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PRELIMINARY RESULTS OF HIGHWAY 
CAPACITY STUDIES 

Reported by O. K. NORMANN, Associate Highway Economist, Bureau of Public Roads 

URING the last few years many miles of highway 
have been reconstructed or replaced, not because 
they failed structurally, but because they became 

obsolete through inability to permit the present vol- 
umes of traffic to move at reasonable speeds and with 
freedom from interference between vehicles. State- 
wide highway planning surveys now being conducted in 
46 States will furnish highway engineers with more 
accurate traffic volume figures and future traffic esti- 
mates than they have had in the past, but to make the 
best possible use of this information the capacity of 
various surface widths and types of design and aline- 
ment must be known. 
Many attempts have been made to determine high- 

way capacities by both theoretical formulas and field 
observations. In general the theoretical derivations, 
obtained by assuming that all vehicles travel at the 
same speed, have resulted in extremely high and im- 
practical volumes. The field observations have either 
been too limited or lacking in essential data, such as 
the speeds at which the individual vehicles were 

aveling, to yield accurate and conclusive results. 
Realizing that a large quantity of detailed data would 

be requir ed before the relative capacities of highways of 
various widths and alinements could be determined, the 
Bureau of Public Roads conducted a number of capacity 
studies on some of the most heavily traveled rural 
highways in New: York and New England during the 
summers of 1934 and 1935, and cooperated with the 
Illinois Division of Highways in a similar study in 
Illinois during 1987. 

At all study locations the time that each vehicle 
entered and left a section of highway 1s mile long was 
entered on a graphic time-recorder (see fig. 1) and each 
vehicle was classified as a passenger car, bus, or truck. 
Each truck was further classified as a light, medium, or 
heavy truck, truck and full trailer, or truck and semi- 
trailer. It was possible to obtain from these basic data 
the speed of each vehicle, its time or distance spacings, 
from other vehicles, and ‘the exact volume of traffic in 
each direction during any desired time period. The 
studies were conducted for approximately 8 hours each 
day, starting while traffic was light and continuing 
through the “heaviest volumes. This gave a range in 
traffic density at each location. 

Data for a total of over 300,000 vehicles with volumes 
as high as 3,400 per hour in one direction on a four-lane 
road were recorded durmg the studies. The majority 
of the sections were level tangents on rural highways 
Although 300,000 vehicles may seem to be a large 
sample, it is not to be expected that the data will yield 
answers to all highway capacity problems. However, a 
few significant traffic characteristics have been developed 
by the analyses thus far completed. The purpose of 
this report is to present a few typical results. 

Figure 2 shows the tabulating machine card used for 
the Illinois study and illustrates the data that are 
obtained for each vehicle passing through the study 
sections. Entries in the columns headed “time at 
center’ enable the cards to be sorted into any time 
period group desired. 

122364—39-—1 

speed. 

FicuRE 1.—GRAPHIC RECORDER USED IN HIGHWAY 
CAPACITY STUDY. 

MAXIMUM TRAFFIC VOLUME WHEN ALL VEHICLES TRAVEL 

33 MILES PER HOUR 

The theoretical maximum capacity of a traffic lane 
for various vehicle speeds was first determined for one 
location by a method similar to that used in many of the 
theoretical derivations, but instead of using a calculated 
uniform spacing between vehicles, the actual spacings 
obtained by the study were used. Of the 8,500 vehicles 
recorded at this location, 2,055 were traveling at the 
same speed as the preceding vehicle and were not 
passed or did not pass another vehicle while in the 
section. By classifying these vehicles into speed groups, 
the modal spacing for each group was determined 
mathematically and aise by constructing a curve 
showing the frequency distribution of spacings for each 

Figure 3 shows the frequency distribution of 
spacings for the 31-mile-per-hour group. 

The modal spacings for all speed groups are shown in 
figure 4. At speeds greater than 20 miles per hour 
there was very little difference in the time spacing 
allowed by the driver in the majority of cases between 
his vehicle and the vehicle ahead when both were 
traveling at the same speed. 

The distance spacings as shown in the lower curve of 
figure 5 are readily computed from the time spacings. 
The upper curve was constructed by using the average 
spacings for all vehicles spaced at less than 4 seconds. 

225 
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It was assumed that a car traveling at a spacing greater 
than 4 seconds was not traveling at the minimum spac- 
ing but just happened to be going at the same speed as 
the preceding vehicle. These two curves, therefore, 
represent the distance spacings that the average driver 
allows between his vehicle and the vehicle just ahead 
when following at the same speed, and the distance 
allowed by the largest group of drivers under the same 
conditions. 

It is of interest to know what percentage of these 
vehicles could have stopped without hitting the pre- 
ceding vehicle had it suddenly stopped. Ifitis assumed 
that the brakes on the following vehicles were as good 
as those on the leading vehicles and that a %-second 
reaction time would be required, 4.4 percent of the 
vehicles could not have avoided rear-end collisions. 
This figure increases to 28 percent for a 1-second 
reaction time, and to 50.5 percent when 1.5 seconds is 
allowed for a combined perception and reaction time. 

Although the possibility of the leading vehicle stop- 
ping almost instantaneously, as in the event of a head-on 
collision, is rather remote, the drivers of 77.3 percent of 
the vehicles could not have stopped in time to avoid a 
rear-end collision or the necessity of swerving to the 
shoulder or ditch had they suddenly been confronted 
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with such a condition. This assumes a }-second re- 
action time, four-wheel brakes in perfect order, and the 
most nonskid type of road surface. ‘These figures 
illustrate one reason why more than two vehicles are so 
often involved in one accident. 

Using the values shown in figure 5, figure 6 was con- 
structed to show the theoretical maximum number of 
vehicles per hour that one traffic lane will accommodate 
at various speeds if all vehicles travel the same speed. 
The maximum volume occurs at a vehicle speed of 33 
miles per hour and does not vary more than 20 percent 
from this volume for any speed between 20 and 50 
miles per hour. 
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Similar curves could be constructed for other sections 
of highway having various designs, but would be of 
doubtful value. They would hold true only in instances 
where all vehicles were required to move at the same 
speed—none could go faster or slower than the vehicle 
ahead and there could be no passing or interruptions of 
any kind. Such uniformity would be practically impos- 
sible to attain except in rare instances*such as through 
tunnels or over long bridges where strict control would 
be possible, but certainly not on rural highways. <A 
practical working capacity that will permit a reasonable 
range of speeds and a reasonable amount of freedom 
from interference between vehicles must, therefore, be 
determined. It would not even be justifiable to assume 
that volumes for practical working capacities at various 
average speeds will be proportional to the volumes shown 
on the curves developed by the method illustrated. 
Many of the available articles on highway capacity 

indicate that as the volume of traffic increases, a point 
will be reached beyond which the average speed of the 
vehicles will decrease. Some indicate that there will be 
a sudden and appreciable drop in the speed. The 
majority of present definitions for maximum capacity, 
working capacity, practical working capacity, and the 
beginning of congestion, are based on the assumption 
that such a point does exist. To determine if there is 
such a point, separate curves were made using data 
collected at each of the 35 locations by plotting the 
average speed for various volumes of traffic. Data for 
about 180,000 vehicles were grouped in 100-vehicle 
groups, 15-minute groups, and 1-hour groups, and these 
were used together with both the total and one direc- 
tional volumes. In most instances there was a gradual 
decrease in average speed with an increase in volume. 
A number of locations showed a relatively high rate of 
decrease in speed at the high volumes, but several 
showed a relatively low rate of decrease at the high 
volumes. The traffic volumes and densities at these 
locations varied from values below to values well above 
those that are definitely known to be in excess of rea- 
sonable working capacities for rural highways, yet none 
of the curves showed a sudden or marked decrease in 
speed at any particular traffic volume or density. The 
individual points for groups of vehicles in similar vol- 
umes were scattered over a relatively wide range of 
speeds, although the averages for groups within a limited 
volume range formed fairly uniform curves. 
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VOLUME PER HOUR IN ONE LANE 

AVERAGE SPEED DIFFERENCE USED AS AN INDEX OF TRAFFIC 

CONGESTION 

Speed-volume or speed-density curves for traffic at 
various locations do not give a basis for determining 
either absolute or relative values for the capacities of 
highways or amount of interference between vehicles. 
It cannot be assumed that the interference between 
vehicles increased only 30 percent merely because the 
average speed dropped 30 percent with an increase in 
volume from 400 to 1,400 vehicles per hour at one 
location. 

