highway carrying a total 
of 1,200 vehicles per hour with 400 northbound and 
800 southbound and that it will require 5 seconds to 
cross and be clear of traffic on the through route. 
Figure 17 shows that 64 percent of the spacings at a 
volume of 400 vehicles per hour are equal to or less 
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than 5 seconds, therefore spaces greater than 5 seconds 
occur 144 times per hour in the northbound traffic. 
Likewise, spaces greater than 5 seconds occur 180 
times per hour in the southbound traffic. The spaces 
in the northbound traffic are in excess of 5 seconds 66.5 
percent of the time and those in the southbound traffic 
are in excess of 5 seconds 40 percent of the time (fig. 21). 
So, out of 100 drivers on the minor road, 27 drivers 
(0.40 0.665100) will be able to cross without any 
delay after coming to a stop. The other 73 will be 
delayed, 20 by traffic in both lanes [100 (1.00—0.40) 
(1.00—0.665)], 19 by traffic in the northbound lane 

0.335 | 
(53Xoaas Tc oe00 »and 34 by traffic in the southbound 

lane (53x EOUY ) After the 34 delayed b : 0.335-+0.600 yeu 
traffic in the southbound lane have waited an average 

of 6 seconds E (eee 00") } 23 will be able to cross 

with no further delay (840.665) and the other 11 will 
not be able to cross because of traffic in the northbound 
lane. By continuing the calculations it can be shown 
that the average delay for the 73 delayed vehicles will 
be 9.5 seconds and the average delay for all 100 drivers 
will be about 7 seconds. Some drivers will be delayed 
up to 50 seconds. In a similar manner the average 
delay to cross 2- or 3-lane highways, or 4-lane divided 
or undivided highways with any traffic volume on the 
arterial highway, may be calculated provided the cross- 
ing time is known. 

Based on a reasonable acceleration value it has been 
estimated that 5 seconds are required to cross a 2-lane 
highway, 6 seconds to cross a 4-lane undivided highway, 
7 seconds to cross the first 2 lanes of a 4-lane divided 
highway and come to a stop within a 30-foot median 
strip, and 5 seconds to cross the second 2 lanes. Using 
these time periods, the data shown by figures 17, 18, 
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21, and 22, and assuming that a safe crossing will not 
be made when it is necessary for vehicles on the arterial 
highway to slow down to avoid an accident, figure 23 
has been constructed. The values shown are applicable 
only to vehicles on a cross road carrying very little 
traffic and do not include the delay in stopping for the 
“stop” sign. 

The average delay is lower at the 2-lane highway 
than at the 4-lane undivided highway for the same 
hourly volume not only because a slightly shorter time 
.S required to cross the 2-lane highway, but also because 
‘traffic cannot travel as freely on the 2-lane highway 
and becomes more bunched, resulting in longer open 
spaces that permit crossings to be performed. Up toa 
total of 1,400 vehicles per hour, the delay is about the 
same when crossing 2-lane and 4-lane divided highways. 
Above 1,400 vehicles per hour it is easier to cross the 
divided highway and considerably less delay will be 
experienced by drivers that start the maneuver by 
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crossing the two lanes carrying the lghter traffic 
volumes than by drivers that first cross the lanes 
carrying the heavier traffic volumes. 

Using the same basic data, calculations may be made 
to determine need for the installation of traffic signals 
at rural intersections with greater accuracy than would 
otherwise be possible. However, the information shown 
in figures 17 and 21.is most useful in a study of practical 

capacities for 2-lane roads by supplying data of value 
for an analysis of the extent to which oncoming traffic 
restricts the use of the left lane for passing purposes. 
To illustrate, assume that a driver is trailing a slow- 
moving vehicle and that to pass this vehicle he must 
encroach on or be in the left lane for a period of 10 
seconds, traveling at an average speed of 30 miles per 
hour. The “hole” or time space between successive 

* 
> 
? 
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vehicles in the opposing traffic lane could not be less 

than 20 seconds (10x22 30 if the oncoming vehicle 

met immediately after completing the maneuver is 
traveling at 30 miles per hour, not less than 25 seconds 
(0x5 

miles per hour, and not less than 16 seconds (10 x 

with the oncoming vehicle traveling at 20 

50+30 
50 

with the oncoming vehicle traveling at 50 miles per 
hour. 

PASSING POSSIBILITIES A FUNCTION OF TRAFFIC DENSITY 

Likewise, to perform a passing maneuver requiring 
10 seconds in the left lane at a speed of 50 miles per 
hour with the oncoming vehicle traveling 20, 30, or 5C 
miles per hour would require time spacings between 
vehicles in the opposing traffic lane of not less than 
35, 27, or 20 seconds, respectively. How often the 
required time spaces will occur with a corresponding 
speed for the approaching vehicle is not shown by 
figure 21. However, analysis of the detailed data shows 
that the sum of the opportunities to pass at the different 
time spacings with oncoming vehicles traveling at 
different speeds may be determined from figure 21 
by use of the following equation: 

— 2, (So+8) pa. 
where 

T =equivalent spacing in seconds to be used in deter- 
mining opportunities to pass from figure 21, 

T,=time required in left lane to complete passing 
maneuver, 

Sy=average speed of opposing traffic in left lane, and 
S =average speed of passing vehicle while in the left 

lane. 

