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30th Peak Hour Factor Trend 
W.R. BELLIS and JOHN E. JONES, respectively, Chief of Traffic Design and Research 

Section, and Senior Engineer, Traffic, New Jersey State Highway Department 

•ONE of the problems of forecasting future traffic volumes is how the 30th peak hour 
ratio to the annual average daily traffic (AADT) reacts to an increase in the AADT. 
Experience has indicated that the design hour volume (DHV) rate of growth is not in the 
same ratio as the rate of growth of the AADT, although in the Highway Capacity Manual 
and AASHO Policy on Geometric Design Rural Highways, the following recommendations 
are made: 

1. "The thirtieth highest hourly volume on a percentage basis changes very little 
from year to year .... For example, if conditions indicate that a 20 percent rise in the 
annual average may be expected in 10 years, a similar 20 percent increase should be 
expected in the thirtieth highest hour; that is, if the facility is able to handle that much 
traffic." (1) 

2. "Thus, the percentage of ADT for 30 HV from current traffic data on a given fa
cility generally can be used with confidence in computing the 30 HV from an ADT volume 
determined for some future year. This consistency may not hold in instances where 
there is change in the use of the land area served by the highway. In such case, where 
the character and magnitude of future development can be foreseen, the relation of 30 
HV to ADT may be based on experience with other highways serving areas with similar 
land-use characteristics." (~) 

William Walker's findings showed that the earlier assumption of factor consistency 
was incorrect and that downward trends generally existed over the years (3). 

The purpose of this study was to determine the relationship of the design hour factors 
to the AADT in the hope that developed trends would furnish a guide to predict future 
design hour factors. 

DATA FOR STUDY 

Sixty-nine counting stations that have been in operation in New Jersey for 10 years 
were selected as the basis of this study because they furnished the ADT, DHV and DHV 
factors. An analysis of these 69 stations indicated the following data (also see Tables 
1 and 2): 1 

1. The Stations were located in all of New Jersey's 21 counties. 
2. The ADT volumes ranged from 1,022 to 35,064. 
3. The DHV's ranged from 200 to 4,280. 
4. The DHV factors ranged from 7. 6 to 71. 5. 
5. Sixteen locations are permanent counting stations and are counted 365 days per 

year. 
6. Twenty-one locations are major counting stations and are counted one week out 

of every four. 
7. Thirty-two locations are minor counting stations and are counted for one week 

out of every eight. 
8. Thirty-six of the locations are located on rural highways and 33 locations are on 

urban highways. 

Paper sponsored by Committee on Highway Capacity. 
1 All volumes q_uoted in this study are one-wa:y volwnes . 
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TABLE 1 

1951 1960 

GROUP A. A.O. T. D. H. V. D. H. V. i A. A. D. T. D. H. V. D. H. V. ,S 

RANGE AVERAGE RANGE AVERAGE RANGE AVERAGE RANGE AVERAGE RANGE AVERAGE RANGE AVERAGE 

10" LESS '19,235 2,.,430 e. J 25,550 :i.•111 , .. - 13,140 r--- 1,310 9.0 15,450 1,470 ~ .. 
3,887 lSO 9.3 ~.t29 u,o 12.1 

29,657 3,070 10, 2 34,557 3,790 7. 6 
10 " - 15 % - 10,660 r--- 1,310 12~5 U,080 1,510 - 11 0 

1,658 210 14. 5 '1,20< 270 1<-9 

15 ¥.. - 20 ¥.. 16,425 4,-400 2,920 760 15.2 17. 1 l'l, 115 6, 1SO 3,100 170 10.9 13.4 - -l, 161 200 18.8 1, 489 2'0 16.4 

207'-25,. 8,396 5,100 ~ 1,180 20.8 22.8 33:673 9,930 
, , 180 

T,550 12' 17, I -
IJ 155 260 24,7 2,615 620 24 , 3 

25~-30" 
8,010 4,820 2. 170 890 25.0 26 ,9 1:1;.c&li 6,580 '1. 130 1,350 17. 1 

20.7 ..........,..__ -1,022 280 29.0 1,689 290 23,e 

5,868 ~ :ll .7 10.634 , . 100 19. 7 
lO'llt-40,. 4,020 1,320 33,2 6,860 1,700 - 26.6 

2, 523 950 37,7 4,09-' 1,,t:10 34.6 

3,007 1., ,490 41.0 6,321 1,870 20. 6 
40"-50" 2,000 910 45.0 4,270 1,3JO - 32.7 

1.426 580 49 6 2,223 800 35.8 

2,265 ~ so., '1,967 1, 180 31.7 
50 ~ PLUS 1,980 1,070 5-4.9 2,130 870 - 42.B 

1, '20 R50 60 0 1,379 640 56,8 

TABLE 2 

1951 . 
-l A. D. T. GROUPS ROAD TYPE 0 
Q:'. 
I- 1 - WAY VI z _.I _.I a.. 0 0 0 :::) u 

0 
Q:'. Q:'. 

Q:'. I-
I- I-z z Q:'. (.!) z 0 0 => VI w 

0 Q:'. z z u u VI VI w w w 
:I: 0 0 < Q:'. _.I z z z -l 

I- I- :::! 0 
Q:'. < < 0 g..,, _.I C.1l 
0 0 g < < -;: u < Q:'. -, 
!1: Q:'. co Po8 ~2~ ~og o:::> _.I -l < < 

0 < I- U.1 < :::) O! 0 0 - - _.I :::) Q:'. -o -o o-o := a.. .., u.. VI a.. :::e :::! O! :::) N "' V, ~ N ... 0 < 
> 

10 % LESS 7 0 6 1 2 5 0 1 1 1 4 3 2 2 0 

10 % - 15 % 21 4 4 13 'i 11, 1 ? 4 & 1<) 6 1 H 0 

15 % - 20 % 15 5 2 8 12 3 3 4 3 ~ 1 10 2 2 1 

20 % - 25 % 11 2 3 6 4 7 2 1 2 6 0 4 1 6 0 

25 % - 30 % 5 3 1 1 4 1 1 0 2 ?. 0 2 0 3 0 

30 % - 40 % 4 1 2 1 3 1 0 1 2 1 0 1 1 2 0 

40 % - 50 % 3 0 2 1 3 0 2 0 1 0 0 2 0 1 0 

50 % PLUS 3 1 1 1 3 0 1 7 0 0 0 3 0 0 0 

TOTAL 69 16 21 32 36 33 10 11 15 18 15 31 7 30 1 

~00'- 23% 31% 46% 52% 48% 14% w•. 22% 26% 22% 45% 10% 44% 1% 
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GROUPING OF STATIONS 

Since the design hour factor trends were the main purpose of this study the 69 loca
tions were grouped according to their 1951 design hour factors as follows: 

DHV Groups (%) 

10 or Less 
10 - 15 
15 - 20 
20 - 25 
25 - 30 
30 - 40 
40 - 50 
50 - Plus 

Stations in Group 

7 
21 
15 
11 

5 
4 
3 
3 

The average ADT, DHV, and DHV factors were calculated for each of the groups and 
the results and trends of the DHV factors are plotted in Figure 1. 

Figure 2 shows the cumulative number of traffic counter locations having DHV fac
tors of various values for 1951 and 1960. Figures 1 and 2 definitely show that the DHV 
factors have reduced over the 10-year period. 

The yearly trend reduction rate for each group is as follows: 

DHV Groups (%) 

10 or Less 
10 - 15 
15 - 20 
20 - 25 
25 - 30 
30 - 40 
40 - 50 
50 - Plus 

Yearly Change 
Trend(%) 

+ 0. 067 
- 0. 133 
- o. 370 
- 0. 609 
- o. 684 
- 0. 597 
- 1. 033 
- 1. 190 

From this illustration, it is clear that the reduction rate for the higher design hour 
factors is much greater than for the low design hour factors. These trend changes 
are similar to those of Walker (3). 

The high design hour factor roads are generally those in sparsely populated areas. 
As the population and development along these roads increase, the DHV increases, but 
not in the same proportion as the ADT. This causes the design hour factors to de
crease at their group reduction rate. When the design hour factor has reached a lower 
group rate, it then decreases at the new group rate. This cycle continues as the factor 
becomes smaller. 

DETERMINATION OF REDUCTION RA TE AND CURVE 

To determine a trend rate of reduction for the DHV factors, a logarithmic straight
line trend was calculated based on the average DHV factors of all the groups. This 
trend gave a reduction rate of 2. 3 percent compounded per year. 

The exponential curve Y = abX, which represents a trend with a constant rate of 
decrease, was used to plot a curve. This curve seemed to fit the basic data reasonably; 
however, it approaches zero and the design hour factors can never be less than 4. 2 
percent of ADT. 