It is apparent that a measure other than average 
vehicle speed alone must be used to determine the 
working capacities of highways. Were it possible and 
practical to measure the physical, mental, and nervous 
energy used by the average driver per mile, when 
traveling in various volumes of traffic, this would be 
an ideal index for determining working capacities. As 
this method has not been found practical, a search for 
another index obtainable from available data was made. 

Curves were drawn showing the standard deviation 
from the average speed, the standard deviation of the 
differences in speed from the preceding vehicle, and the 
actual number of passings made within a given length 
of highway. The most significant index found to meas- 
ure the relative interference between vehicles on rural 
highways was the mean or average difference in speed 
between successive vehicles. 

With light traffic on a rural highway, the speed of 
each individual vehicle is not governed by the speed of 
the vehicle immediately ahead, and there is a relatively 
high mean difference in speed between successive 
vehicles. As the volume increases, there is an increas- 
ing tendency for the speed of the individual vehicles to 
be governed by the speed of the preceding vehicles. 
This causes a marked decrease in the mean difference 
in speed between successive vehicles, although the 
decrease in average speed may be slight. 

To illustrate how the index may be used as a measure 
of the relative interference between vehicles, figure 7 
was constructed from the data for one section of a two- 
lane highway. The individual vehicles were classified 
into groups as determined by the spacing in seconds 
from the preceding vehicle. The average speed and the 
mean difference in speed between successive vehicles 
were then obtained for each group. This figure indi- 
cates: (1) That operators of vehicles at or above a time 
spacing of 9 seconds from the preceding vehicles were 
not influenced by the speed of the preceding vehicle; 
(2) at spacings below 9 seconds some of the operators 
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were influenced by the speed of the preceding vehicles; 
and (3) at a spacing of 1% seconds, a large majority of 
the drivers were influenced by the speed of the preceding 
vehicle. The increase in the average speed and differ- 
ence In speed for spacings below 1% seconds was 
undoubtedly caused by vehicles passing one another. 

Similar curves were constructed using only the vehi- 
cles traveling as fast or faster than the preceding vehi- 
cle. Except that the speed curve was about 2 miles 
per hour higher for values above 9 seconds, the curves 
were identical with those of figure 7. 

Figure 8 was constructed in the same manner as fig- 
ure 7, except that distance spacing groups were used 
instead of time spacing groups. The same general char- 
acteristics are evident. Although the traffic speed 
curves are considerably higher for some locations than 
for others, the break in the curves occurs consistently 
at about 9 seconds when time spacings are used but 
varies widely for the distance spacing curves. This 
indicates that the average driver starts to be influenced 
by the speed of the pr eceding vehicle at a fairly constant 
time spacing or at a distance spacing that varies with 
his speed. 

On a two-lane highway, the average vehicle spacing 
is 9 seconds with 400 vehicles per hour in each direc- 
tion. There would be no interference between vehicles 
at this volume if all vehicles were uniformly spaced 
and traveled at the same speed. Because of the large 
variation in individual vehicle speeds, the time spac- 
ings between vehicles are continually changing so that 
even with traffic volumes considerably lower than 400 
vehicles per hour, a large percentage of the vehicles 
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travel at spacings much shorter than 9 seconds. The 
percentage of vehicles traveling at the shorter time spac- 
ings will obviously increase with an increase in volume. 

By plotting the mean difference in speed for indi- 
vidual time period groups against the volume of traffic, 
a large scattermg of points for each location was ob- 
tained as illustrated by figure 9. Some factor other 
than the volume of traffic in one direction evidently 
causes the large scattering of points. 
A similar scattering occurs when total traffic volumes 

are used, but by applying multiple correlation to the 
data, using the mean difference in speed as the depend- 
ent variable and the volume of traffic in one direction 
together with the volume of traffic in the other direc- 
tion as the two independent variables, the equation 
shown in figure 10 was developed. The series of lines 
obtained by solving the equation accounts for the wide 
scattering of points in figure 9. It is possible that a 
slightly curved series of lines would fit the points bet- 
ter and result in a slightly higher coefficient of correla- 
tion, but the coefficient of —0.812 indicates that the 
straight-line equation is highly significant within the 
range of values covered by the data. 

To illustrate how figure 10 may be used in determin- 
ing the relative interference between vehicles at vari- 
ous traffic volumes, assume that the volume of traffic 
traveling in one direction on this two-lane tangent is 
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200 vehicles per hour. If the opposing traffic is 700 
vehicles per hour, the 200 vehicles will have the same 
freedom as a traffic volume of 500 per hour with an 
opposing traffic volume of 300 per hour. 

MAXIMUM HOURLY CAPACITIES COMPUTED FOR VARIOUS 
HIGHWAYS 

The maximum number of vehicles per hour that can 
travel over this two-lane tangent before all vehicles 
must start traveling at the same speed as the preced- 
ing vehicle and the drivers have no individual freedom, 
is 1,980 per hour with all traffic in one direction, and 
1,100 in each direction with balanced traffic (see fig. 
10). Should it be desired to limit the working capacity 
to the volume at which the freedom of the average vehi- 
cle would not be restricted more than 30 percent of the 
difference between the restriction with practically no 
other traffic on the road,:and the restriction when all 
vehicles are required to travel at the same speed, the 
hourly traffic volume could not exceed 600 vehicles 
with substantially all traffic in one direction, or 330 
vehicles in each direction. 
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Figure 11.—AVERAGE 
TRAFFIC. 

SPEED WITH VARIOUS VOLUMES OF 
Section 3-J, 2-LanE TANGENT. 

By correlating the speed of the vehicles with the 
volumes of traffic in the same and opposing directions, 
a coefficient of correlation of —0.877 was obtained for 
the equation shown in figure 11 and represented by the 
series of lines. It is obvious that the relationship will 
not hold true for values below the dashed line indicat- 
ng the traffic volumes at which all vehicles must travel 
at the same speed according to figure 10. For values 
below this dashed line, one slow-moving vehicle could 
prevent all following vehicles from traveling faster than 
its speed. In determining practical working capacities, 
only traffic volumes lower than the values at which 
such a condition exists need be considered. 

The same type of curves as those presented for this 
two-lane highway were constructed for a number of 
other sections of highway. To illustrate and compare a 
few of the results, figure 12 has been constructed using 
only the values representing an even distribution of 
traffic between the two directions. Results are shown 
for seven study sections, all tangents, including 2 two- 
lane, 1 three-lane, 2 four-lane undivided, and 2 four- 
lane divided highw ays 

The total maximum 1 hourly eapacity of one of the 
two-lane highways was 1,880 vehicles at a speed of 23 
miles per hour. For the other, it was 2,200 vehicles at 
a speed of 25 miles per hour. 