For example, assume that it is desired to find the 
average time a driver wanting to pass a vehicle traveling 
20 miles per hour on a 2-lane tangent section of highway 
carrying 400 vehicles per hour in the opposing direction 

will be required to follow the slow vehicle before an 
opportunity to pass occurs. Assume also that 10 
seconds will be required to complete the maneuver at 
an average speed of 30 miles per hour, and that the 
average speed of oncoming traffic is 40 miles per hour; 

then T= oe 80) _ 17.5 seconds, 

A spacing of 17.5 seconds or greater will occur 18 
times (fig. 17) for every 100 cars in the opposing lane 
and 32 percent of the time (at volume of 400 in fig. 21) 
it will be possible to start the passing. So, for every 
100 times a driver overtakes a vehicle traveling 20 miles 
per hour, it will be possible for him to start the passing 
maneuver with no delay 32 times and the other 68 times 
he will be required to follow the slow vehicle for some 
distance before he has an opportunity to pass. The 
average time in seconds that the slow vehicles must be 
trailed whenever the passing cannot be started imme- 
diately will be 

3600(1.00—P,) 

Po=4 PwV;, (25*2) 

So 
where 

F=average time in seconds slow vehicle must be 
followed before opportunity to pass occurs, 

P,=ratio of time that spacings in opposing lane are 
in excess of YZ seconds for the particular 
traffic volume in the opposing lane to total 
time, 

Py=ratio of number of spaces in the opposing lane 
that are in excess of 7’ seconds to total number 
of spaces, 

V, =hourly traffic volume in opposing lane, 
Sy) =average speed in miles per hour of traffic in 

opposing lane, and 
S, =speed in miles per hour of vehicle to be passed. 

Then 
3600(1.00—0.32) 1 

& =i] orsscsoo( 2 =11.3 seconds. 

The average distance that it will be necessary to trail 
the slow vehicle moving 20 miles per hour before an 
opportunity to pass occurs will be 332 feet. 

Figure 24 shows similar delay values for a number of 
different conditions using the average speeds of 
oncoming traffic as shown for 2-lane highways by 
figure 6. The two assumed values, 40 and 25 miles 
per hour, for the speed of the vehicle to be passed are 
the maximum and minimum speeds of vehicles that 
other vehicles should be able to pass, without an 
exceedingly long delay, if a 2-lane level highway is 
not to be considered congested. The speed of the 
passing vehicle while in the left lane is based on the 
preliminary results of the passing studies ° which show 
that, on an average and in the majority of cases when 
a passing maneuver is delayed, the passing vehicle 
travels about 10 miles per hour faster than the passed 
vehicle during the maneuver. The two time values 
given for each condition as the period that the passing 
vehicle is in the left lane cover the range as shown by 
the passing studies for the majority of maneuvers 
performed under the two conditions. 

5 Passing practice on rural highways, by C. W. Prisk. Highway Research Board 
Proceedings, 1941. 
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Curve A (fig. 24) shows that opportunities to pass a 
vehicle traveling 40 miles per hour and requiring 12.5 
seconds in the left lane will occur until the density in 
the opposing traffic lane reaches about 800 vehicles 
per hour. Likewise, for the condition shown by curve B 
(fig. 24) an opportunity to pass will occur ‘until the 
traffic volume in the opposing lane reaches 1,000 
vehicles per hour. Curves C and D show that oppor- 
tunities to pass vehicles traveling 25 miles per hour 
occur when the opposing traffic volume exceeds 1,000 
vehicles per hour. However, since the openings in 
the opposing traffic that were used to calculate the 
passing possibilities are minimum requirements, the 
drivers performing the passing maneuvers must be able 
to judge the speeds of the oncoming vehicles to take full 
advantage of their passing opportunities and the return 
to the right-hand lane must be made before meeting 
the oncoming vehicle. 

The passing studies show that drivers do not take 
full advantage of their passing opportunities even 
under congested conditions, but often allow a consider- 
able portion of the time space in the opposing traffic to 
pass before starting the maneuver. Also the majority 
of drivers will not start the maneuver unless the space 
between vehicles in the oncoming lane is considerably 
ereater than the minimum requirement. This results 
in few passings being performed when the volume of 
opposing traffic exceeds 1,000 vehicles per hour and, 
therefore, curve B probably represents fairly accurately 
the actual trailing times before the slowest vehicles 
are passed. 