To correct this, 4. 2 was added to all points on the curve and to the basic data so 
that it would fit the curve (Fig . 3). This curve can be expressed by Eq. 1. 
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TABLE 3 

FUTURE DHV FACTORS (EQ. 1) 

X = 5 X = 10 X = 15 X = 20 X = 25 X = 30 X = 50 

89. 5 80. 1 71. 7 64.4 57.8 51. 9 34.1 
80.6 72. 2 64. 7 58.1 52. 2 46. 9 31. 0 
71. 7 64. 2 57.6 51. 8 46.6 4J.. 9 27.8 
62. 8 56.3 50. 6 45.5 41. 0 37.0 24.7 
53 .9 48.4 43.5 39 .2 35.4 32.0 21. 6 
49.4 44.4 40.0 36. 1 32.6 29.5 20.0 
45 . 0 40.5 36.5 33 .0 29.8 27.0 18.5 
40.5 36.5 33.0 29 . 8 27 . 0 24. 5 16. 9 
36.l 32.6 29.4 26. 7 24.2 22.0 15.4 
31. 6 28.6 25.9 23 .5 21. 4 10.5 13. 8 
27. 2 24.6 22.4 20.4 18. 6 17. 0 12. 2 
22.7 20.7 18. 9 17.3 15.8 14 . 6 10. 7 
20. 5 18.7 17. 1 15. 7 14. 4 13. 3 9.9 
18. 3 16.7 15.3 14.l 13 . 0 12.1 9. 1 
16.0 14.7 13. 6 12. 6 11. 6 10.8 8.3 
13. 8 12. 8 11. 8 11. 0 10 .2 9 .6 7.6 
11. 6 10.8 10. 1 9. 4 8.8 8. 3 6.8 
9.4 8.8 8.3 7.8 7.4 7.1 6.0 
7.1 6.8 6.5 6. 3 6.0 5.8 5.2 
4.9 4.8 4.8 4.7 4.6 4.6 4.4 

bl 0. 977 bl5 0.705 bao 0.498 
b' 0.890 b20 o. 628 b'o 0.312 
blO 0.792 b25 o. 559 blOO 0. 098 

5 

-r--

, ,v "" 

X = 100 

13. 6 
12. 6 
11. 6 
10.6 
9.7 
9.2 
8.7 
8.2 
7.7 
7.2 
6.7 
6.2 
6.0 
5.7 
5. 5 
5.3 
5.0 
4.8 
4.5 
4. 3 
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APPLICATION OF CURVE AND REDUCTION RATE 

Table 3 gives existing DHV factors and their future DHV factors for 5-yr intervals 
based on 

Y = if (a - 4. 2) + 4. 2 (1) 

in which 

Y future DHV factor; 
b = rate of reduction (constant 0. 977 based on 2. 3 percent compounded); 
x number of future years; and 
a existing DHV factor. 

DHV FACTORS VS ADT 

To determine the magnitude of the 30th peak hour factors for various volumes of 
traffic, the 69 counting locations were grouped as follows: 

One-Way 
ADT Group 

2, 000 or Less 
2,000 - 3,000 
3, 000 - 5, 000 
5, 000 - 10, 000 

10, 000 - Plus 

No. of 
Stations 

10 
11 
15 
18 
15 

The average DHV factors of each group were calculated and the results are as follows 
(also see Fig. 4): 

One-Way 
ADT Group 

2, 000 or Less 
2, 000 - 3,000 
3,000 - 5,000 
5,000 - 10,000 
1n nnn _ n1 .. ~ 
....... , "''"'"' ,I,. ... '-&~ 

DHV (%) 

1951 1960 

28. 3 
25. 8 
21. 5 
19. 7 
11.8 

21. l 
18.8 
16.8 
15.2 
1 n 'l 
.a.v. u 

Change 

10-Year Annual 

- 7 .2 
- 7 .0 
- 4. 7 
- 4. 5 

1 " - .&.. \) 

- o. 7 
- o. 7 
- 0. 5 
- 0. 5 

" 1 C: - v • .1.\) 

The following gives the DHV factor range for each ADT (one-way) group in 1951 and 
1960 and the average DHV factor (also see Fig. 5): 

DHV (%) 

One-Way 
1951 1960 ADT Group 

Range Average Range Average 

2, 000 or Less 60 . 0 - 12. 6 28. 3 56. 8 - 12. 1 21. 1 
2,000 - 3,000 54. 4 - 12. 7 25.8 39.9 - 9.4 18.8 
3,000 - 5, 000 49. 6 - 9. 1 21.5 29. 6 - 9.1 16.8 
5,000 - 10,000 32. 4 - 9 . 2 19.7 22.2 - 8.7 15.2 

10, 000 - Plus 17 . 8 - 8.3 11. 8 14. 0 - 7.6 10. 3 



Figures 4 and 5 show that the high de -
sign hour factors are on low-volume roads, 
and high-volume roads do not have high 
design hour factors. However , Figure 5 
indicates that it is possible for both high 
and low volumes to have low design hour 
factors. 

DHV FACTORS VS POPULATION 
CHANGES 

Since it was felt that the population of 
the area might influence the DHV factor, 
an analysis was made at the 69 counting 
stations of the change in population and 
DHV factors. The population figures used 
were both those of the municipality and 
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was located. Figures 6 and 7 indicate that 
an increase in population was accompanied 
by a decreased DHV factor. Samples of 
decreased population are too few to be 
significant (Table 4). 
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Figure 4. ADT group DHV f actor trends . 
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The average DHV factor and population of the station municipality for each DHV fac
tor group was calculated for 1951 and 1960 (Fig. 8). The results also support the theory 
that a change in population of the area influences the DHV factors. 

DHV FACTORS VS ROADWAY CAPACITY 

To determine if the capacity of the roadway had any influence on the DHV factors, 
the satisfactory capacity and the tolerable capacity were determined for each of the 69 
counting locaLiom; u::;eu in this study. (Satisfactory capacity is a level of service with 
750 cars per hour one way on a 2-lane road and 1,950 cars per hour on 2 lanes of a 4-
l a ne road· tolerable capacity is a level of service with 1,000 cars per hour on one way 
of a 2 - lane road and 2 , 400 cars per hour on one way of a 4-lane road.) Having the 
yearly DHV for each loca tion, the number of locations over or under these capacities 
was found for 1951 and 1960 (Table 5). 

An analysis of the 69 locations indicated that the capacities had little influence on 
the DHV factors. Those over or under either of these capacities reacted like their 
respective group's DHV factors. 

If the theory that capacities influenced the DHV factor is correct to any extent, then 
DHV factors would increase as the ADT decreased. This is not so. 

Table 6 gives such locations. It is clear that the DHV factors were reduced as well 
as the ADT and DHV, indicating that capacity had little influence on the DHV factors. 

Table 7 gives locations with increases in ADT and emphasizes the fact that the DHV 
does not increase in the same proportion as the ADT , which is the chief reason for the 
DHV factors decreasing. 

The present recommended method of determining future DHV's is to apply the pres
ent DHV factors to the predicted future ADT. 
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county. 

TABLE 4 

DHV FACTORS VS POPULATION CHANGES 

DHV 10-Yr Population Increase 10-Yr Population Decrease 
Factor Station 
Group (No.) DHV Factor DHV Factor DHV Factor DHV Factor 

(%) Increase Decrease Increase Decrease 

10 - Less 7 3 2 2 0 
10 - 15 21 2 17 0 2 
15 - 20 15 0 15 0 0 
20 - 25 11 1 9 0 1 
25 - 30 5 0 5 0 0 
30 - 40 4 0 4 0 0 
40 - 50 3 0 3 0 0 
50 - Plus 3 0 3 0 0 - -

Total 69 6 58 2 3 

Because this study indicated that the DHV factors reduce and do not remain constant, 
a comparison is made of the 1960 actual DHV's with the predicted 1960 DHV's by both 
methods at the 69 locations used in this study and at 19 locations that have been in 
operation only seven years. 
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TABLE 5 

LOCATIONS OVER SATISFACTORY OR TOLERABLE CAPACITY 

NO, 1951 1960 

DH, V, % OF SATISFACTORY CAPACITY TOLERABLE CAPACITY SATISFACTORY CAPACITY TOLE~ABLE CAPACITY 

GROUP STAS 
OVER % UNDER % OVER % UNDER % OVER '!, UNOER .. OVER % UNDEi % 

10 % LESS 7 2 29 5 71 1 14 6 86 3 43 4 57 1 14 6 86 

10%-15% 21 6 29 15 71 3 14 18 86 9 43 12 57 5 24 16 76 

15 % -20 % 15 2 13 13 87 2 13 13 87 2 13 13 87 I 7 14 93 

20% -25~ 11 4 36 7 64 0 - 11 100 4 36 7 64 1 9 10 91 

25 % - :Ii o:; 5 2 40 3 60 1 20 4 80 2 40 3 60 1 20 4 80 

30~ - 40% 4 I 25 3 75 0 - 4 100 2 50 2 so I 25 3 75 

40 %-50 % 3 0 0 3 IOO 0 - 3 100 1 33 2 67 0 - 3 100 

50 % PLUS 3 3 IOO 0 - 2 67 1 33 2 67 1 33 I 33 2 67 

TOTAL 69 20 29 49 71 9 13 60 67 25 36 44 64 11 16 58 34 



TABLE 6 

LOCATIONS WITH DECREASES IN ADT AND 
A DECREASE IN DHV FACTORS 

US 1, New Brunswick, 
Middlesex County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

US 130, Pennsauken, 
Camden County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

US 130, Bordentown, 
Burlington County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

US 130, E. Windsor, 
Mercer County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

US 9, Pine Beach, 
Ocean County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

US 9, Freehold, 
Monmouth County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

N. J. 35, Middletown, 
Monmouth County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

N.J. 35, Brielle, 
Monmouth County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

N.J. 33 and 34, Wall 
Monmouth County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