The maximum hourly capacity of the three-lane high- 

50 , 
| } 

ei | | | 
45 = - AVERAGE SPEED _ eee | —_ 

4 —— 2a. 
x a 

‘ - 40 = S = =< at: 
SS oA | 

aX 
g 35 - T = 4- LANE HIGHWAY 
3 Ss } w —-——_—s— A-LANE DIVIDED 
i es ? 
230 = : wi ~ — Ni _—_—— — — =——77- LANE + 

# a s weer er 2 -LANE 

0 bs ba s 
4 25 ip gacetian ies T + = 2 
2 SON | | 2 \ | 
' 20 a 1 ‘ase | 2 
2 \ " 
md « NX | | & is 3% T AN + - { — 

| 
rg ~ T — _- —e aS 3: = 

ua > —— = x ove j 

27 exe aa 
2 = 556 

4 5 

oz4 = 
Ww 2 
aa] 
vg 
% 2 oe 
a 

Oo} =5 

rr] ° 
pees 1 4 6 7 8 ° <) 5 

TOTAL VOLUME — THOUSANDS OF VEHICLES PER HOUR 

Figure 12.—Sprrerp anpD Mxran DIFFERENCE IN SPEED FOR 
LeveL Tancents Wire Various TotaL VoLUMES EQUALLY 
DISTRIBUTED BETWEEN THE Two DIRECTIONS. 

way was 2,540 vehicles at a speed of 12 miles per hour. 
One of the four-lane highways had a total maximum 
capacity of 4,150 vehicles per hour at a speed of 22 
miles per hour, and the other a total maximum capacity 
of 8,600 at a speed of 11 miles per hour. One of the 
four-lane divided highways could accommodate a total 
maximum of 5,400 vehicles at a speed of 15 miles per 
hour, and the other 7,300 vehicles at a speed of 40 miles 
per hour. It should be remembered that these total 
maximum hourly capacities and corresponding speeds 
are for tangent sections, and that at the maximum vol- 
umes each driver must govern the speed of his vehicle 
entirely by the speed of the preceding vehicle, a condi- 
tion that the average driver considers very unfavorable, 
especially for rural “highways 

It must also be remembered that the values for 
these sections do not represent values for all highways 
having a corresponding number of lanes. These par- 
ticular sections cannot be considered typical two-lane, 
three-lane, and four-lane highways, but were selected 
to illustrate that in determining the practical working 
capacity of a highway, consideration must be given to 
the speed at which the vehicles will be able to travel 
and the relative interference between vehicles that 
will be present. Thus, if it were desired to maintain 
an average speed of 35 miles per hour, the working 
capacity for the two-lane section 3—J would be 1,100 
vehicles per hour, and for the four-lane section 3—T it 
would be 3,000 vehicles per hour. If it were also 
desired to limit the interference between vehicles to 
that present when there is a mean difference in speed 
of 4 miles per hour, the working capacity of section 3—J 
would be limited to 850 vehicles per hour. Only after 
analyzing data collected at many locations can general- 
izations be drawn for highways of various widths. 

It is evident that practical working capacities are 
relative rather than absolute values, just as the safety 
factors used in structural design are relative rather 
than absolute values. The speed and interference fac- 
tor selected for a highway in determining its practical 
working capacity must be governed by local conditions 
and the interference that the particular type of traffic 
carried by the highway will tolerate. 

In designing highways for present or future traffic 
volumes, consideration must also be given to the 
individual traffic flow diagrams indicating the number 
of times certain hourly volumes will be exceeded and 
the percentage of the total vehicles traveling in each 
direction during such periods. 
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PERCENTAGE OF TOTAL VEHICLES AT OR BELOW SPEED SHOWN 

TOTAL HOURLY VOLUME - HUNDREDS OF VEHICLES 

FigurE 13.—CumMuuLATIVE PERCENTAGE DISTRIBUTION OF 
SPEEDS IN RELATION TO VOLUME OF TRAFFIC. SECTION 3-J, 
2-LANE TANGENT. 

So far, this analysis has been limited to level tangent 
sections with long sight distances. The effect that 
grades, intersections, and various degrees of curvature 
have on the capacity must be determined before it will 
be possible to arrive at practical working capacities for 
highways of various designs. 

Highway transportation plays such an important 
part in the life of everyone that it is surprising how 
little is known about the fundamentals of traffic be- 
havior. Great care is taken in the construction of 
highways, yet comparatively little is known regarding 
the effectiveness with which the facilities provided 
fulfill traffic requirements. A number of figures 
illustrating a few of the fundamentals of traffic be- 
havior have been constructed from the capacity study 
data. These should be useful to traffic and highway 
engineers. 

REGARDLESS OF VOLUME, THE SAME PERCENTAGE OF VEHICLES 
WENT SLOWER THAN THE AVERAGE SPEED 

Figure 13 was constructed by plotting the percentage 
of vehicles traveling at or below given speeds for 
various total volumes of traffic on a certain two-lane 
rural highway. The solid lines cover the range of 
hourly volumes observed during the study. In order 
to extend these lmes to cover lower volumes, a fre- 
quency distribution of speeds for all individual vehicles 
spaced at least 2,000 feet behind the preceding vehicle 
and without interference from oncoming traffic was 
used to represent the distribution of speeds as the 
volume approached zero. As far as the design of the 
highway was concerned, all of these vehicles could 
have traveled 50 miles per hour. However, observa- 
tions of these vehicles which represent low traffic 
volumes showed that 10 percent of the vehicles traveled 
less than 35 miles per hour and only 8 percent traveled 
faster than 50 miles per hour. With a traffic volume 
of 1,000 vehicles per hour, 53 percent of the vehicles 
traveled at or less than 35 miles per hour, and only 
4 percent went faster than 50 miles per hour. 

The circles in figure 13 represent the average speeds 
for various total hourly traffic volumes. Regardless 
of the total traffic volume on this highway, the per- 
centage of the vehicles traveling slower than the average 
speed remained practically constant. Were the curves 
extended, at a total traffic volume of 2,200 vehicles per 
hour, the average vehicle speed would be approximately 
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Figure 14.—CumuuaTivE PERCENTAGE DISTRIBUTION OF 
SPEEDS IN RELATION TO VOLUME OF TRAFFIC. SEcTION 1-M, 
3-LANE TANGENT. 

25 miles per hour, which checks with the average 
speed previously determined for the total maximum 
capacity of 2,200 vehicles per hour at this same location. 

Figure 14 shows the same data for a three-lane 
tangent. The speeds at the low traffic volumes are 
slightly higher than for the two-lane tangent and 
change less with an increase in volume. On this high- 
way the percentage of vehicles going slower than the 
average speed of all traffic also remains practically 
constant as the total traffic volume changes, but is 
approximately 55 percent rather than 60 percent. 

The curves for a four-lane divided tangent shown in 
figure 15 and those for a two-lane tangent shown in 
figure 16 also reveal that a fairly constant percentage 
of the vehicles travel slower than the average speed, 
the percentage being 55 for the four-lane divided high- 
way and about 70 for the two-lane highway. 

Figure 17 shows the distribution of speeds on a 
four-lane undivided tangent on which the speed limit 
was 30 miles per hour. At the low traffic volumes 
about 60 percent of the vehicles exceeded the speed 
limit. The range of speeds at the low volumes was 
much less than for highways on which speed was not 
restricted. The frequency distribution curves for the 
speeds did not change to any marked extent until a 
traffic volume of 1,600 to 2,000 vehicles per hour in 
one direction was reached. Here again, it is seen that 
the percentage of vehicles traveling slower than the 
average speed did not vary to-any marked degree as 
the volume changed. These figures and similar data 
for other locations indicate that although the percent- 
age of vehicles traveling below the average speed varies 
for different highways, the percentage traveling below 
the average speed on any particular highway does not 
change an appreciable amount with a change in traffic 
volume. 

The data recorded also made it possible to determine 
the frequency distribution of time spacings between 
successive vehicles traveling in the same direction for 
various volumes of traffic, as illustrated by figure 18. 
On this particular two-lane tangent when the volume 
in one direction was 300 vehicles per hour, 25 percent 
of the vehicles or 75 of the 300 vehicles passing each 
hour reached a given location on the highway less than 
2 seconds after the preceding vehicle. Likewise, 37 
percent, or 111 of thee300 vehicles, were less than 3 
seconds behind the preceding vehicles. Twelve per 
cent, or 36 of the 300 vehicles, were, therefore, spaced 
between 2 and 3 seconds from the preceding vehicle. 
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PERCENTAGE OF TOTAL VEHICLES AT OR BELOW SPEED SHOWN 

TOTAL HOURLY VOLUME - HUNDREDS OF VEHICLES 

Figure 15.—CuMuULATIVE PERCENTAGE DISTRIBUTION OF 
SPEEDS IN RELATION TO VOLUME oF TRAFFIC. SEcTIon 1-H, 
4-LANE DivipED TANGENT. 
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FicgurRE 16.—CumMuULATIVE PERCENTAGE DISTRIBUTION OF 
SPEEDS IN RELATION TO VOLUME OF TRAFFIC. SeEcTIoN 1-O, 
2-LANE TANGENT. 