HIGHEST PRACTICAL CAPACITY OF A RURAL 2-LANE HIGHWAY IS 

800 VEHICLES PER HOUR 

Based on the time that the slow-moving cars must 
be trailed before a passing maneuver can be made, a 
traffic volume of 400 vehicles per hour in each direction 
is the highest density that may be considered as the 
practical capacity for a 2-lane level tangent section of 
highway. Regardless of whether the actual average 
trailing time is as shown by curve B or a longer period 
as shown by curve A (fig. 24), 400 vehicles per hour is 
the highest volume in the opposing lane that will not 
vause a relatively large increase in the trailing time as 
compared to the amount that the traffic volume is 

increased. From curve B, increasing the opposing 
traffic volume from 300 to 400 vehicles per hour results 
in an increase of 33 percent in the number of vehicles 
and 40 percent in the trailing time, while increasing 
the volume from 400 to 500 vehicles per hour results 
in a 25 percent increase in the number of vehicles and 
a 61 percent increase in the trailing time. Using curve 
A there is an increase of 64 percent in the trailing time 
when the opposing traffic volume increases from 300 to 
400 vehicles per hour and an increase of 85 percent 
when the hourly volume increases from 400 to 500 
vehicles. The ratio between the increase in volume 
and the increase in delay decreases very rapidly as the 
opposing traffic volume goes above 400 vehicles per hour. 

Other traffic characteristics that indicate a total 
traffic volume of 800 vehicles per hour to be the highest 
practical capacity for a 2-lane level tangent rural high- 
way carrying few trucks are: 

1. Seventy-two percent of the drivers will be at 
spacings of less than 9 seconds (fig. 17) from the preceding 
vehicle and they will be governing the speeds of their 
vehicles to some extent by the speeds of the preceding 
vehicles. 

2. The average driver will only perform 54 percent of 
the passing maneuvers that would be required for him 
to maintain his desired speed (fig. 15). 

3. As the total traffic volume increases to 800 vehicles 
per hour, the average driver increases the number of 
passings he makes. Above 800 he does not increase the 
number he makes although to maintain his desired speed 
there should be a continued increase in the number of 
passings made (fig. 16). 

4. With a total traffic volume of 800 vehicles per 
hour on a rural highway the average driver is restricted 
to approximately the same extent as when traveling 
during low traffic densities within a city on an arterial 
street without traffic lights but where there is a 30-mile- 
per-hour speed limit (fig. 8). 

Eight hundred vehicles per hour is about 40 percent 
of the possible capacity of a 2-lane rural highway carry- 
ing few trucks. The same percentage of the possible 
capacities of the 3-lane highways is 1,120 vehicles per 
hour for the study sections in Massachusetts, and 1,460 
vehicles per hour for the study sections in New York. 
Forty percent of the possible capacity for two lanes of 
the 4-lane sections in Illinois was 1,680 vehicles per 
hour or a total of 2,520 vehicles for all four lanes assum- 
ing that two-thirds of the traffic will be traveling in the 
one direction. At these densities, the speed differences 
as shown by figures 6 and 8 are higher on the 3- and 
4-lane highways ae on the 2-lane highways. 

For speed differences corresponding to the speed differ- 
ence on the 2-lane roads carrying 800 vehicles per hour 
the 4-lane Illinois highways could carry 3,150 vehicles 
per hour and the 3-lane highways in Massachusetts or 
New York could carry 1,600 vehicles per hour. How- 
ever, since the speed differences were higher on the 3- 
and 4-lane roads during low traffic densities than on the 
2-lane roads, it seems reasonable to believe that the 
drivers will expect a greater freedom of movement on 
3- and 4-lane roads than on 2-lane roads. Practical 
capacities for 2-, 3-, and 4-lane roads with good aline- 
ments and carrying few trucks are therefore in the 
neighborhood of 800, 1,400, and 2,800 vehicles per hour 
respectively. This is a ratio of 1:1.75:3.5. 

In case local conditions demand that 400 vehicles per 
hour be the standard adopted for the practical or work- 
ing capacity for a 2-lane highway with few limiting sight 
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‘distances, as may well be the case for express or toll 
highways, corresponding capacities for 3- and 4-lane 
roads would be 800 and 1,800 vehicles, respectively. 
This is a ratio of 1:2:4.5. Likewise, for conditions 
where the working capacity of a 2-lane highway may be 
considered to be above 800 vehicles per hour, the ratio 
for 2-, 3-, and 4-lane highways approaches the same ratio 
as the possible capacities are to one another. 

For certain conditions, such as those illustrated by 
curves F and G in figure 8 where a speed limit is en- 
forced, the practical capacity of two lanes of a 4-lane 
highway is 2,450 vehicles per hour. Any lower value 
would result in only a slight increase in the average 
speed or freedom of movement for the individual drivers, 
while a volume above 2,450 per hour would result in a 
marked reduction in both speed and freedom of 
movement, 

EFFECT OF CURVES AND GRADES ON HIGHWAY CAPACITY STUDIED 

There are so many types of curves and grades, and 
they may be combined with level tangent sections to 
form so many different highway alinements, that a 
comprehensive study of their effect on highway capacity 
involves an unlimited number of conditions. Although 
additional studies have been made, data for only 5 
curves and 10 grades involving a total of 62,289 
vehicles have been analyzed. 