1951 

21,443 
11. 0 

2,360 

1951 

11,953 
11. 6 

1,390 

1951 

10,083 
12.1 

1,220 

1951 

8,670 
12. 4 

1,080 

1954 

3,261 
20.1 

660 

1953 

4,391 
26. 4 

1, 160 

1954 

9,429 
17.4 

1,640 

1954 

6,941 
19. 6 

1,360 

1954 

7,084 
. 27. 4 
1,940 

1952 

16,105 
10.4 

1,670 

9,432 
9.6 

910 

1952 

5,636 
9.5 

540 

1952 

4,823 
10.1 

490 

1955 

2,951 
17.2 

510 

1954 

3,901 
25.4 

990 

1955 

9,307 
14.5 

1,350 

1955 

6,310 
17.9 

1,130 

1955 

6,202 
24.5 

1,520 
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TABLE 7 

LOCATIONS WITH INCREASES IN ADT AND 
A DECREASE IN DHV FACTORS 

Garden State Parkway, 
Clark, Union County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

N.J. 4, Paramus, 
Bergen County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

US 22 , Hillside, 
Union County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

US 206, Bordentown, 
Burlington 

ADT (1 way) 
DHV factor 
DHV (1 way) 

US 46, Clifton, 
Passaic County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

N. J. 3, Clifton 
Passaic County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

N.J. 69, Hopewell, 
Mercer County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

N.J. 18, Madison, 
Middlesex County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

US 46, Ledgewood, 
Morris County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

N.J. 23 , Pequannock, 
Morris County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

N.J. 73, Voorhees, 
Camden County 

ADT (1 way) 
DHV factor 
DHV (1 way) 

1952 

8,519 
20.3 

1,730 

1951 

18,393 
11. 8 

2,170 

1950 

20,580 
12.0 

2,470 

1951 

7,221 
12. 4 

900 

1951 

12,424 
13.4 

1,660 

1951 

17,259 
14.2 

2,450 

1951 

3,064 
15.2 

470 

1951 

3,409 
22.1 

750 

1951 

8,010 
27.l 

2, 170 

1951 

5,868 
32.4 

1,900 

1951 

3,007 
49.6 

1,490 

1960 

33, 673 
12.4 

4,180 

1960 

31,240 
9.3 

2,910 

1960 

31, 511 
10.1 

3,180 

1960 

10, 953 
9.7 

1,060 

1960 

21,976 
10. 8 

2,370 

1960 

30,802 
12. 3 

3,790 

1960 

4,231 
10.9 

460 

1960 

7,362 
13. 6 

1,000 

1960 

12,466 
17. 1 

2, 130 

1960 

10, 634 
19. 7 

2,090 

1960 

6,321 
29.6 

1,870 
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The following are the results of that comparison, showing at how many locations the 
predicted DHV's were closest to the actual DHV: 

No. of Actual 
DHV Locations 

1951 - 1960 69 
1953 - 1960 19 

Total 88 

Trend 
Method 

50 
13 

63 

No. Change 
Method 

19 
6 

25 

This clearly indicates that predicting the future DHV by use of the trend curve, de
veloped by this study, is a more reliable method than the no change method. 

CONCLUSIONS 

1. The 30th peak hour factors generally decline as the AADT increases. 
2. The reduction rate for high 30th peak hour factors is much greater than for low 

30th peak hour factors. 
3. Low population and sparsely developed areas, on the average, have a high 30th 

peak hour factor. Any marginal growth, such as housing developments, industry, or 
shopping centers, tends to lower the design hour factors. 

4. Population changes in an area influence the DHV factors accordingly; an increase 
in population decreases the factors. 

5. The capacity of a roadway has no great influence on the DHV factors or the rate 
of change. It is the increase in ADT due to the increase in the off hours that tends to 
reduce the DHV ratio to the ADT. Nevertheless, it is recognized that logically, when 
the potential 30th peak hour volume greatly exceeds the possible (absolute) capacity 
(such as may be experienced when the number of lanes are reduced for construction), 
th.e 30th peak hour factor may be reduced. But this is not supported by the study. 
This degree of over capacity condition has not been permitted to persist in New Jersey; 
therefore, this theory could not be tested. 

REFERENCES 

1. "Highway Capacity Manuel." U.S. Dept. of Commerce, Part VIII, 140-42 (1950). 
2. "Policy on Geometric Design Rural Highways." AASHO, p. 56 (1954). 
3. Walker, W. P., "Trends in the 30th-Hour Factor." HRB Bull. 167, 75-83 (1957). 

APPLICATION OF REDUCTION CURVE 

To determine design hour factor for any future year when existing factor is known: 

1. Locate the existing DHV factor on the curve (Fig. 9) and determine the year at 
this point. 

2. This year point plus the number of future years for which the DHV factor is de
sired will locate the point on the curve where the future DHV factor can be read. 

EXAMPLE 

Existing DHV factor 50%. 
What will it be in 20 yr? 
l. Under 50% point on curve the year l5 is located. 
2. l5 + 20 = 35 
Above the year 35 the DHV factor of 33% is found. 
Therefore, if the existing DHV factor is 50% in 20 yr 
hence it will be 33%, 
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Figure 9. Modification of 2. 3 percent reduction curve to approach 4. 2 percent , 

ESTIMATING THE 30TH PEAK HOUR 

Four representative weekly counts of 168 hr each, one for each of the four seasons 
of the year, are selected as samples for each control counting station. The hourly vol
umes of traffic are then tabulated on a frequency table in an array arranged in con
venient volume classes from the highest to the lowest volume. Since these four weeks 
of counts account for 672 hr, the total number of hours in each volume class is ex
panded by using a factor of 13. The total number of expanded hours then becomes 8, 736 
hr, which is 24 hr short of the number of hours in a 365-day year . 

The average volume for ea.ch class is divided by the AADT for the station and per
centages are computed for use as ordinates on the final graph. These 01·dinates are 
plotted against abscissas derived from an array of the accumulated hours from the 13th 
to the 8, 73 6th hour. 

The 30th peak hour is then estimated from the curve that was produced on the graph. 



Traffic Operation at Two Interchanges 
California 

• 
Ill 

L. NEWMAN, Assistant Traffic Engineer, California Division of Highways 

•THE CALIFORNIA Division of Highways has a continuing program of studying capacity 
and other operating features on various sections of completed [reeways. These studies 
are made to better evaluate the extent and causes of problems that are occurring, thus 
permitting the possibility of finding the most economical solution, and learn more about 
basic traffic flow so that better and more reliable standards of design for future free
ways can be developed. 

The first location described is tJ1e Whipple Avenue Interchange on the Bayshore Free
way about 25 miles south of San Francisco, which is a cloverleaf type without collector 
roads. Many interchanges on California Freeways are of this type and therefore include 
a short weaving section 400 to 500 ft long. 

Frequent observations of traffic conditions on these weaving sections indicate that 
problems occur even at relatively light volumes. Operation on the northbound lanes of 
the Bayshore Freeway at this location can be considered typical for volume ranges 
indicated. In general, drivers do not use as much of the weaving section as they could 
or should. Also, many of them stop or slow markedly prior to merging and actually 
wait for a gap long enough to be acceptable from a stopped position, rather than merge 
into available gaps in the freeway flow. Thus, the ramp vehicles are merging at a 
relatively slow speed compared to the freeway vehicles. 

The second interchange area discussed is the westbound section of the Hollywood 
Freeway at the merge of the Franklin Avenue on-ramp. 

Data from a larger study indicated that this location was a major bottleneck. There
fore, the basic data were examined in more detail to obtain traffiG: characteristics at 
the site, particularly flow characteristics of the Franklin on-ramp traffic which appeared 
to be the main factor in making this section a major bottleneck. 

WHIPPLE AVENUE INTERCHANGE, BAYSHORE FREEWAY 

The freeway proper at this location is no t operating at capacity volumes even though 
the weaving volumes are at or near capacity (Fig. 1). However, at other cloverleaf 
interchanges (primarily the Stevens Creek Interchange on the San Jose-Los Gatos 
F1·eeway, where there are almost no trucks), despite the undesirable ope1·ation, capac
ity of llie freeway proper is not necessarily reduced. (If capacity is defined as the 
maximum number of vehicles that can pass a point per unit time regardless of operating 
conditions .) 

The study of the Whipple Avenue Interchange was undertaken for the following pur
poses: 

1. To determine some of the basic characteristics of the operation of the weaving 
section. 

2. To evaluate the effects of a method of striping a weaving section that is intended 
to encourage greater use of the auxiliary lane. (Essentially it consists of a short 
solid stripe to guide the vehicles into a position parallel to the main freeway lanes and 
a dashed lane stripe to encourage the vehicles to ta.y · 1 the auxiliar/ lane a longer 
period of time, thus permitting merging at a flatter ngle and higher speed.) 

Paper sponsored by Committee on Highway Capacity . 

14 
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3. To test the feasibility of gathering data through time-lapse photography and its 
adaptability to other studies of this type. 

The findings refer to the northbound lanes of the 6- lane Bayshore Freeway through 
the Whipple Avenue Interchange (Fig. 1). Observations were made during peak periods 
on two separate days. The first observations (6-21-61), referred to as the "before 
study, " were made under striping conditions as shown in Figure 1. The second obser
vations (9-13-61), referred to as the "after study," were made approximately one month 
after the section had been striped as shown in Figure 2. All data were obtained photo
graphically. The camera was mounted on the butterfly directional sign just upstream 
of the interchange. Counting and other analysis were done in the office. Figures 3 and 
4 are 9 sec of film for the before and after periods and are thumbnail descriptions of 
the study. 