All time spacings between vehicles in one direction 
passing in 1 hour obviously total 3,600 seconds, and the 
average time spacing in seconds may be determined by 
dividing 3,600 by the hourly traffic volume in that 
direction. One would normally expect to find 50 per- 
cent of the time spacings shorter than the average 
spacing and 50 percent longer than the average spacing. 
At this location, when the volume was 200 vehicles per 
hour and the average spacing 18 seconds, 66 percent of 
the spacings were less than 18 seconds. At 300 vehicles 
per hour, 66 percent of the spacings were less than the 
average spacing of 12 seconds, and at 600 vehicles per 
hour, 72 percent of the spacings were less than the aver- 
age spacing of 6 seconds. Regardless of the traffic 
volume, from 66 to 72 percent of the vehicles were at 
spacings shorter than the average spacing, and from 
45 to 55 percent of the spacings were shorter than one- 
half of the average spacing. 

The distribution of time spacings for corresponding 
volumes of traffic on the three-lane section illustrated 
by figure 19 was almost the same as for the two-lane 
section, although the average speeds were not the same. 
At a volume of 200 vehicles per hour, 66 percent of the 
spacings were shorter than the average spacing of 18 
seconds, and at 600 vehicles per hour about 68 percent 
of the spacings were shorter than the average spacing 
of 6 seconds. Forty-five percent of the spacings were 
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Figure 18.—FRrrequency DIstrRiIBpuTIoN oF TIME SPACINGS 
BETWEEN SUCCESSIVE VEHICLES AT VARIOUS VOLUMES OF 
TraFric. Section 2-H, 2-Lane TANGENT. 

HOWN 

° ° 

© ° 

@Q ° 

x °o 

60 

50 

40 

30 

20 

PERCENTAGE OF SPACINGS SHORTER THAN TIME S ° 100 200 300 400 500 600 700 600 900 

VOLUME OF TRAFFIC IN ONE DIRECTION - VEHICLES PER HOUR 

Figure 19.—FREQUENCY DISTRIBUTION OF TIME SPACINGS 
BETWEEN SUCCESSIVE VEHICLES AT VARIOUS VOLUMES OF 
TraFFic. SeEction 2—J, 3-Lane TANGENT. 

shorter than one-half of the average spacing, regardless 
of the traffic volume. 

The curves shown in figure 20, representing the time 
spacings for another two-lane section, are nearly the 
same as those for the other two-lane section, and all 
except those for the very short time intervals are 
nearly the same as those for the three-lane highway. 
From 68 to 75 percent of the spacings were shorter 
than the average spacing and (for volumes up to 800 
vehicles per hour in one direction) from 45 to 62 percent 
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of the time intervals were shorter than one-half of the 
average time interval. 

The most significant facts revealed by the study of the 
frequency distribution of the time spacings for a number 
of highway locations are: 

1. As the volume of traffic increased on any particular 
highway there was a fairly uniform change in the 
frequency distribution of the time spacings rather than 
a sudden change at any particular volume of traffic. 

2. Except for the very short time spacings, the 
frequency distribution of the spacings for any particular 
volume of traffic in one direction was practically the 
same on one highway as another regardless of the speed 
that the vehicles were traveling. 

3. There was a very skewed distribution of the time 
spacings regardless of the volume or speed of. traffic or 
type of highway. At any traffic volume, from two- 
thirds to three-fourths of the vehicles were at less than 
the average time spacing from the preceding vehicle. 

TIME SPACING DATA USED TO DETERMINE OPPORTUNITIES TO 
PASS 

A study of the distribution of distance spacings 
between successive vehicles showed the same relative 
distribution as the time spacing, but they varied with 
the average vehicle speed as well as with the volume of 
traffic. That is, a highway accommodating 300 vehicles 
per hour at a speed of 30 miles per hour would have 
the same percentage of the spacings exceeding 500 feet 
as the percentage that exceeded 750 feet on a highway 
accommodating 300 vehicles per hour at a speed of 
45 miles per hour. 

Traffic cannot move freely on a highway unless it 
is possible for faster moving vehicles to overtake and 
pass slow moving vehicles. On two-lane highways 
passing is not possible even on tangent sections except 
during periods when the left lane is not occupied by 
oncoming trafhe. With the oncoming traffic moving 
at the same speed as the passing vehicle, the time spac- 
ing between succeeding vehicles in the opposing lane of 
traffic must be at least twice as great as the time re- 
quired by the passing vehicles to perform the passing 
maneuver. 

Characteristic patterns of time spacing distributions 
as illustrated in figure 20 can be used to determine the 
number of times per hour that any given time spacing 
between succeeding vehicles in the opposing lane will 
be exceeded.. The percentage of the total time that a 
vehicle is opposite a time spacing in the opposing traffic 
which exceeds a certain magnitude may also be deter- 
mined from the data. As an example, assume that a 
car 1s traveling on a two-lane highway with 400 vehicles 
per hour in the opposing lane of traffic. Out of everv 

100 

R >|. | SR> 4. | 
90 Ss = | 4 | 4 

AI Se | | 
Sos ——— TIME OCCUPIED BY ALL SPACES EQUAL TO OR 

80 se GREATER THAN TIME SHOWN 

SEI OS om ———_ TIME THAT PASSINGS REQUIRING VARIOUS TIME 
N ors SPACINGS MAY BE STARTED 

w 70 = Se oe < 
= ~ ~ r 

F oa tes 2 2 | 2 60} See SSS ! 
< IK St oN: ~ | 
2 wo IN ie ~s + 

50 ~~ SS a —— + + + 

8 IN N tis -y 
w N * Pst 
2 40 + * ——— < <a = I 
z a5 ~J eae! 
w ~ bs ~ 

© 30 = Fat —— = 
w LS ~ ee Pak | 
a s Tilia) Seas 

~~ Sime 

20 =e sai Ea ad 

Se ee 

10 = SS 

° 
fe] wo 200 300 400 500 600 700 800 900 

VOLUME IN ONE DIRECTION - VEHICLES PER HOUR 

Figure 21.—PERCENTAGE OF ToTaL TIME OccuUPIED BY VARIOUS 
Time Spacinecs BETWEEN VEHICLES AND PERCENTAGE OF 
Toran Time THat Passinas REQquIRING Various TIME 
Spacines May BE Startep. SEcTION 3-J, 2-LANE TANGENT. 

400 vehicles that the car meets. 80 vehicles or 20 
percent of the total vehicles will be 15 seconds or more 
behind the vehicle they are following. The 80 spaces 
total 2,448 seconds, so for 68 percent of each hour the 
car 1s opposite spaces equal to or exceeding 15 seconds. 
The dashed lines on figure 21 show the percentage of 
the total time that the car will be opposite spaces 
equal to or in excess of 15, 20, 25, and 30 seconds for 
volumes as high as 900 vehicles per hour in the opposing 
lane. These values will be the same regardless of the 
speed the car travels and will not vary appreciably for 
different average speeds of traffic in the opposing lane. 

A passing requiring a time interval of 15 seconds in 
the opposing traffic cannot be started after a portion of 
the 15-second interval has elapsed. It is only while the 
time interval is in excess of 15 seconds that such a pass- 
ing may be started. To find the percentage of the 
total time that a passing may be started, it is necessary 
to subtract the required passing time interval from each 
of the intervals in excess of the minimum spacing. 
Thus from the total of 2,448 seconds occupied by the 
80 spaces equal to or in excess of 15 seconds, 80 * 15 or 
1,200 seconds must be subtracted leaving 1,248 seconds, 
or about 35 percent of the time, that such a passing 
may be started. 