Curves affect the movement of vehicles on 2- and 3- 
lane highways mainly by restricting passing maneuvers. 
Theoretical capacities of all highways are probably 
affected to some extent by the speed at which the vari- 
ous curves can be negotiated safely and the distance 
spacing between vehicles allowed by the drivers while 
on a curve as compared to the spacings allowed on 
tangent sections. However, since the maximum theo- 
retical capacities occur at relatively low speeds, the 
difference between the maximum theoretical capacities 
of a curved section of highway and a tangent section is 
probably not large. , 

The possible capacity of a 2-lane road is reached on 
tangent sections of highway when vehicles cannot, pass 
one another, Therefore, an individual curve will cause 
no reduction in the possible capacity of a highway 
since it will impose no further restriction to passing 
than already exists. However, at lower traffic densities, 
a curve with a restricted sight distance prevents passing 
maneuvers that could otherwise be performed safely. 

Of the few curves for which the data have been 
analyzed, the one with the greatest degree of curvature 
and the shortest sight distance that had no apparent 
effect on traffic was a 4° curve with a minimum sight 
distance at one point of about 900 feet. The pavement 
was 20 feet wide and had a superelevation of 0.06 foot 
per foot. There were only slightly fewer passings per- 
formed on the curve than on an equal length of tangent 
section under similar traffic densities. As a comparison, 
during low traffic densities, an 11° curve, with a minimum 
sight distance of 400 feet and superelevated 0.085 foot 
per foot, caused passenger cars to reduce their average 
speeds from 43 to 35 miles per hour, busses from 48 to 
35 miles per hour, trucks from 37 to 32 miles per hour, 
and tractor-truck semitrailers from 33 to 30 miles per 
hour. 

In addition to limiting the sight distance along the 
highway, steep grades also limit the speed at which 
vehicles, especially heavily loaded trucks, can travel. 
Table 6 shows the average speed of free-moving trucks, 

busses, and passenger cars while traveling on 3-, 5-, and 
7-percent grades that were approximately \4 mile long 
and had level tangent approaches. Excluding the 
vehicles on the level sections, speed data for 1,611 
trucks, 133 busses, and 21,036 passenger cars were used 
to obtain these averages. 

Figure 25 shows the distribution of truck and pas- 
senger-car speeds on the various grades. When com- 
paring these distributions, one must remember that 
(1) the speed distributions include all trucks on the 
highway, both loaded and empty, (2) no vehicle was re- 
stricted by any other vehicle, (3) the grades were only 
4 mile long, and (4) the speeds at the bottom of the 
erades were not necessarily the same as on the level sec- 
tions since the drivers could see the grades for some dis- 
tance and may have speeded up before reaching the 
erade. 

Since some of the data included in these results were 
obtained during 1934 and 1935 when the engine power 
of both trucks and passenger cars was considerably less 
than at present, a comparison was made of the speeds 
on the different grades in 1934 and 1940. The resulting 
average speeds were practically identical. Evidently, 
the increased loads hauled by the trucks have compen- 
sated for the increase in horsepower, while the drivers 
of passenger cars utilized a larger percentage of the 
vehicles’ potential power in 1934 than in 1940. 

TasiLE 6.—Free vehicle speeds on grades } 

| Passenger 
Grade | ; | Prucks | Busses api 

| | | 
| Me (Geto. i 2a Eyeyel ee M.p.h 

TGV CL ee ee oe a ee es go ee 36.9 | 45.9 45.8 
Downgrade: | 

3 percent - nga ieee 37.6 | 46.4 46.5 
‘Der CONG eee se ae ees = oe. 2 ee 38.9 | 41.4 42.1 
WADARE Na is a= Ss. eee 34,1 | 37.4 40, 2 

Upgrade: | | 
So DOLCE Uasaaaeeeas =e ee See ee 34. 3 37.0 FON) 
5 percent -- -- oe «hee 26. 6 | 29.3 39.5 
i Dercen tebetee= sn. 2-2 a ph ee | 24.6 | 26. 6 34. 4 

1 All grades had level tangent approaches and were about !4 mile long. > 

Figure 25 shows that a 3-percent grade } mile long 
had only a slight effect on the free speeds of passenger 
cars and that the decrease in speed was about the same 
in going from a 3- to a 5-percent grade as from a 5- to a 
7-percent grade. Most passenger cars are capable of 
maintaining high speeds on 7-percent grades. The 
decrease is therefore caused primarily by the operation 
rather than the possible performance of the vehicle. 

Trucks traveled nearly as fast up the 3-percent grades 
as on the level but there was a large reduction in going 
from a 3- to a 5-percent grade. 