Peak Hour Volumes 

Counts for the hour 7:10-8:10 AM were shown in Figure 5. This may not be the 
actual AM peak hour but it is very close. It was desired to photograph as late as pos
sible for best light and also to insure obtaining some lower volume rates in addition to 
the highest rates. 

The percent trucks and buses for the various movements are noted in parentheses. 
Of the 80 trucks during the before study approaching the interchange and going tlu·ough 
(14 trucks were in lane 1 going to the off-ramp) 28 were in lane 1 · 48 in lane 2 (includ
ing many large 5 axle trucks, etc.)· and 4 in lane 3. During the after study of the 65 
trucks going through, 32 were in lane 1; 30 in lane 2; and 3 in lane 3. This is a much 
higher percentage than is normal in lane 2 and is a result of relatively low traffic vol
umes in lane 2 plus a desire to avoid the possible conflicts in the weaving section. 

Peak Flow Rates for Short Periods 

The highest rate-of-flow for 5 min using the 130 ft radius on-ramp loop was 1,308 
vph (during the after study). The highest 5 min rate-of-flow in the before study was 
1,164 vph. The off-ramp flow rates during these 5 min periods were 588 vph and 744 
vph, respectively. 

Even during these periods there were several large gaps (10-16 sec) on the on-ramp 
indicating that possible capacity was not reached. 

The highest weaving rate-of-flow for 5 min was about 2,100 vph and lasted for 2 
consecutive 5-m.in periods (made up of 1,120 "on" and 980 "off" during the after study). 
For very short periods of about 30 sec, weaving rates as high as 3, 100 vph were 
observed. This illustrates the very high volumes that can be maintained for a short 
period under ideal conditions including expert drivers. "Instantaneous" high-volume 
rates were more frequent, higher, and more sustained during the after study. These 
rates probably could not be maintained for 5 min (even if the demand existed) primarily 
because a significant number of drivers will stop and wait for gaps. 

Operation of the Weaving Section 

Speeds. -Speeds were calculated by measuring the distance traveled by a vehicle in 
a given length of time; 3 sec for lane 1 vehicles and 4 sec for on-ramp vehicles. The 
speeds are at the nose of the on-ramp and are not necessarily the speed during the 
actual merge. 

During the lower volume periods (about 700 vph on the ramp) the average speed of 
the on-ramp vehicles is 27 to 30 mph. This speed is limited to a large extent by the 
130-ft radius loop, although the speed was measured over a section essentially on 
straight alignment thus permitting some acceleration. 

The speeds of lane 1 vehicles destined for the off-ramp at relatively low volume 
rates are about 40 mph. Speeds of the lane 1 vehicles going straight through were about 
5 mph faster. This is about the same average speed that occurs at any exit ramp loca
tion when a substantial portion of the lane 1 traffic is destined for an off-ramp with a 
130-ft radius at the exit nose. 
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Figure l. '1/hipple Ave. Interchange, I\ayshore Freeway. 
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Time - 0 sec 

Series of 10 
pictures l sec 
apart (elapsed 
ttme = 9 sec). 
During before 
period 7:55-8:00 
rate for 5 min. 

on • 815 vph 

t ~~u: ~~~ :~ 
I,, • 985 vph 
L

3 
=l,190 vph 

iTi.me - l sec 

A vehicle (VW) 
reaches nose, 
and even though 
traffic is 
light, stops and 
wai ta for a gap , 
Note on-ramp 
vehicle ahead of VW , 

Time - 2 sec 

The vehicle ( in 
shadow) 
ahead of the 
VW merges 
smoothly just 
ahead of a I;_ 
thru vehicle. Use 
of the weaving 
lane in this 

1
manner was much 
more frequent 
during the after 
study (Fig, 6). 

Time - 3 sec 

The dark vehicle 
in lane 1 in the 
foreground is 
going approximately 
JS to 40 mph. 

Time - 4 sec 

The distance 
from the bottom 
of the picture 
to the nose is 
115± ft. From 
the nose to the 
O. C. is 16o± ft, 

Figure 3. Before study. 

' ' 
Time - 5 sec 

This type of 
stoppage was 
more frequent 
during the 
before study 
(Table 1). 

Time - 6 sec 

The vehicle iri 
lane 2 in the 
foreground 
is going 
~a to 60 mph. 

Tl.Jlle - 7.~ 

'Ihe VW i3 
still stopped 
and a second 
ramp vehicle i.s 
now arriving 
and is forced 
to stop. 

Time - 8 sec 

Three vehicles in 
lane 1 pass the 
nose during the 
9 sec of elapsed 
time. This is a 
flow rate of only 
1,200 vph. 

Time - 9 sec 

The VW has 
started to 
move and 
enters lane 1 
after the 
station W'agon 
passes, 



Time - O sec 

Series of 10 
pictures 1 sec 
apart ( elapsed 
time =- 9 sec). 
During after 
period 7: 50-7: 55 
rate for 5 min. 

011 730 vph 
L, off • 665 vph 
L, thru - 155 vph 
L

2 
= 1,020 vph 

L3 • 1,475 vph 

Time - 1 sec 

Sequence shows 
good use of 
weaving sec
tion at high 
instantaneous 
volumes. 

Time - l sec 

The light sta
tion wagon in 
lane l at nose has 
gone 125± ft in 2 
sec equals 42± mph. 
Pickup in lane 2 
equals 56± mph. 

Time - J sea 

The dark pickup on 
ramp uses most of 
the weaving lane 
and enters at a 
f'lat angle. The 
2 on-ramp vehicles 
in foreground simul
taneously merge into 
a J.5± sec headway 
in lane l. 

Time - 4 sec 

Figure 4. After study, 
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Time - 5 sec 

Time - 6 sec 

For a 6-sec period 
3 lane 1 vehicles 
pass nose, '.Iwo ramp 
vehicles pass nose 
which equals rate of 
1,600 vph weaving 
with 1,200; a combined 
rate of 3,000 vph. 

Time - 7 sec 

Time - B sec 

Ti.me - 9 sec 

High flow rate in lane 
3. Six vehicles in 9 
sec equals 2,J.,oo vph, 
5 in first 6 sec equals 
3,000 vph. 



20 

3430 
(2 .7%) 
trucks 

Before 6 / 21/61 

{
Ji?.O --
.!Q§.0 -

9 10 

940 (1.0 %) 

After 

Auxi liary lone 

9/13/61 

Peak 5 min 
Rate= 4680vph 

685 (2.0%) 

Peak 5 min 
Rate= 4800vph 

3650 { :7~g ~ L3-- -- -} 3915 ~ -=:__ L2 -- --
(2.0%) 940 - Lr 
trucks ~~---....'"".-----,,_...--~~~~~A_u_x_ili_o_r..:..y~l_a_n_e~~~~~~~~~~~..,...--::.....~~~-

990 (1.5%) 725 (I.I%) 

Figure 5. Peak hour traffic volume, Whipple Ave. Interchange study. 

Speeds on lanes 2 and 3 were not obtained because operation on these lanes did not 
appear to be adversely affected by the weaving conflicts even during ,the most congested 
periods. The substantial number of trucks that were in the second lane had little or no 
effect on operation primarily because of the low volumes and high speed of the trucks 
on the level grade. Whether the same high percentage of trucks will use lane 2 when 
traffic demand for this lane increases is not known. If they do, then the operation and 
capacity of this lane could be affected. 

Speeds would remain substantially at these levels until the weaving flow rates (for 5 
min) exceeded 1,700 vph. When demand begins to exceed this rate, speeds of lane 1 
and ramp vehicles are affected. Ramp average speeds at the highest volumes (2, 100 
vph weave) were 1 fi to 20 mph. Lane 1 spP.P.ds are not affected as much nor do they 
drop as quickly as ramp speeds. At the highest volumes lane 1 vehicles averaged 
about 30 mph with a substantial percentage at less than 25 mph. 

Stoppages. -There were no queues or back-ups on the freeway and there were no 
freeway vehicles that came to a complete stop. But in two instances (once each during 
the before and after) several lane 1 vehicles slowed to 6 to 10 mph which to all intents 
and purposes is a stoppage. These occurred during the highest volume 5:-min periods 
of both the before and after studies. · 

Numerous stops occurred on the ramp and long queues developed. During the before 
study there were 15 vehicles that came to a stop at the nose and waited for a gap (all 
but perhaps one were unnecessary). There were numerous other ramp vehicles that 
stopped but these were caused by stopped vehicles in front of them and not by any hesi
tancy to enter lane 1. 

During the after study there were 10 vehicles that stopped prior to entering lane 1. 
By contrast at a high standard on-ramp (Ashby Avenue southbound on the Eastshore 

Freeway) with a peak hour of 980 vehicles merging with 810 lane 1 vehicles, no ramp 
vehicles stopped at the nose and waited for a gap. 

Use of Auxiliary Lane by On-ramp Vehicles. -During the before study about 89 per
cent of all on-ramp vehicles had entered lane 1 within 300 ft of the nose. Only about 
65 percent were in lane 1 within 300 ft during the after study. There was little or no 
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correlation between location of entry and approach speed, nor was there much corre
lation between on-ramp volumes and entry into lane 1 within 300 ft. 