The solid lines of figure 21 indicate the percentage 
of the total time that passings requiring time intervals 
of 15, 20, 25, and 30 seconds in the opposing traffic 
may be started. Until the results of the passing studies 
recently conducted are analyzed, the exact time inter- 
vals required for various passing operations will not 
be known, but from available data it is believed that the 
intervals shown will include a large majority of the 
passings that occur on two-lane highways. 

There are a number of ways in which this informa- 
tion may be used: First, assume that a fast-moving 
vehicle, traveling on a long tangent, is overtaking a 
slow-moving vehicle traveling in the same direction, 
and that a minimum interval of 15 seconds between 
vehicles in the opposing lane will be required to allow 
the fast-moving vehicle to pass. When the opposing 
traffic is 150 vehicles per hour, the chances are that 65 
percent of the time, or two out of every three times, the 
passing maneuver can be made without first slowing 
down and waiting for an opportunity to pass. With 
an opposing volume of 600 vehicles per hour the chances 
are reduced to 20 percent or 1 out of every 5 times. 

For the second illustration, assume that the fast- 
moving vehicle has been required to slow down to the 

(Continued on page 240) 



COMPARISON OME ODS FOR DETER: 
MINING THE HILL CLIMBING ABILITY OF 
TRUCKS 

Reported by CARL C. SAAL, Assistant Highway Engineer, Bureau of Public Roads 

NE of the most serious problems confronting 
highway engineers today is that of increasing the 
traffic capacity of the more congested two-lane 

highways. The simple solution to this problem—the 
construction of additional traffic lanes—is prohibitive 
in cost for application to any but a limited mileage of 
the most heavily traveled roads. Alternative methods 
include the increasing of sight distances to provide 
more frequent opportunity for faster moving vehicles 
to pass slow vehicles, and the speeding up of slow- 
moving vehicles. 

Particularly on hills do slow moving vehicles restrict 
traffic flow, with consequent delay, inconvenience, and 
hazard. 

Commercial vehicles especially are frequently loaded 
so heavily that with the power available their speeds 
are so reduced on the steeper grades that long lines of 
vehicles accummulate behind them. Under such con- 
ditions, drivers become impatient and attempt passing 
maneuvers their better judgment would warn them 
against. 

Such remedies as increasing sight distances or, as has 
been suggested, building additional lanes on hills, are 
localized in their character. A more comprehensive 
solution of the broad problem lies in measures to speed 
up the slower vehicles, either by reducing the steeper 
grades or by increasing the engine power of the slower 
vehicles. The State-wide highway planning surveys 
will reveal the number and lengths of excessive grades. 
From these figures, estimates may be made of the cost 
of reducing the steepest of the grades on the more heavily 
traveled roads to some more reasonable slope. 

If the steepest gradients were, for example, 9 percent, 
it is possible that at no great expense all such grades 
could be reduced to 8 percent. At a greater cost, the 
more numerous 8-percent grades could be reduced to 
7 percent, and so on, each successive step involving 
mileage increasing in a geometric ratio until some point 
would be reached beyond which it would be hopeless 
with available funds to attempt further reductions. 
The grade represented by this point would then be one 
over which speeds within the desired range must be 
maintained. The lower limit of this speed range is 
one at which all vehicles may travel without undue 
restriction of power or load, yet not so low that the 
drivers of following vehicles will by their impatience 
become reckless in their actions. 

That the problem is becoming critical is evidenced 
by the numerous proposals advanced regarding the 
regulation of the performance of motor trucks. To 
forestall the imposition of hasty or ill-advised regulation, 
and to facilitate an intelligent evaluation of the relative 
economies of reducing gradients and of increasing the 
power of trucks, are the purposes of an exhaustive 
study of motor trucks now in progress. In cooperation 
with a number of truck manufacturers, the Quarter- 
master Corps of the United States Army, and the 
National Bureau of Standards, the Bureau of Public 
Roads is now determining the hill-climbing ability of 
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some 30 new trucks, covering the range of sizes and 
makes most generally encountered in the eastern 
portion of the country.! 

These studies will determine the maximum perform- 
ances of new vehicles in the best of condition, operating 
under the heaviest loads they may be expected to carry. 
That throughout the life of these vehicles their per- 
formance will remain at the original level is unreasonable 
to expect; accordingly similar studies must be conducted 
on used vehicles in various stages of wear. Finally, 
any vehicle, new or used, may perform much less 
satisfactorily under ordinary driving in actual use 
than when under test. The complete analysis of per- 
formance will then require a determination of the best 
performance, the loss of ability through wear and age, 
and the factor to apply to compute the normally antici- 
pated performance from the maximum performance for 
the vehicle condition. 

ACTUAL GRADE TESTS MOST ACCURATE AND COMPLETELY 

ADEQUATE METHOD 

Data collected in the State-wide highway planning 
surveys will show the types of vehicles and loads they 
carry on any given highway. Use of these data in 
conjunction with information on the road profile and 
the results of the ability tests will reveal within very 
close limits the effect of any performance regulation 
that might be enacted. By judicious correlation be- 
tween grade reduction and regulation of the loads and 
power of vehicles, reasonable freedom of movement 
may be effected with the greatest economy. 

A number of methods are being used to determine the 
hill-climbing abilities of new motortrucks. They are: 
(1) Actual grade tests made by applying various loads 
to vehicles and observing the speeds that they can 
maintain on a series of known grades, (2) theoretical 
hill-climbing ability computed from engine-torque and 
power curves, (3) acceleration tests by which the draw- 
bar effort available at various road speeds over the 
entire useful speed range of each gear is determined, 
and (4) drawbar dynamometer tests which measure 
the drawbar pull available over the entire useful speed 
range of each transmission gear. 

The actual grade tests are the most satisfactory in 
that no question can be raised as to their adequacy. 
These tests are laborious and expensive, and thus 
would not be practical where it is necessary to test a 
large number of trucks in a short period of time. One 
of the purposes of the study now being conducted is to 
develop a method by which accurate results can be 
obtained more quickly and economically. The results 
of the grade tests will be used to evaluate the results 
obtained by various’other methods. 

This report discusses the:results obtained from tests 
made by the various methods on one truck designated as 
truck A operating in third gear on five grades. The 
grade ability, as determined by the grade tests, 1s ex- 

1 Facilities used in analyzing the data are provided by the Johns Hopkins Uni- 
versity. 
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Figure 1.—TRuck CLIMBING GRADE IN GRADE ABILITY TESTS. 

pressed in terms of the gross vehicle weight that the 
truck can pull up the particular grade at a given speed. 
The results obtained by the other methods are con- 
verted to the same units. A comparison is then made 
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FigurRE 3.—CHRONOGRAPH TAPE Record BrInac ANALYZED 
IN THE OFFICE 

Figure 2.—Truck EQUIPPED WITH CHRONOGRAPH AND BicycLE WHEEL AS USED IN GRADE ABILITY DETERMINATIONS. 

between the results of the grade tests and those of each 
of the other methods. 

Grade tests—In the grade tests known loads are 
applied to the truck and the maximum speed that it 
can maintain on known grades with each load is deter- 
mined. The maximum gross vehicle weight that the 
truck can pull up the orade at a constant speed in a 
given gear is determined by trial, using the performance 
indicated by an ability formula as a guide. Starting 
with the maximum weight that can be hauled in a elven 
gear, the load is decre ased by 1,000-pound decrements 
and the maximum sustained speed for each load de- 
termined. The gross vehicle weight is decreased until 
the road speed observed cor responds to an engine speed 
that approximates the maximum recommended by the 
manufacturer for safe operation of the engine. As soon 
as the tests in one gear are completed, they are repeated 
in the gear with the next higher gear ratio. Figure 1 
shows a truck climbing one of the test erades. 