From the speed distributions as shown by figure 25 
and using methods previously explained, table 7 has 
been prepared to show the number of passings that 
would take place on grades 4% mile long if all drivers 
could maintain their free speeds and the traffic volume 
was 100 vehicles per hour. The increase in the number 
of passings with an increase in the grade is relatively 
slight until the grade goes above 5 percent regardless 
of the percentage of trucks. The increase in the 
variation in passenger car speeds as the grade increases 
from 5 to 7 percent causes a larger increase in the desired 
number of passings than does increasing the number of 

trucks to 20 percent of all traffic. However, when a 

desired passing cannot be made, the trucks cause a 
greater delay since they travel at lower speeds. 
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TABLE 7.—Destred number of passings per hour to maintain free 
speeds with 100 vehicles per hour in one direction on %4-mile 
section of highway 

Trucks 16 
Grade, percent No trucks | percent of 

all traffic 

Passings Passings 
per hour per hour 

O25 5 5 sae ee ey eee a 5.6 6.2 
eee ee. Cate pyr 5 Se TL ey ee Say es IS 7 6.4 

Sn ee eS i ee ee tS PENS 2 nz (pa 
(oe ee Se, oS ee ee 12.8 15.5 

Trucks 20 
percent of 
all traffie 

Passings 
per hour 

Om OO 

ie 
7. 
8. 
ls 1 be 

From the available data on grades, it has been pos- 
sible to determine capacity figures for only two highway 
conditions. One condition represents 7-percent grades 
¥-mile long on 2-lane highways that carry few trucks 
and have level tangent approaches to the grades. The 
other condition represents 7-percent grades 4-mile long 
on 3-lane highways that carry 11 percent trucks and 
have curved approaches to the grades. 

Figure 26 shows that although the average free speed 
was 35 miles per hour for both conditions, the drop in 
speed was much greater as the density increased on the 
3-lane roads than on the 2-lane roads. Passing was 
not possible on the grades when the density reached 
1,400 and 1,560 vehicles per hour on the 2- and 3-lane 
highways, respectively. However, in the one case. the 
vehicles averaged 30 miles per hour and in the other they 
averaged 14.5 miles per hour. The trucks and the 
curved approaches reduced the possible capacity of the 
3-lane highways to a value nearly as low as the value for 
the 2-lane highways and caused a much larger reduction 
in speed. Vehicles ceased to pass on the 2-lane higb- 
way grades at only seven-tenths of the density at which 
they stopped passing on Jevel sections. 

EFFECT OF SHORT SIGHT DISTANCES ON 

EVALUATED 

To evaluate the effect that short sight distances at 
both horizontal and vertical curves have on the prac- 
tical working capacity of a 2-lane highway, it is neces- 
sary to know the number and type of passing maneuvers 
that the short sight distances prevent from being 
performed safely. This requires a knowledge of the 
frequency of the different types of passings under 

HIGHWAY CAPACITY 
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various traffic conditions, the time and space require- 
ments for the different types of maneuvers, and the 
sight distance or clear space in the opposing traffic lane 
that must be available before safe drivers will attempt 
to pass. 

While the passing studies on 2-lane highways were 
designed to provide the main source of information for 
determining economical sight distance requirements, 
some very useful information has also been obtained 
from an analysis of the speed-capacity study data. 
Figure 27 shows the distribution of speeds for all vehicles 
and the vehicles that were passed on a 4-lane divided 
highway during low traffic densities when none of the 
drivers were prevented from passing other drivers 
traveling at slower speeds. To illustrate the accuracy 
of the method previously explained and used to caleu- 
late the desired passings from the free-speed distribu- 
tions, a curve is also shown for the speed distribution 
of passed vehicles as calculated. 

Even though 8 percent of the drivers traveled over 
60 miles an hour and a few went over 75 miles an hour, 
no driver traveling over 60 miles an hour was passed 
and 95 percent of the passed drivers were traveling less 
than 50 miles per hour. Since the speeds at this 
particular location were higher than at any other of the 
many locations where high speeds were recorded in 
these studies, the expenditure of additional funds to 
obtain sight distances greater than those required for a 
driver to pass a vehicle going 50 miles per hour cannot 
be justified on any highway, at least not until more 
concrete evidence is available to show that future 
speeds will be considerably higher than present speeds. 
Fifty miles per hour is the 66 percentile value of the 
free speeds. A more conservative design that would 
provide for 80 percent of the passings would require a 
sight distance sufficient to pass a vehicle going 45 miles 
per hour which is only the 38 percentile value of the 
free speeds. 

Figure 28 shows cumulative speed distribution curves 
for all vehicles and the vehicles that were passed on a 
2-lane tangent section of level rural highway during 
total hourly traffic volumes up to 1,179 vehicles. At 
this particular location where drivers were not restricted 
in any way by sight distances, no vehicle going over 50, 
47.5, and 45 miles per hour was passed when the total 
hourly traffic volumes were 496, 823, and 1,179 vehicles, 
respectively. 

If a portion of this same highway had numerous 
curves with restrictive sight distances, increasing the 
sight distances to a value longer than required to pass 
a vehicle going 45 miles an hour would be of no benefit 
to the traffic using the highway when the total hourly 
volume was above 1,179 vehicles per hour, and since 
the slopes of the curves showing the speed distributions 
for the passed vehicles change very rapidly between 
the 90 and 95 percentile values, very little would be 
gained in increasing the sight distance at any point 
above the value required to pass a vehicle going 36 
miles an hour. Likewise, sight distances longer than 
those needed to pass vehicles going 39 and 42 miles 
an hour are of little benefit when the hourly traffic 
volumes are above 823 and 496 vehicles, respectively. 
Speeds of 36, 39, and 42 miles per hour are the 14, 30, 
and 55 percentile speeds, respectively, of the free speed 
distribution. 