Vehicles entering lane 1 within 100 ft of the nose also were more frequent during 
the before study. In this case , there was a correlation between on-ramp volume and 
entry into lane 1 within 100 ft. As volume increases a greater proportion of ramp 
vehic les enter lane 1 within 100 ft of the nose. 

Compar ison of Before and After Studies. -Traffic demand during the after study was 
s lightly higher although periods of capacity were reached during both the before and 
after study. The following points are pertinent: 

1. Figure 6 shows a significantly greater number of on-ramp vehicles used the 
weaving lane more extensively-the primary purpose of the re-striping. 

2. Approach speeds did not vary significantly (Fig. 7). Speeds when actually merg
ing could not be obtained, but subjective observation showed the merging speed was 
higher, and smoother operation was obtained as a result of the vehicles staying in the 
auxiliary lane a longer period of time. 
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3. In spite of the higher volumes during the after period fewer vehicles stopped 
prior to merging into lane 1 (Table 1). 

X 

4 

110 

4. Indications are that actual capacity may be increased. The highest rate-of-flow 
foi· 5 min was as follow s : weaving-after study = 2, 088 vph, be[o1· e study = 1, 920 vph; 
on-ramp-after = 1 308 vph, l..lefor e .:c 1, 164 vpll. Also du r ing the after study there 
were instantantaneous periods (about 30 sec ) which had higher rales-of-f low than were 
recorded during the before study (Table 2). 
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TABLE 1 

RAMP VEHICLES STOPPING PRIOR TO MERGINGa 

5-Min Before After 

Periodb 
Veh/ HrC Veh/ Hrd Sece Veh/ HrC Veh/ Hrd Sece 

7:15-7:20 1,080 1,080 9 1,440 1,080 8 
7:20-7:25 720 2,520 13 720 1,440 23 

1,800 1,800 9 1,080 1,440 10 
7:25-7:30 1,080 1,080 8 360 1,080 11 

1,440 1,080 8 1,440 2,160 23 
2,520 1,440 18 

7:35-7:40 1,080 1,080 8 
1,440 1,080 12 

7:40-7:45 1,800 1,440 9 
1,080 1,080 7 

7:45-7:50 1,440 1,440 12 1,080 1,800 23 
1,440 1,440 13 2,160 2,160 14 

7:50-7:55 2,160 1,800 7 
7:55-8:00 720 360 7 2,160 1,440 11 

1,080 1,080 9 
720 1,080 11 

8:00-8:05 1,080 1,440 9 

l,an e 1 0 l{J11) - Vehicle stopping before entering lane 1 

/ l Time X ~ time vehicle reaches nose 

~efined as any ramp vehicle which comes to a complete stop for at least 3 or 4 sec (or 
moves less than 5 ft±) after reaching nose and before entering lane l; stop is caused 

bby hesitancy to merge and not influenced by preceding vehicle on ramp. 
Total no. o f periods: before , 15; after , 10. 

~ate of flow in lane 1 for 10 sec preceding X. 
llate of flo1·r in lane 1 for 10 sec after X: . 
€,;:lapsed time from X when vehicle starts to merge. 

Recommendations and Elaboration 

The study shows that the re-striping as shown in Figure 2 resulted in significant 
improvement in the use of the weaving lane and in encouraging fewer vehicles to stop 
prior to merging. 

It is suggested that the striping shown in Figures 2 and 4 be adopted for all weaving 
sections in which the exit nose is offset 12 or more feet from the freeway, particularly 
those which have no differentiation in surfacing between the freeway and auxiliary 
lanes. The off-ramp vehicles were not affected and showed no hesitancy to cross either 
the solid stripe or dashed lane stripe to use the off-ramp. 

This interchange works acceptably (that is, with little or no delay or conflict to lane 
1 vehicles) as long as the weaving flow rate does not exceed 1,500 vph for 5 min. This 
corresponds to a peak hour weaving volume of 1,200 vehicles (using the same peaking 
characteristics as at this location). Possible capacity for 5 min appears to be about 
2,200 vph weaving (with approximately equal amounts on and off) and with about 300 vph 
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TABLE 2 

HIGHEST FLOW RATES FOR SHORT ('2: 14 SEC) PERIODSa 

Before After 

5-Min Veh/ Hr Time Veh/ Hr Time Period 
Period Period 

Lane Lane Lane Weave (sec) Lane Lane Lane Weave (sec) 
1 2 3 2 and 3 1 2 3 2 and 3 

7:15-7:20 1,030 1,030 1,540 2,570 14 
400 1,600 1,200 2, 800 18 

7:20-7:25 290 1,580 1,150 2,730 25 
7:25-7:30 160 980 1,640 2,620 22 510 1,800 1,800 3, 600 14 

670 930 1, 200 2, 130 27 
7:30-7:35 0 1,620 1,260 2, 880 20 

140 1,300 1,150 2, 45ob 25 
7:35-7:40 420 1, 270 1,060 2,330 17 600 1,800 1,350 3, 150b 24 

100 1,460 1,070 2, 530 37 
7:40-7:45 230 1,530 1,150 2, 680 47 
7:45-7:50 150 1, 350 1,200 2,550 24 0 1,750 980 2, 730 33 

~ 3 :2 ~ //__C_o_u_n-ts_ m_a_d_e_a_t_t_h_i _s_p_o_i_n_t _ _____ ____ _ 

arn each case no stoppage occurred immediately after the end of the time period. The 
end of" the time period was determined by a drop in demand (either in lane 1, the ramp, 
or both) and not by a drop in capacity due to stoppages. Several of these high periods 
occurred immediately after a vehicle which had stopped on the ramp (thus creating a 
backlog on the ramp) started to merge. 

bThe highest weaving rate for 5 min was 2,088 vph . 

through in the right lane . At the rate traffic is increasing, these values probably will 
be tested before other highway improvements, expected to reduce ramp volumes at the 
intPrf'h~ngP, ~rP f'nmplPh>rl. 

If a collector road existed, roughly the same congestion or conflicts would occur 
but would be moved onto the collector road. The weaving capacity would be the same. 
The primary benefit would be to the 200+ lane 1 through vehicles. 

There would be no congestion whatsoever if this interchange were designed as a 
two-quadrant cloverleaf type; that is, if the off-ramp were taken off the freeway on a 
diamond type ramp thus leavi ng the freeway prior to the merge of the loop on-ramp 
traffic. As long as the cr os s r oad is a normal surface street (with signals, etc.), capac
ity of the off-ramp and crossroad is seldom a problem, i.e., a diamond type off-ramp 
through the use of 2 abreast turns, etc., can supply just as much traffic as a single 
lane-loop and the surface street is just as capable of absorbing it. 

Site and Study Method 

Site Information. -The location of the study was the northbound lanes of the Bay shore 
Freeway as shown in Figure 1. The period of the study is the AM peak when much of 
the traffic is commuting to San Francisco (about 25 miles to the north) and other indus
trial areas farther north. There are employment and residential centers all along the 
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Bayshore Freeway that account for the high volumes using on- and off-ramps at approx
imately the same time. During the hour, one in every four cars in the northbound traf
fic stream just north of the interchange has come from Whipple Avenue. 

The Bayshore Freeway at this point is 6 lanes on a level grade and is surfaced with 
asphalt concrete with no visible differentiation between the freeway lanes and the aux
iliary lane. 

The loops of the on- and off-ramps are on a 130-ft radius curve (measured along 
the right shoulder line). 

Traffic operation on both days was normal. During the before study it was bright 
and warm. During the after it was overcast and cold (about 45 F) and many vehicles 
used lights for a portion of the hour. However, operation was considered normal. 

Data Collection. -All data were collected photographically for the following reasons: 

1 . There was no set method for recording data or vehicle performance; but with a 
film record, the field situation could be repeated as often as necessary. 

2. Manual data collection would have required so many men in the vicinity that nor
mal traffic operation would possibly be affected. 

3. Other methods of collecting data would not permit following paths of vehicles. 

A 16-mm movie camera adapted for time-lapse photography was used. It was elec
trically driven from a portable generator. 

A 100-ft roll of high-speed color film was used for each study ($12. 50 per roll 
including processing). The rate of photography was 1 frame per second, and since 
there are 40 frames per foot of film, this allowed approximately 67 min of photography. 

The camera was mounted on the directional sign preceding the on-ramp nose and 
operated from the ground, in preferance to using a conspicuous tower truck or other 
type of equipment. Once the study started, the equipment was left unattended, except 
for occasional checks. On another study of this type, the camera was mounted on an 
electrolier with good results. 

A few traffic cones were placed to aid in determining distances to be used in analysis 
but other than that the appearance of the area was normal. Several of the district office 
personnel using this freeway did not notice that studies were being made. 

Analysis. -All analysis was performed from the film and in the office, using a 
special projector. The film projection could be completely controlled by the operator 
for speed of projection or advanced or reversed frame by frame. There is no "flicker" 
regardless of how slow the film is run (accomplished by transporting the film between 
frames at a constant and very fast speed and varying the time the film is held still and 
projected to obtain the desired speed). Without these features it would be next to 
impossible to count or analyze from time-lapse photography. 