Several test runs on the grade are required to deter- 
mine the maximum sustained speed for each load. The 
test truck approaches the grade at a speed estimated to 
be the speed that can be sustained over the entire length 
of the grade. All test runs are made with full throttle. 

An observer in the cab of the truck records the speed 
indicated by the truck speedometer at the start and 
finish of the run, and determines whether a sustained 
speed is reached. If the vehicle accelerates or de- 
celerates on the first test run, the grade is entered on the 
next run at the speed that was recorded when the truck 
left the test course on the preceding run. After a con- 
stant climbing speed is observed on one run, it is veri- 
fied by a check run. Generally the grade is reentered at 
speeds first above and then below. that finally deter- 
mined as the sustained speed to insure that it has been 
correctly determined. 

The speedometer is used only as a guide in the field 
work. The actual speed maintained on the grade is 
measured by means of a time-distance recorder. ‘The 
recording unit is a chronograph with three magnetic 
recording styles. Two brushes riding on a two-point 
cam, mounted on the axle of a bicycle wheel attached to 
the truck bumper, are wired in series with one of the 
styles, and cause each half revolution of the wheel to be 
recorded. <A clock with six contacts on the second 
hand shaft wired in series with another of the styles 
furnishes a time record at 10-second intervals. <A tele- 
graph key, wired in series with a third style, is used to 
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Ficure 4.—Hinu Criimpine ABILITY OF TRucK A OPERATING IN THIRD TRANSMISSION GEAR, BY ACTUAL GRADE TESTS. 

mark the beginning and the end of the test course. 
Figure 2 shows a truck with the bicycle wheel attached 
to the front bumper. 

Approximately instantaneous speeds are computed at 
short intervals by scaling the time required for a given 
number of revolutions of the bicycle wheel. The revo- 
lutions per second are computed and multiplied by the 
circumference of the bicycle wheel in feet to give the 
speed in feet per second, which in turn is converted to 
speed in miles per hour. Figure 3 shows a chrono- 
graph tape record being analyzed. From the record of 
instantaneous speeds it is possible to determine whether 
the vehicle is accelerating, decelerating, or maintaining 
a uniform speed at any desired time. Having thus 
determined the distance over which a uniform speed 
was maintained, the average speed for that entire 
distance is computed to give results with an error of 
less than 1 percent. 

THEORETICAL PERFORMANCE CLOSELY CHECKED ACTUAL PER- 

FORMANCE 

The results obtained from grade tests on truck A 
operating in third gear on grades 3.24, 4, 4.5, 6, and 7 
percent are shown in figure 4. The gross vehicle 
weights in thousands of pounds are plotted as abscissae 
and the speed in miles per hour as ordinates. The 
results shown here are the base data to which the 
results obtained from the other methods are compared. 

Theoretical performance—The theoretical perform- 
ance of a vehicle is computed by reducing the engine 
torque through the transmission gears, axle gears, and 
driving wheels to rim pull or tractive effort. The 
tractive effort is the force produced, at the tire surface 
of the driving wheels, that is available to act against the 
resistances that oppose the motion of the vehicle. 

The performance formula is derived by equating the 
tractive effort to the rolling resistance plus grade re- 
sistance. The tractive effort is obtained by dividing 
the torque at the driving axle by the rolling radius 
The torque produced at the driving axle for a given 

engine speed is the product of the engine torque, the 
total gear reduction, and the over-all efficiency. The 
grade resistance is the component of the gross vehicle 
weight along the grade and is the product of the tangent 
of the grade and the gross weight for all small grades, 
since the sine and the tangent of such angles can be 
considered equal without introducing substantial error. 
The rolling resistance is the product of the coefficient of 
rolling resistance, and the gross vehicle weight. The 
following formula then results: Tractive effort is equal 
to grade resistance plus rolling resistance. 

I IO TE , AKL = (WX + (WXE) 

or W= Se Ss: 
Gia) 

where 7'=Torque at a given engine speed, in pound- 
inches. 

E=Over-all efficiency of vehicle. 
R=Total gear reduction. 
r= Rolling radius, in inches. 
W=Gross vehicle weight, in pounds. 
f=Coefficient of rolling resistance, in pounds 

per pound of weight. 
G=Grade, in feet of rise per foot. 

The torque as. determined from engine performance 
curves for any given engine speed can be substituted in 
the above formula. The engine speed can be con- 
verted to road speed by reducing it by the total gear 
reduction and multiplying by the circumference of 
the driving wheels. In this manner the gross vehicle 
weight that can be pulled up a given grade at a given 
road speed can be determined. 

The comparison between the hill-climbing ability 
indicated by the performance formula and that deter- 
mined by actual grade tests is shown in figure 5. Again 
gross vehicle weight in thousands of pounds is plotted 
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Figure 5.—ComPaRiIson OF HILy Cirmpine ABILITY AS DETERMINED BY ACTUAL GRADE TESTS AND BY PERFORMANCE FORMULA, 
FOR TRucK A OPERATING IN THIRD GEAR. 

against speed in miles per hour for each of the five 
grades. The plotted points indicate the actual per- 
formance, and the solid curves the theoretical per- 
formance. 

An efficiency factor of 85 percent, and a coeflicient of 
rolling resistance of 15 pounds per thousand, are as- 
sumed for computing theoreti¢al performance. These 
values are the ones most commonly used. 'The engine 
torque is taken from curves furnished by the manufac- 
turer. The rolling or loaded radius given by tire manuals 
for the size of tires on truck A is used. 

The accuracy of the engine torque curves and of the 
assumptions made concerning efficiency and rolling 
resistence is indicated by the variation of the results 
obtained by the two methods. 'The results check re- 
markably closely except over the peak torque range. 
The rolling resistance as determined by deceleration tests 
on the level indicate that the coefficient of rolling resist- 
ance for truck A, operating at the road speeds at which 
peak torque is developed, is approximately 10 pounds 
per thousand. The difference between 15 pounds per 
thousand used here and 10 pounds per thousand is 
equivalent to 4 percent of grade. It will be noticed in 
figure 5 that results for the 4 and 4.5 percent grades 
verify this. 
Dynamometer tests are being made on the engine of 

each truck after the grade tests have been completed. 
The results of these tests, together with the actual 
performance and the coefficient of rolling resistance 
measured by deceleration tests, will be used later to 
determine the true efficiency factor, and with these 
more accurate factors, it is believed that the perform- 
ance can be computed with a fairly high degree of 
accuracy. 

Acceleration and deceleration tests—These tests are 
made on a level section of road. The truck is acceler- 

ated in each transmission gear at full throttle, starting 
at the slowest speed at which the engine will operate 
smoothly and continuing to the maximum recom- 
mended engine speeds. The drawbar pull or force 
produced at the drive wheels of the truck for any given 
road speed throughout the useful speed range of any 
gear is a function of the acceleration at that road speed 
and the mass of the truck. 

SAMPLE COMPUTATIONS GIVEN FOR DRAWBAR PULL AND 

COEFFICIENT OF ROLLING RESISTANCE 

Deceleration tests are made on the level by first 
attaining a desired speed and then permitting the truck 
to coast with transmission in neutral. The deceleration 
measured at a given road speed is proportional to the 
force that opposes the motion of the vehicle. This 
force or tractive resistance is composed principally of 
the friction between the tires and the road surface, and 
air resistance. 
A time-distance record of each acceleration and 

deceleration run is obtained with the same time-dis- 
tance recorder that was used in the grade tests. The 
time-distance record obtained is divided into two-second 
intervals, and instantaneous speeds are computed at 
each time interval. Time-speed curves are plotted 
whose abscissae are time in seconds and ordinates are 
speed in miles per hour. Thus the slope of the time- 
speed curve at any point is the acceleration or decelera- 
tion of the test truck. The acceleration or deceleration 
in miles per hour per second is determined at various 
road speeds and plotted against speed in miles per hour. 
The values of acceleration and deceleration as shown by 
these curves are used to compute the drawbar pull and 
the tractive resistance in the following manner: 

Since the tractive resistance is a function of the 
deceleration and the mass of the vehicle, the following 
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The drawbar pull is proportional to the acceleration a a a ee 
and the mass of the vehicle and the following relation 
is derived: 

UVES a re eed © ORs ae eee eS (2 
where P=drawbar pull, in pounds. 

a=acceleration of vehicle, in feet per second 
per second. 