The analysis of the passing practice studies has not 
progressed far enough to show definitely what sight 
distances drivers require before undertaking to pass 
vehicles traveling at these speeds, but the average 
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travel distances in the left lane are 576, 621, and 665 
feet, respectively. 

In case satisfactory conditions exist on long tangent 
sections of this highway when the traffic volume is 
800 vehicles per hour, conditions will also be satisfac- 
tory on all sections of the highway where there are no 
sight distances shorter than the one required to pass 
a vehicle going 40 miles per hour. 

The sight distance required to pass a vehicle going at 
a certain speed will depend on the speed of oncoming 
traffic, which on a 2-lane highway decreases as the 
total traffic volume increases. Figure 28 shows that 
the slope of the cumulative curves for the speed dis- 
tribution of all vehicles changes very rapidly above 
the 90 percentile value. The 90 percentile speed value 
for oncoming traffic when providing adequate passing 
sight distances seems, therefore, to be the highest that 
can be justified in obtaining an economical design. As 
an example, if traffic conditions were satisfactory on 
the tangent section of highway where data were ob- 
tained for figure 28 when there was a total traffic 
volume of 800 vehicles per hour, any sight distance, on 
any section of the highway, long enough to permit a 
driver to pass a vehicle going 40 miles an hour with an 
oncoming vehicle approaching at a speed of 45 miles an 
hour cannot be considered a restrictive sight distance. 
A longer sight distance would increase the freedom of 
movement at lower volumes but not at the critical 
volume. 

MORE COMPLETE ANALYSIS OF PASSING PRACTICES NEEDED 

The relation between the percentage of all vehicles 
and the percentage of passed vehicles that exceed 
various speeds at different total hourly traffic volumes, 
as shown by figure 28, may also be shown as percentile 
values of the cumulative free-speed distribution. For 
example, with traffic volumes of 496, 823, and 1,179 
vehicles per hour, the fastest vehicles traveled 57%, 
54, and 50% miles per hour, respectively. These speeds 
are the 99, 97, and 93 percentile values of the free-speed 
distribution (fig. 28). The 100-percent curve for all 
vehicles (fig. 29) shows these same percentile values. 
The other curves on figure 29 show the relation between 
the cumulative percentile speed values at different 
traffic volumes and the cumulative percentile speed 
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values of the free-moving vehicles. When the total 
traffic volume was 400 vehicles per hour, the 80 percen- 
tile speed for all vehicles was the same as the 70 per- 
centile speed of the free-moving vehicles, the 85 per- 
centile speed for all vehicles was the same as the 77 
percentile speed of the free-moving vehicles, etc. Also 
with 400 vehicles per hour the 80 percentile speed for 
the vehicles that were passed was the same as the 29 
percentile speed of the free-moving vehicles, the 95 per- 
centile speed of the passed vehicles was the same as the 
60 percentile speed of the free-moving vehicles, ete. 

Similar data for other 2-lane tangent highway sections 
indicate that the values shown by figure 29 hold true 
within practical limits for any long 2-lane tangent loca- 
tion. If this is verified by the passing study data, the 
analysis of which is nearing completion, it will be possible 
to determine whether or not a certain sight distance acts 
as a restriction to the free movement of traffic and the 
degree of restriction imposed at various hourly traffic 
volumes for highways with different free-speed distribu- 
tions. This, in turn, will make possible the establish- 
ment of definite working capacities for any alinement 
based on the traffic density that is satisfactory for a 
tangent alinement. 

Until the sight distances that must be available for 
safe drivers to pass vehicles going>at a given speed in 
face of approaching vehicles traveling at various speeds 
are obtained from the analysis of the passing study data 
no definite values can be given for the practical traffic 
capacities of highways having numerous short sight 

distances at which none or only the slowest of the slow- 
moving vehicles can be passed. Each place on a high- 
way where all passings are restricted for a certain dis- 
tance places a restriction on the higher-speed passings 
for a greater distance. 

It may be possible for a highway with alinement that 
restricts drivers from passing vehicles traveling 40 miles 
per hour 50 percent of its entire length to have a higher 
practical capacity than a highway with alinement that 
restricts all types of passings only 10 percent of its 
entire length. With 800 vehicles per hour as the prac- 
tical capacity of a tangent highway, sight distances that 
prevent vehicles going 40 miles per hour from being 
passed would not reduce the capacity of a highway with 
free speeds as shown by figure 28, while the practical 
capacity of a highway with an alinement that prevented 
all passings over 10 percent of its length could not exceed 
750 vehicles per hour to allow the same freedom from 
congestion as on a tangent section. The traffic density 
of 750 vehicles per hour was calculated by using the 
following formula: 

7.21000 Vr IR) 
ne? 000 = Ven 

where 

V,=practical capacity in vehicles per hour on aline- 
ment where all passings are restricted for 
some distance, 

V,=practical capacity in vehicles per hour on tangent 
alinement, and 
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=ratio of the distance that all passings are re- 
stricted to the entire length of the highway. 

yr .2,000 X 800 0.9 
¢ 2,000 —80 

This formula was derived from previously presented 
facts; namely, 

1. That the maximum possible capacity of a 2-lane 
tangent highway is 2,000 vehicles per hour and occurs 
when no passings can be made (figs. 6, 8, and 15). 