Depending on density of traffic, counting could be done at varying speeds. At fairly 
light volumes counting could be done at projection speeds of 4 frames per second. All 
counts are at the nose of the on-ramp. 

The projector is also equipped with a frame counter, obviating much of the need for 
a clock in the film. 

Speeds and position of entry into lane 1 were determined by superimposing a grid on 
the film, and in the case of speed, recording the distance traveled over a given number 
of frames. When speeds of on-ramp vehicles were obtained, the vehicle's position 
when entry was made into lane 1 was also recorded (arbitrarily taken as the point when 
the left rear of the vehicle crosses the line separating lane 1 from the auxiliary lane). 

The position at entry of about 50 percent of all on-ramp vehicles and speeds of from 
30 to 50 percent of all lane 1 and ramp vehicles were determined. 

Evaluation of Photographic Method. -The photographic method has the following 
advantages: 

1. A permanent record of the field operation permits checking unusual looking 
results, and rerunning the peak hour as often as necessary to make subsidiary studies 
or evaluate unforeseen variables. 

2. Vehicle paths can be followed and instantaneous type data obtained. For other 
than straight counting or spot speeds, manual observations cannot be adapted to collect
ing data for events that occur over a very short period of time. Other mechanical means 
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will not identify a vehicle. Several cameras can be used to cover an extended length 
of roadway simultaneously. 

3. Although the equipment is relatively expensive, these are initial and fixed 
expenses. The cost of the film is negligible compared to transportation and overtime 
costs required of manual studies. If something unusual happens and the study data 
cannot be used, only the film and time of 1 or 2 men are lost. (For this study a plat
form truck was used to mount the camera and was kept in the vicinity during the study, 
but ordinarily this would not be necessary.) 

4. Analysis of the film can be done in the office during regular working hours with 
no unusual manpower demands. No more man-hours would be required to record data 
from the film as would be required to record the same data manually as it actually 
happens. 

There are some disadvantages, however. The method still requires a substantial 
man-hour effort to reduce the data depending on the amount and detail required. How
ever, the amount of data reduction can be minimized, because detailed analysis need 
be performed only on portions of the period that are considered critical after a quick 
review of the entire film. 

Also, detailed measurements can only be made for sections up to 400 ft, whereas 
700 to 1, 000 ft of roadway can be viewed subjectively. Speeds can be determined only 
to within 3 or 4 mph at the faster speeds. If lines were actually painted on the pave
ment, speeds could be measured more accurately. But generally, if more accurate 
speeds are required, other methods should be used or the camera would have to be a 
greater distance above the roadway. 

Results 

Table 3 summarizes the data by 5-min periods. 
Volumes and Stoppages. -The total hour volume during the after study for off, lane 

1 thru, and on was 1,931 vehicles or 4. 3 percent greater than the 1,851 vehicles for 
these same movements during the before study. Most of this increase ii:, primarily due 
to greater demand during the after study. But the maximum 5-min weaving volume 
rate during the after period of 2, 088 vph is 8. 8 percent greater than the before maxi-

TABLE 3 

SUMMARY OF DATA, WHIPPLE AVE INTERCHANGE STUDY 

Ave. Speed ( mph) 1, On-Ram1> Veh. Entering Lane 1 Within: j; On-Ramp Veh. f of Lane 3 Lane 1 Weave 
Period (median) Lane 2 

Thru 
orr on 

On & Off Lane 1 Lane 1 

o" Off thru 
100 Ft 150 Fl 200 Ft 250 Ft 300 Ft s:19 MPH -c24 MPH ~ 24 MPH 

l•l Before, NB TRAFFIC (Wed. AM, 6/21/61) 

i:H'i-i:15 ,.u g:; 2,\ .;:; ;;3 i30 30 30 " ,o " 6s ,u "' " 10 , 
7:10-7:20 138 94 10 58 71 130 27 41 48 21 " " 76 BB 24 36 0 
7:10-7:25 130 95 28 64 01 155 21 34 " 18 39 60 75 69 46 " 16 
7:10-7:30 150 98 20 59 01 154 23 39 37 27 57 67 Bl 90 36 45 10 
7,10-7'35 128 88 1:0 62 o, 159 23 36 47 25 45 55 74 BB 39 54 7 
7:10- 7:40 172 104 ~2 67 93 100 22 38 42 20 33 56 82 87 38 45 13 
7:10-7:45 102 63 n 65 U1l 154 18 42 45 27 47 BB 78 87 61 75 0 
7:10-7:50 137 86 20 80 67. 147 24 41 49 24 49 73 89 92 34 44 0 
7'10-7,55 102 76 19 64 ~2 116 31 42 51 16 33 54 74 88 10 17 2 
7,55-8,00 99 82 21 43 oe 111 29 42 44 12 37 49 71 82 20 23 2 
e,00-0,05 97 75 10 38 6() 104 32 44 51 13 49 66 77 89 5 13 0 
8,05-8,10 95 76 JS 39 ~ 97 32 45 49 14 46 59 68 91 3 12 0 

Total 1,471 1,052 226 684 941 1,625 

(b) After, ND TRAFFIC (Wed. AM, 9/ 13/ 61) 

7:10-7:15 138 99 33 44 90 134 31 40 48 12 30 39 49 63 3 3 0 
7:10-7:20 132 112 26 56 90 146 22 37 47 20 45 49 61 65 35 65 2 
7,10-7,25 162 118 11 49 109 158 20 35 43 25 39 55 69 73 45 S3 3 
7,10-7,30 148 115 16 63 107 170 22 34 36 21 33 42 52 67 40 59 4 
7,10-7'35 156 100 16 79 92 171 15 31 43 20 33 48 60 75 74 90 20 
7:10- 7;4,0 149 92 10 79 95 174 19 31 34 18 33 49 60 69 49 76 22 
7:10-7:45 147 92 13 83 91 174 17 26 28 3 33 35 42 53 64 B5 35 
7:10-7:50 143 92 16 78 67 145 20 31 29 15 28 33 45 55 45 64 22 
7,I0-7,55 123 85 13 57 61 118 27 39 43 9 24 33 53 60 9 31 0 
7,55-8,00 82 72 15 62 63 125 25 37 33 7 19 33 51 67 23 39 0 
0,00- 8,05 96 73 20 42 64 106 27 39 42 7 20 26 33 57 14 24 6 
8:05-8:10 106 77 22 35 64 00 27 40 43 13 30 36 47 68 7 27 0 

Total l , '&83. 1,127 211 727 993 1,720 



mum of 1,164 vph. These latter increases are believed to represent, to a certain 
extent, an actual increase in capacity. 
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Table 1 indicates the number of on-ramp vehicles which stopped prior to merging 
due to the ramp vehicle's own hesitancy to merge and not by any action of preceding 
ramp vehicle. Rates-of-flow are also given for the 10 sec prior to the time the vehicle 
which stops reaches the nose and 10 sec after it gets there, plus the time it takes the 
vehicle to merge after arriving. 

Even though traffic volumes were higher during the after study, there were only 10 
stoppages compared to 15 during the before study. 

Table 2 gives the highest weaving rates observed during the before and after periods 
for short periods from 14 sec and up. It is not suggested that these rates could be 
maintained for long periods, primarily because some drivers will come along and wait 
for a gap. But the results show that during the after study they are more frequent, at 
higher rates, and over longer periods. This indicates a higher capacity with the after 
conditions, because, if more on-ramp vehicles use ai1d stay in the auxiliary lane, as 
they do during the after study, they can merge simultaneously into single short gaps. 
If vehicles do not use the auxiliary lane they will merge one at a time, and a gap that 
could be used by two vehicles merging together will be used by only one vehicle. 

Speeds. -Table 3 also gives average speeds for each of the 5-min periods, based on 
a 301o"5o percent sample of speeds at the nose of the ramp; therefore, they are 
approach speeds rather than actual merging or weaving speeds. Unfortunately, speeds 
when actually entering lane 1 could not be obtained unless entry was made right at the 
nose of the on-ramp. (Vertical photography would be needed for accurate measure
ments.) Presumably the longer the ramp vehicle stays in the auxiliary lane, the faster 
it will be going when entry into lane 1 is made. Subjective observation bears this out. 

The speed of a ramp vehicle waiting in queue to merge may be recorded as Oto 10 
mph even though it actually merges at a much faster speed. 

To a large extent, therefore, speeds shown represent effects of the merge and 
depict a level of service. There were very few lane 1 through vehicles, so a single 
slow or fast vehicle could greatly affect the averages. 

Normal on-ramp speeds of 27 to 31 mph and lane 1 speeds of 37 to 45 mph would be 
maintained until weaving volume rates exceeded approximately 1, 500 to 1, 700 vph, and 
no significant difference between the before and after period was noted. During the 
relatively free flow periods, the before shows higher average speeds although the dif
ferences are not considered significant because of recording error. The average lane 
1 speeds for 5 min went below 30 mph only once and occurred during the highest volume 
period. 

Figure 7 shows the percent of on-ramp vehicle speeds at or less than 19 mph and 9 
mph. These represent less than normal on-ramp approach speeds and 9 mph or less, 
in effect, are stoppages. There is no significant difference between the before and 
after. 