M-=mass of vehicle (*) 

K,=mass equivalent constant for vehicle oper- 
ating In a given transmission gear. 

Rotating parts of a vehicle store up energy when the 
vehicle is accelerating. Since in every ordinary motor 
vehicle the speed ratio of these parts to road speed is 
fixed, the magnitude of this stored energy is in constant 
relation to the mass of the vehicle. This mass equiva- 
lent constant is determined with the engine operating 
in each transmission gear and for the vehicle coasting 
in neutral. 

The tractive resistance is computed at 2-mile-per- 
hour intervals. This force is divided by the weight of 
the test truck in thousands of pounds to obtain the 
coefficient of tractive resistance or rolling resistance. 
Figure 6 shows the coefficient of rolling resistance 
plotted against speed in miles per hour. A _ typical 
point is determined as follows: At 20 miles per hour 
the deceleration is —0.258 feet per second per second. 
The weight of the vehicle (23,000 pounds) divided by 
the acceleration of gravity (32.2 feet per second per 
second) equals the mass of the vehicle (714). The 
mass equivalent constant for the vehicle coasting in 
neutral is 82. The tractive resistance, computed by 
equation (1), is found to be 205.4 pounds. This force 
of 205.4 pounds is divided by the weight of the vehicle 
in thousands of pounds (23) to give the coefficient of 
rolling resistance. The coefficient is 8.9 pounds per 
thousand and is plotted opposite 20 miles per bour on 
figure 6. 

The drawbar pull is also computed at 2-mile-per-hour 
intervals over the useful speed range of each transmis- 
sion gear. For truck A operating in third gear the 
results are shown in figure 7, in which drawbar pull in 
pounds is plotted against speed in miles per hour. 
A typical point is determined as follows: The acceler- 
ation measured at 20 miles per hour is 1.788 feet per 
second per second. The mass of the vehicle (714) is 
the weight (23,000 pounds) divided by the acceleration 
of gravity (32.2 feet per second per second). The mass 
equivalent constant for truck A operating in third gear 
is 132. -The drawbar pull is therefore 1,513 pounds as 
computed by equation (2). This force is plotted oppo- 
site 20 miles per hour in figure 7. 

The total force produced at the tire surface of an 
accelerating vehicle at any given speed is equal to the 
drawbar pull plus the tractive resistance of the test 
vehicle. This force can be utilized to pull a certain 
gross vehicle weight up a given grade at the road speed 
for which the force is measured. The force is equated 
to the component of the gross vehicle weight along the 

ROAD SPEED - MKES PER HOUR 

FiguRE 6.—RELATION BETWEEN COEFFICIENT OF ROLLING 
RESISTANCE AND SPEED, FOR TRuCK A. 
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Figure 7.—DRAWBAR Putt AVAILABLE AT VARIOUS ROAD 
SPEEDS, FOR Truck A. 

-erade and the tractive resistance of the vehicle on the 
grade. The gross vehicle weight is computed, using the 
following formula: } 
Ret (wx pe WX. GCG Se eee aaa 2 ar (3) 
where 
P=the force proportional to the acceleration of the 

vehicle. 
(wXf) (weight of vehicle Xcoeficient of rolling re- 

sistance) =tractive resistance of accelerating vehicie at 
speed for which drawbar pull was measured. 

(WXG@) (gross vehicle weightXtangent of 
eradient)=grade resistance. | 
(Wf) (gross vehicle weight coefficient of rolling 

resistance) =tractive resistance of vehicle on grade. 

DYNAMOMETER TESTS QUICKLY PERFORMED AND RESULTS 

EASILY COMPUTED 

The drawbar pull measured at various road speeds 
for truck A operating in third gear is converted to grade 
ability for the five grades. The results are shown in 
figure 8, in which gross vehicle weights are plotted 
against speeds in miles per hour. The solid lines indi- 

cate the results obtained by acceleration tests and the 

plotted points again show the results obtained by the 

actual grade tests. Typical points are determined as 

follows: The drawbar pull at 20 miles per hour is 

1,513 pounds, as indicated in figure 7. The coefficient 

of rolling resistance at 20 miles per hour is 8.9 pounds 

per thousand, from figure 6. The tests were made with 

a gross vehicle weight of 23,000 pounds. For the test 

erades of 3.24, 4, 4.5, 6, and 7 percent the gross vehicle 

weights that can be carried on each grade at 20 miles 

per hour are 41,500, 35,100, 31,800, 24,900, and 21,800 
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pounds respectively. These weights are plotted oppo- 
site 20 miles per hour in figure 8. 

Drawbar dynamometer—A_ special dynamometer, 
called a ‘field’ dynamometer, developed by the 
Ordnance Department of the United States Army, was 
made available for these studies. This dynamometer 
consists of a 10-ton truck on which two fire pumps are 
mounted. ‘The pumps are connected to the main pro- 
peller shaft back of the transmission by means of a two- 
speed auxiliary transmission. When the dynamometer 
vehicle is towed by the test vehicle, the rear wheels of 
the truck actuate the pumps, forcing water from a tank 
through a pipe with an adjustable orifice and then back 
to the tank. By regulating the size of orifice the dis- 
charge-pressure of the pumps can be increased or de- 
creased, which in turn increases or decreases the torque 
required to turn the rear wheels. In this manner 
various loads can be applied to the vehicle pulling the 
dynamometer. 

Drawbars are mounted on the front and rear of the 

dynamometer truck. Each drawbar is composed of a 
cylinder and piston, the former being held stationary 
relative to the dynamometer truck, while the latter is 
connected to the drawbar eye. ‘Thus when the test 
vehicle tows the artificially loaded dynamometer truck, 
the pressure in the cylinder is recorded through an oil 
line and spring gage on a metallic chronograph tape. 
At the same time, marks from which road speed can be 
computed are recorded on the same chronograph tape to 
permit, by relatively easy means, the computation of the 
available drawbar pull at various road speeds. Resis- 
tance to traction is determined by towing the test vehicle 
behind the dynamometer truck. All drawbar-pull tests 
are conducted on a level course at full throttle, the arti- 
ficial load and, correspondingly, the speed of the vehicles 
being regulated by an operator who varies the size of the 
orifice as indicated by an electric tachometer. 

Figure 9 shows the coefficient of rolling resistance in 
pounds per thousand pounds plotted against speed in 
miles per hour. The drawbar pull obtained by means 
of the dynamometer is converted to hill-climbing 
ability in terms of gross vehicle weight and speed in 
the same manner as for the drawbar pull measured by 
the acceleration tests. The results for truck A operat- 
ing in third gear are shown in figure 10. The solid 
curve indicates the results of the dynamometer tests, 
and the plotted points those of the actual grade tests. 

The grade ability measured by the two methods 
varies by an amount that is approximately equivalent 
to a grade of one-half of 1 percent, the curve for caleu- 
lated ability on a 4-percent grade coinciding very closely 
with the points showing the actual ability on a 4.5-per- 
cent grade. Although the results of the tests by this 
method do not compare too favorably with the actual 
gerade results, it should not be concluded that the 
method is unsound. The field dynamometer was de- 
signed for use in testing heavy, slow-speed equipment 
such as tractors and tanks. The results obtained by 
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Figure 10.—Comparison or Hitt CuimBine ABILITY AS DETERMINED BY ACTUAL GRADE TESTS, AND ABERDEEN PROVING GROUND 
DRAWBAR Pout TEsts, FOR TRucK A OPERATING IN THIRD GEAR. 

the two methods compared much more favorably when 
the vehicle was tested in the lower gears, although the 
speeds in those gears were well below normal road 
speeds. The differences were even more pronounced in 
towing the test vehicle to determine its tractive resist- 
ance, for the truck offered very little resistance and ac- 
cordingly it was difficult to maintain a constant speed 
with the heavy dynamometer truck. 