2. That a straight-line relationship exists between 
the hourly traffic volume and the ratio of the desired to 

‘the actual number of passings that are made (fig. 15). 
3. That the ratio between the desired and actual 

number of passings that can be made is an index of the 
freedom from congested conditions. 

or 750 vehicles per hour. 

FLUCTUATIONS IN TRAFFIC FLOW IMPORTANT CONSIDERATION 

The formula is correct only when all types of passings 
that are made on a tangent section can also be made on 
all portions of the highway except where no passings 
can be made. Actually, the alinement would restrict 
the higher-speed passings over sections exceeding the 
length of the sections where all passings are restricted 
so the practical capacity of a highway that restricts all 
passings for 10 percent of its length would generally be 
somewhat less than 750 vehicles per hour. However, 
the formula may also be used when such a condition 
exists by substituting the summation of the product of 
the restricted portions of the highway by the percent- 
age of passings restricted, as determined by figure 29, 
for the values substituted for RP in the equation. 

For example, when all passings are restricted on 10 
percent of the highway, passing a vehicle going between 
30 and 35 miles per hour is restricted on an additional 
5 percent, and passing a vehicle going over 35 miles 
an hour is restricted on an additional 10 percent, PR 
would be 0.10+ (0.35 <0.05)+ (0.25X0.10) or 0.148 
for the free speed distribution shown by figure 28 and 
the practical capacity becomes 728 vehicles per hour. 
(At a volume of 800 vehicles per hour on the tangent 
section 35 percent of the vehicles passed are going 
between 30 and 35 miles per hour and 25 percent are 
going over 35 miles per hour.) However, the results of 
the “special passing studies are needed before the 
portion of any alinement that partially restricts passing 
maneuvers can be determined accurately. 

The capacity figures thus far presented refer to 
hourly volumes for rural highways. Since there is a 
large variation in seasonal, “daily, and hourly traffic 
volumes on any highway, it is not economical to design 
for the highest hourly density during the year. From 
an analysis 7 of data from several hundred automatic 
traffic recorders on rural highways throughout the 
country it has been found that relatively few drivers 
will be inconvenienced if a design is used that will pro- 
vide for the traffic volume during the fiftieth highest 
houfly density during the year. Very little will be 
saved in the construction cost and a large number of 
drivers will be inconvenienced if a design value appre- 
ciably lower than the fiftieth highest hourly volume is 
used. 

On an average, the fiftieth highest hourly density 
during the year on roads in northern States is about 15 

7 Applications as Automatic Traflic Recorder Data in Highway Planning, by L. 
Peabody and O. K. Normann. PUBLIC ROADS, January 1941. 
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percent of the annual average daily traffic. However, 
for certain roads this figure may be as high as 22 percent 
or as low as 12 percent. Two-lane roads with good 
alinements can therefore be expected to carry annual 
average 24-hour traffic volumes in excess of 3,500 
vehicles, while congested conditions may occur on 
other 2-lane roads with Poor alinement when the average 
annual volume exceeds 2,000 vehicles per day. Aver- 
age traffic volumes are not a true index of the number of 
lanes necessary to handle traffic efficiently at a par- 
ticular location. The type of traffic and the variation 
in traffic flow must be considered. 

CONCLUSIONS 

The following statements give what are believed to 
be the most important conclusions to be drawn from 
the analysis of traffic data obtained at a large number 
of highway locations in several States. 

1. While the theoretical and possible capacities of a 
highway are absolute values, the practical working 
capacity of a highway is a relative value that will vary 
soy different local conditions. 

The maximum traffic volumes that can be consid- 
ee practical working capacities for 2-, 3-, and 4-lane 
rural highways are 800, 1,400, and 2,800 vehicles per 
hour, respectively. 

3. The lower the hourly volume that is used as the 
practical capacity of a 2-lane road, the greater will be 
the difference between the practical capacities of 2-, 
3-, and 4-lane roads with the same general alinement. 

4. The design of a highway to handle traffic effi- 
ciently must be based on actual practices of all drivers 
in relation to the traffic on the highway rather than on 
the movement of individual vehicles over the highway. 
as Sight distances that restrict passing maneuvers 

on 2-lane highways vary with the traffic volume on the 
highway. Economical sight distances are a function 
of “the traffic density. 