Use of Auxiliary Lane. - Figure 6 and Table 3 show the extent to which on-ramp 
vehicles use the auxiliary lane. Figure 6 shows the percent of on-ramp vehicles enter
ing lane 1 within 300 ft and 100 ft of the nose of the on-ramp. As the on-ramp volume 
increases a greater percent will enter lane 1 within a shorter distance from the ramp 
nose. 

FRANKLIN ON-RAMP TO THE HOLLYWOOD FREEWAY 

The second interchange area discussed is the outbound lanes (west) of the Hollywood 
Freeway at high-volume conditions between the Franklin Avenue westbound on-ramp and 
Cahuenga Boulevard in Los Angeles. In addition to the general capacity characteristics 
such as volume, speed data, etc., detailed study was made of lane distribution and 
vehicle paths. 

Capacity 

Figures 8 and 9 show the geometric conditions affecting capacity of the section. 
Basically, it is a 3-lane section on a 1. 2 percent uphill grade at an on-ramp with a 
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400-ft acceleration lane. This length (400 ft) is considered very short. The section 
is preceded by a 5.1 percent uphill grade about 1,200 ft long. 

The sustained capacity of the section is about 5,500 vph including 500 to 800 vph on 
the ramp and 2. 5 to 3. 0 percent trucks. Five-min flow rates reach 5,700 vph fairly 
frequently, especially when on-ramp volume is low. 

Effects of the upstream 5 percent grade on capacity of the study section are difficult 
to evaluate. It is doubtful if the capacity of the right lane is reduced in spite of the 
slower approach speeds, in as much as the combined volume of the ramp and right lane 
at the Franklin on-ramp is as high as could be expected considering the design of the 
ramp. It is possible, however, that capacity of the left lane has been slightly reduced 
because of slow speeds and the considerable friction on the grade. Capacity of the left 
lane at Cahuenga Boulevard is in the orde1· of 2, 000 to 2, 100 vph for long periods 
instead of the 2,200 to 2,400 vph that has been obtained at other locations. 

It is more likely that 2,400 vph is not obtained in the left lane because of the rela
tively iai·ge number of vehicles merging into the left lane in a short distance at slow 
speeds. 

Capacity and Effects of the On-Ramp 

As at other locations, ramp capacity is primarily determined by the number of vehi
cles in the adjacent freeway lane. The maximum short-term combined volume rate of 
the Franklin on-ramp and adjacent lane is about 2,000 vph, including 500 to 800 on the 
ramp. Two thousand vph is almost as much as can be obtained at any location with this 
ramp volume (2, 200 vph is about maximum). 

However, operation at high merging volumes, as reflected by lane 1 speeds, is 
much worse than occurs at ramps with better geometric design. At a combined merg
Jng rate of 1,800 vph, lane 1 speeds average 25 mph. At other locations with higher 
standard ramps, lane 1 speeds are seldom reduced below 35 mph. 

Data developed in the report show that at a given total flow rate on the freeway (in
cluding ramp vehicles), the lower the ramp volume the better the freeway operation. 

At an average total flow rate of 5,600 vph for 5 min, average freeway speeds were 
20 mph or less for ten of the thirteen 5-min periods where the ramp volume rates 
were greater than 600 vph. When ramp volume rates were less than 600 vph with the 
same total flow rate of 5, 600, there were no periods that had freeway speeds at 20 mph 
or less. 

The implication is that 2 small volume ramps are better than one high-volume ramp, 
an observation borne out in studies at other locations. Thus, the common and expen
sive practice of combining two ramps, as in a two-quadrant cloverleaf interchange, so 
that they may join the freeway in a single merge is not necessarily the best solution. 
If adequate distance is available for a standard acceleration lane, two successive on
ramps should merge separately. 

Lane Changing 

In order to better understand lane distribution and factors limiting capacity, lane 
changing and vehicle paths were investigated. In summary, the following observations 
are made: 

1. At capacity volume rates, 40 percent of the on-ramp traffic shifts out of the 
right lane within 1, 600 ft downstream of the on-ramp nose. Most of the shifting occurs 
within the first 1,200 to 1,300 ft where pressure of high volume in the right lane is 
greatest. Included in the 40 percent are 7 to 10 percent that shift to the median lane 
in the same distance. 

2. About 13 percent of the lane 1 traffic at the on-ramp nose shifts to the left within 
1,600 ft. When comparing this with lane changing of ramp traffic that also must first 
merge into lane 1, it is apparent that traffic in the right lane is there for several rea
sons: (a) many vehicles are trucks that must stay in the right lane, (b) some vehicles 
are destined for nearby off-ramps, and (c) the drivers of others prefer to drive in the 
right lane or do not feel they can safely move to the left. 
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Traffic moving to the left lanes occasionally causes stoppages or shock waves in 
these lanes. Study of lane shifting shows that this and the resulting momentary stops 
do not necessarily reduce capacity of these lanes. It simply accounts for the low lane 
1 volumes at points removed from ramps. Lane changing cannot be prevented, nor 
should it. But consideration of its effects should be noted and design features consid
ered which will minimize adverse effects. These design efforts could include trying 
to reduce ramp volumes at one point as much as possible so that the number of vehicles 
changing lanes at once or in a short distance will be minimized; and placing special 
emphasis on good alignment and minimum grades at high-volume ramps so that high 
merging rates and resulting lane changing can be handled as well as possible. 

Site and Data Collection 

Maximum volume on the westbound 3-lane section of the Hollywood Freeway occurs 
between the nose of the Franklin on-ramp and Cahuenga Boulevard. This is the bottle
neck in the outbound direction. The Franklin on-ramp is near the summit of a 5. 1 percent 
grade about 1, 200 ft long. The g1·ade of the study section itself is between 1 . 2 and 2 percent. 
The ramp has a maximum grade of 8. 8 percent approaching the freeway and only a 400-ft 
acceleration lane including taper. Almost no trucks use the ramp during peak periods. 

This portion of the freeway was begun in 1951 and completed in 1953. With current 
design standards, the one significant difference in design would be the provision of an 
auxiliary lane between the on- and off-ramp. 

It is fairly clear from traffic operation that the addition of the Franklin ramp traffic 
makes this section critical. It is not clear, however, how much the upstream grade 
affects capacity. 

A given section of roadway has a certain capacity. Characteristics of traffic as 
well as thEl geometric design of the section can change the capacity of that section, 
e.g., a section of roadway on a 3 percent grade with O percent trucks has one capacity. 
If 5 percent of total traffic is trucks, the section has a different capacity. Furthermore, 
if there is an on-ramp at the section, the proportion of total traffic on the ramp affects 
the capacity as does the design of the ramp. 

In the case of this section, perhaps the proximity of the 5. 1 percent grade changes 
the characteristics of the approach traffic so that capacity of the study section is 
affected. (The capacity of the grade is definitely enough to load the study section at 
least from 5 :00 to 5 :30 PM; a change in the approach traffic characteristics means 
some change affecting its behavior when it reaches the study section. ). Although this 
effect-if there is one-has not been determined, it is believed insignificant compared 
to other capacity determining factors at the study section such as percent grade and 
trucks, design and location of ramps, and amount of traffic using ramps. In other 
words, were the approach on a level grade, the capacity of the study section would still 
be essentially the same as indicated. 

The peak hour volume using the upstream off-ramp to Gower Street is about 100 
vehicles. Another off-ramp (Highland Avenue) with a peak hour volume of about 200 
vehicles is 1,400 ft downstream of Cahuenga Boulevard. Two lanes are added to the 
section 1,200 ft further downstream at the left side of Highland Avenue on-ramp. The 
next off-ramp is Barham Boulevard, about 4, 000 ft further downstream. The 5-lane 
section has enough capacity for the existing demand and traffic never backed up into 
the study section during the observed period. 

Data were collected through time-lapse photography for two hours of traffic on two 
days, April 19 and 20, 1961. Data from two of the six cameras used in the larger 
study (operated simultaneously) were examined for this report. One camera covered 
the merging area at the Franklin on-ramp; other, the area between the nose of the 
Cahuenga off-ramp and Cahuenga Boulevard. Between the two sections, there was 
about 800 ft where detailed observations could not be made. 