The method offers a distinct advantage in that rela- 
tively little computation is required to interpret the 
results, whereas involved calculations are required in 
analyzing the acceleration test data. Should a lighter 
dynamometer be available, it is likely that very accu- 
rate results could be easily and economically obtained. 

The results discussed above have been confined to 
tests of one truck in one transmission gear. Similar 
comparisons have been made for each gear for each of 
the 18 units tested during the fall months of 1938. 
Additional new units will be tested in the spring months 
of 1939, after which attention will be directed to the 
testing of used vehicles. 

It is anticipated that actual grade tests will be con- 
tinued on all of the new vehicles, since they have been 
made available for exhaustive tests by various manu- 
facturers who are cooperating in the study. Coincident 
with the determination of actual performance, other 
means of determining the performance such as those 
already described will be continued in anticipation of 
finally adopting the one that will provide data of suffi- 
cient accuracy most feasibly for the testing of large 
numbers of used vehicles. 

CONCLUSIONS 

Results thus far obtained, of which those presented 
here are reasonably typical, lead to the following 
conclusions: 

1. Testing under actual load conditions over several 
grades will, of course, provide results of the greatest 
accuracy; however, this method is so laborious and ex- 
pensive as to preclude its general usefulness. 

2. The computation of grade ability from manufac- 
turer’s torque curves, provided reliable factors for over- 
all efficiency and rolling resistance at various speeds are 
available, may be expected to yield reasonably accurate 
results. 

3. The computation of grade ability from accelera- 
tion and deceleration tests will yield accurate results, 
especially in the more generally used range of engine 
speeds, and requires no data from the manufacturer. 
Complete tests require but a few hours in the field, but 
office computations are laborious. The method is, how- 
ever, far cheaper than the actual grade tests, and the 
Bureau is now considering the development of instru- 
ments for a more precise determination of acceleration 
rates, in view of the probability of adopting this method 
for future work. 

4. The towing dynamometer, or some similar device 
such as a chassis dynamometer, can undoubtedly pro- 
duce accurate results quickly and in a usable form. 
Their high initial cost limits their use to operations re- 
quiring the testing of a large number of vehicles 
quickly. 
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FIGURE 22.—PERCENTAGE OF VEHICLES PASSING IN ONE DIRECTION WITH VARIOUS VOLUMES OF TRAFFIC IN THE OPPOSING 
DIRECTION. 

same pace as the slow-moving vehicle and that a 25- 
second interval in the opposing traffic will therefore be 
required for the passing maneuver. With an opposing 
volume of 600 vehicles per hour, the vehicle desiring to 
pass will have to wait 64 times as long (on the average) 
as if the opposing volume had been 150 vehicles per 
hour. 

For the third condition, assume that the alinement 
of the highway is such that passing cannot be accom- 
plished with safety except on tangent sections just long 
enough to see that an interval of sufficient length exists 
in the oncoming traffic. When the required interval is 
25 seconds and the opposing traffic is 150 vehicles per 
hour, the chances are that there will be no oncoming 
traffic on the passing section 50 percent of the time, but 
with an oncoming volume of 600 vehicles per hour, the 
chances are that the vehicle desiring to pass will have to 
stay behind the slow-moving vehicle for an average of 
12 such passing sections before one opportunity to pass 
will present itself. 

At a volume of 1,100 vehicles per hour in each direc- 
tion, there is practically no opportunity to pass, even 
on a highway with unlimited sight distances. This 
was the maximum possible volume arrived at by using 
mean differences in speed as the congestion index. 

[It may also be seen from figure 22 that no passings 
were made on section 3—J when the traffic volume in 
the opposing lane exceeded 1,100 vehicles per hour. 

SEcTIon 3-J, 2-LaNnE TANGENT. 

CONCLUSIONS * 

The results that have thus far been obtained by 
analyzing a comparatively small portion of the data 
furnish sufficient proof to conclude that: 

1. Neither maximum nor practical working capacities 
can be determined solely from the relation between 
average speed and volume. 

2. Consideration must be given to both speed and 
the relative interference between vehicles in determin- 
ing practical working capacities. 

3. All highways of the same width or number of lanes 
will not have the same maximum possible capacities or 
the same practical working capacities. 

4. Although there is a wide variation in the driving 
characteristics of individual vehicle operators, certain 
fundamental principles of traffic behavior can be de- 
veloped that will be generally applicable. The results 
may be entirely different from those derived by assum- 
ing average conditions. 

5. The various study sections for which data have 
been obtained do not cover a sufficient range of highway 
designs and alinement to obtain the effect of all the 
variable factors on practical working capacities. Fur- 
ther data are necessary, especially as to the time re- 
quired for vehicles to pass one another under various 
conditions. 
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A NEW HANDBOOK ON TRANSITION 
CURVES FOR HIGHWAYS 

A handbook entitled ‘Transition Curves for High- 
ways,” by Joseph Barnett, Senior Highway Design 
Engineer, has recently been issued by the Bureau of 
Public Roads. The Bureau recommends the general 
use of transitions to increase safety and ease of travel 

includes a set of tables with which the design and loca- 
tion of curves with transitions involve only simple cal- 
culations and it is practicable to project an initial aline- 
ment that includes transitions for horizontal curves 
without material delay or expense because of the transi- 
tions. This procedure has decided advantage over pro- 
jecting the alinement as tangents with simple curves 

and later revising it to include transitions. Such re- 
vision frequently involves repeated trials with conse- 
quent expense and delay. 

Sections of the handbook discuss speed in relation to 
highway design, design of curves with equal transitions 
by use of tables, design of curves with transitions as a 
general case, parallel transitions, transitions for com- 

: : ' pound curves, adjusting alinement of simple curves for 
and to improve the appearance of highways. The book I pees = I transitions, widening pavements on curves, and right- 

of-way lines in relation to transitions. All tables needed 
in applying the methods described are included. 

The handbook, in a durable binding, is available only 
by purchase from the Superintendent of Documents, 
Government Printing Office, Washington, D. C., at 60 
cents a copy. 
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PUBLICATIONS of the BUREAU OF PUBLIC ROADS 

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 

Department and as the Department does not sell publications, 

please send no remittance to the United States Department of 

Agriculture. 

ANNUAL REPORTS 

Report of the Chief of the Bureau of Public Roads, 1931. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1933. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1934. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1935. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1936. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1937. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1938. 
10 cents. 

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. 

Part 5. . . 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. 191IMP. . Roadside Improvement. 10 cents. 

No. 272MP. . Construction of Private Driveways. 10 cents. 

No. 279MP.. . Bibliography on Highway Lighting. 5 cents. 

Highway Accidents. 10 cents. 

The Taxation of Motor Vehicles in 1932. 35 cents. 

Guides to Traffic Safety. 10 cents. 

Federal Legislation and Rules and Regulations Relating to 
Highway Construction. 15 cents. 

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

Highway Bond Calculations. 

Transition Curves for Highways. 

10 cents. 

60 cents. 

DEPARTMENT BULLETINS 

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

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

TECHNICAL 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 Bureau of Public Roads upon request. They cannot 
be purchased from the Superintendent of Documents. 

MISCELLANEOUS PUBLICATIONS 

No. 296MP. . Bibliography on Highway Safety. 

SEPARATE REPRINT FROM THE YEARBOOK 

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

TRANSPORTATION SURVEY REPORTS 

Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 

Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 

Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 

Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio (1928). 

Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 

Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 

UNIFORM VEHICLE CODE 

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

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

Act III.—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 Bureau of Public 
Roads, classified according to subject and including the more 
important articles in Pustic Roaps, may be obtained upon 
request addressed to the U. S. Bureau of Public Roads, Willard 
Building, Washington, D. C. 
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