6. The most important information needed to com- 
plete the study of practical working capacities for 
2-lane highways with numerous nonpassing sight dis- 
tances is the clear road space that drivers require before 
they will attempt to pass vehicles traveling at various 
speeds. Compared to this information, the time and 
distance requirements arrived at by assuming possible 
performance of vehicles and drivers are of little value. 
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“PUBLIC ROADS” TO APPEAR QUARTERLY IN FUTURE 

Beginning with the next issue, PUBLIC ROADS will be 

issued as a quarterly rather than a monthly magazine. This 
course has been decided on as an economy in publication for the 
duration of the war and also because personnel formerly en- 
gaged in making highway research investigations have been 
assigned work directly connected with the war effort. The 
next issue (No. 5 of volume 23) will be for the July, August, and 
September, 1942, quarter and will be published in August. 

Those desiring to obtain PUBLIC ROADS can do so by 
sending $1 for 12 issues (foreign subscriptions $1.50) or 10 cents 
per single copy, to the Superintendent of Documents, Govern- 
ment Printing Office, Washington, D. C. 

Subscriptions already placed with the Superintendent of 
Documents will be extended to include the number of issues 

originally subscribed for. 
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PUBLICATIONS of the PUBLIC ROADS ADMINISTRATION 

Any of the following publications may be purchased from 
the Superintendent of Documents, Government Printing Office, 
Washington, D. C. As his office is not connected with the 
Agency and as the Agency does not sell publications, please 
send no remittance to the Federal Works Agency. 

ANNUAL REPORTS 
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10 cents. 
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5 cents. 
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5 cents. 
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10 cents. 
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HOUSE DOCUMENT NO. 462 

Part | . . . Nonuniformity of State Motor-Vehicle Traffic 
Laws. 15 cents. 

Part 2. . . Skilled Investigation at the Scene of the Acci- 
dent Needed to Develop Causes. 10 cents. 

Part 3. . . Inadequacy of State Motor-Vehicle Accident 
Reporting. 10 cents. 

Part 4. . . Official Inspection of Vehicles. 10 cents. 
Part5 . . . Case Histories of Fatal Highway Accidents. 

10 cents. 

Part 6... . The Accident-Prone Driver. 10 cents. 

MISCELLANEOUS PUBLICATIONS 

No. 76MP . . The Results of Physical Tests of Road-Building 
Rock. 25 cents. 

No. 19IMP. . Roadside Improvement. 10 cents. 

No. 272MP. . Construction of Private Driveways. 10 cents. 
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Highway Accidents. 10 cents. 
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Guides to Traffic Safety. 10 cents. 

An Economic and Statistical Analysis of Highway-Construction 
Expenditures. 15 cents. 

Highway Bond Calculations. 10 cents. 

Transition Curves for Highways. 60 cents. 

Highways of History. 25 cents. 
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Forests and National Parks. | dollar. 

DEPARTMENT BULLETINS 

No. 1279D . . Rural Highway Mileage, Income, and Expendi- 
tures, 1921 and 1922. 15 cents. 

No. 1486D . . Highway Bridge Location. 15 cents. 

ECU NIGAIS BULLETINS 

No. 55T . . . Highway Bridge Surveys. 20 cents. 

No. 265T. . . Electrical Equipment on Movable Bridges. 
35 cents. 

Single copies of the following publications may be obtained 
from the Public Roads Administration upon request. They can- 
not be purchased from the Superintendent of Documents. 

MISCELLANEOUS PUBLICATIONS 

No. 296MP. . Bibliography on Highway Safety. 
House Document No. 272 . . . Toll Roads and Free Roads. 
Indexes to PUBLIC ROADS, volumes 6-8 and 10-21, inclusive. 

SEPARATE REPRINT FROM THE YEARBOOK 

No. 1036Y . . Road Work on Farm Outlets Needs Skill and 
Right Equipment. 

REPORTS IN COOPERATION WITH UNIVER- 
SCOR SELTNOES 

No. 303. . . Solutions for Certain Rectangular Slabs Con- 
tinuous Over Flexible Support. 

No. 304. . . A Distribution Procedure for the Analysis of 
Slabs Continuous Over Flexible Beams. 

No. 313. . . Tests of Plaster-Model Slabs Subjected to Con- 
centrated Loads. 

No. 314. . Tests of Reinforced Concrete Slabs Subjected to 
Concentrated Loads. 

No. 315. . . Moments in Simple Span Bridge Slabs With 
Stiffened Edges. 

UNIFORM VEHICLE CODE 

Act J.—Uniform Motor Vehicle Administration, Registration, 
Certificate of Title, and Antitheft Act. 

Act II].—Uniform Motor Vehicle Operators’ and Chauffeurs’ 
License Act. 

Act I1].—Uniform Motor Vehicle Civil Liability Act. 

Act IV—Uniform Motor Vehicle Safety Responsibility Act. 

Act V.—Uniform Act Regulating Traffic on Highways. 

Model Traffic Ordinances. 

A complete list of the publications of the Public Roads Ad- 
ministration, classified according to subject and including the 
more important articles in PUBLIC ROADS, may be obtained 
upon request addressed to Public Roads Administration, Willard 
Bldg., Washington, D. C. 
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