In studying the two locations simultaneously (to obtain lane changing, etc.), two pro
jecto1·s were used side by side so that vehicles could be visually identified at adjacent 
locations. Color fihn was used and the projectors were equipped for single frame and 
automatic operation. 
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TABLE 4 

SUMMARY OF DATA, FRANKLIN ON-RAMP TO HOLLYWOOD FREEWAY 

At Location 1 a At Location 2b % On-Ramp 
Trucks & Buses at Location 1 April 20, 1961 Veh at On-Ramp Veh 

5-Min Period Avg. Avg. Location 2 in~ Identified(%) 
Starting Buses 2-Axle 3 or More Total 

Yeh Speed Yeh Speed 
Ll L2 L3 

3:05 L1 61 38 L1 65 40 56 36 90 11 8 19 
L2 132 43 L2 126 44 
L3 165 47 L3 153 42 
Ramp 29 

Total 344 
Total 387 25 Cahuenga 

off-ramp 

3:10 Ll 88 40 Ll 77 38 17 52 31 ·eo 12 20 33 
L2 131 35 L2 132 46 
L3 163 42 L3 173 41 
Ramp 36 Total 382 

Total 418 25 Cahuenga 
off-ramp 

3:45 Ll 77 35 LI 77 39 59 30 11 97 G 11 17 
L2 152 40 L2 146 42 
L3 173 41 L3 181 39 
Ramp 29 

Total 404 
Total 431 35 Cahuenga 

off-ramp 

3:50 L1 83 22 LI 99 30 53 37 JO 78 p 12 
L2 147 23 L2 146 36 
L3 157 26 L3 163 34 
Ramp 40 

Total 408 
Total 427 26 

3:55 LI 110 26 LI 100 33 57 39 87 B 16 
L2 152 26 L2 155 38 
L3 150 29 L3 158 35 
Ramp 38 

Total 413 
Total 450 35 

4:00 L1 93 28 LI 101 38 57 30 13 89 0 20 
L2 145 23 L2 141 41 
L3 156 28 L3 180 37 
Ramp 29 

Total 422 
Total 423 31 

4:05 L1 89 22 LI 90 33 42 42 16 80 9 0 19 
L2 155 27 L2 150 38 
L3 163 31 L3 178 36 
Ramp 56 

Total 418 
Total 463 27 

4:10 L1 106 21 L1 101 33 54 39 87 14 11 26 
L2 146 27 L2 158 35 
L3 161 27 L3 165 35 
Ramp 38 

Total 424 
Total 451 21 

,t:t S u• ,uo 19 Ll UJ Jil 66 28 87 0 8 
L2 160 21 L2 150 30 
L3 161 27 L3 166 28 
Ramp 39 

Total 429 
Total 468 29 Cahuenga 

off-ramp 

4:20c LI 57 37 LI 110 38 61 33 80 0 11 6 17 
L2 143 39 L2 153 37 
L3 151 41 L3 168 34 
Ramp 49 

Total 431 
Total 400 23 

4:25c LI 65 38 LI 80 45 59 34 77 12 
L2 152 43 L2 150 45 
L3 169 43 L3 178 38 
Ramp 40 

Total 408 
Total 426 12 

4:30c LI 77 42 LI 90 41 58 34 80 12 
L2 137 45 L2 143 45 
L3 152 44 L3 157 41 
Ramp 53 

Total 300 
Total 419 13 
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TABLE 4 

SUMMARY OF DATA, FRANKLIN ON-RAMP TO HOLLYWOOQ FREEWAY (Cont'd.) 

At Location 1 a At Location 2b % On-Ramp 
April 20, 1961 Veh at 

On-Ramp Yeh Trucks & Buses at Location 1 
5-Min Period Location 2 in: 

Starting Avg. Avg. Identified (%) 
Buses 2-Axle 3 or More Total Veh Speed Veh Speed 

Ll L2 L3 

4:35 Ll 92 30 Ll 91 23 58 36 6 BO 0 11 10 21 
L2 158 36 L2 164 33 
L3 182 32 L3 184 34 
Ramp 48 

Total 439 
Total 480 18 

4:40 Ll 101 25 Ll 112 34 71 26 77 0 4 11 
L2 152 27 L2 150 33 
L3 162 28 L3 164 32 
Ramp 47 

Total 426 
Total 462 15 

4:45 L) 96 29 Ll 110 35 68 24 86 10 
L2 152 31 L2 155 35 
L3 154 32 L3 167 35 
Ramp 46 

Total 432 
Total 448 19 

4:50 Ll 110 22 L1 121 32 64 29 90 4 g 
L2 156 22 L2 161 32 
L3 170 29 L3 176 31 
Ramp 67 

Total 458 
Total 503 20 

4:55 L1 119 16 L1 116 30 56 38 Bl 8 12 
L2 147 19 L2 158 32 
L3 150 27 L3 164 30 
Ramp 42 

Total 438 
Total 458 21 Cahuenga 

off-ramp 

5:00 Ll 95 11 L1 118 29 70 28 92 2 8 15 
L2 154 18 L2 160 31 
L3 156 25 L3 164 30 
Ramp 64 

Total 442 
Total 469 19 

5:05 Ll 93 12 L1 113 31 59 33 82 2 6 
L2 139 19 L2 155 30 
L3 146 23 L3 159 31 
Ramp 65 

Total 427 
Total 443 22 

5:10 L1 90 14 L1 115 33 66 27 82 5 10 
L2 144 18 L2 160 33 
L3 142 24 L3 162 31 
Ramp 76 

Total 437 
Total 452 15 

5:15 L1 83 12 L1 120 30 60 31 85 10 
L2 144 18 L2 160 31 
L3 146 21 L3 161 32 
Ramp 85 

Total 441 
Total 458 17 

5:20 Ll 91 11 Ll 119 29 61 30 85 8 10 
L2 136 17 L2 152 35 
L3 155 22 L3 168 31 
Ramp 68 

Total 439 
Total 450 14 

5:25 Ll 93 17 Ll 99 30 63 28 91 10 13 
L2 134 18 L2 146 32 
L3 142 20 L3 158 33 
Ramp 54 

Total 403 
Total 423 15 

aLocation 1 at Franklin on-ramp nose. 
bLocation 2 at Cahuenga Blvd. 
cLower volumes and higher speeds are the result of a stalled vehicle restricting upstream traffic flow. 
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Peak Hour Volumes and Traffic Operation 

Figure 10 summarizes counts for 4:30-5:30, shown in terms of hourly rates for the 
half-hours 4:30-5:00 and 5:00-5:30. This illustrates the differing pattern that occurs 
at the location (data by 5-min periods for one day are given in Table 4). 

Sustained capacity of the section is about 5,500 vph. For 5-min periods, rates of 
about 5,700 vph are reached fairly frequently, especially when on-ramp volume is low. 
From 4:30 to 5:00 when the Franklin on-ramp was at a rate of about 600 vph, operation 
was considerably smoother than from 5:00 to 5:30 when the Franklin ramp volume was 
800 vph even though the total freeway volume rates were the same. 

Trucks and buses were about 2. 7 percent of total volume from 4:30 to 5:00 and 2. 4 
percent from 5 :00 to 5 :30. 

Average speed for all lanes at Cahuenga Boulevard on both days was 34 mph from 
4:30 to 5:00 and 32 mph from 5:00 to 5:30. Flow at Cahuenga Boulevard was smooth 
throughout and no stoppages developed. This is evidence, even though speed was low, 
that traffic was leaving the bottleneck area. 

At the Franklin ramp, operation was very poor, particularly after 5:00 when Franklin 
ramp traffic (from Hollywood's business center) increases. There were numerous 
stoppages on the ramp and right lane and several in the median lane as ramp and other 
traffic, under pressure of right lane congestion, moved to that lane downstream of the 
merge. Average speed for freeway traffic (excluding Franklin ramp vehicles) from 
5:00 to 5:30 at this point on both days was less than 20 mph. 

From 4:30 to 5:00 average freeway speed at this point was about 25 mph. Despite 
the higher speed, the section was the capacity limitation during this half-hour as well 
as from 5:00 to 5:30, because there was a continual backlog of vehicles on the grade. 
Also, data from the larger study indicated the capacity of the upstream grade was more 
than the 4,900 vph rate (5,500 less 600) that did negotiate it from 4:30 to 5:00. 

Hour ly Ra1e, 4•30 - 5•00 P,M , 

FRANKLIN ON-RAMP 

Hourly Ra1e, 5•00 - 5•30 P.M. 

ooo, 4/19/61 (000), 4/20/61 

(2,020) 2,080 
_ (1,860) I~ 

( 1,28 0) ~310 

(5,370):

2

~, \ 
5

'
59° CAHUENGA BLVD, 

OFF-RAMP 

\i""""" - - 1-1,--1--10_,l,--1-,a- 2-o-------*----------*------,t.,-l, .... 94.,-o""l--c2~,o,,..3=0 

- (l,700) 1,670 (1,870) I~ 

- ~l,180 (I 370) I '140 

-, ,e,i-O' 190 ';•,!:~)* {5,380):~ 

/' 5,540 "'" \ \ 

,. Coun1s were made simul1aneously a1 bo1h locations. 
Ta1als should be approximately !he same. 

Figure 10. Peak hour trai'fic volume, Hollywood Freeway study. 

BLVD. 
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Traffic Characteristics 

Lane Distribution and Lane Changing. - Freeway traffic volume and distribution by 
lane at the Franklin on-ramp is different from that at Cahuenga Boulevard. There is 
considerably more traffic in the left lanes at the Cahuenga Boulevard location. Because 
the additional ramp traffic and significant shift of traffic to the left lanes is one of the 
limiting factors on capacity of the section (and the cause of occasional shock waves in 
the median lane at this point), an analysis of the ramp and lane 1 traffic was made. 

Ramp Traffic. -Figure 11 shows the percentage of on-ramp vehicles that were still 
in lane 1 (right lane) about 1,600 ft downstream of the ramp nose related to total free
way volume. Even at capacity freeway volumes, about 40 percent of the ramp traffic 
has moved out of lane 1 with about 7 to 10 percent moving into lane 3. 

Figure 12 shows the percentage still in lane 1 related to the volume of lane 2 and 3 
traffic at Cahuenga Boulevard (including vehicles that moved over to fill these lanes). 

Most of the lane changing takes place within the first 1,200 to 1,300 ft downstream 
of the ramp nose. This is the area of greatest pressure in the right lane which causes 
the rapid shift of traffic. Once Cahuenga Boulevard has been reached, a relatively 
normal distribution has been attained. 

There is one 5-min period in which 83 percent of the ramp traffic had moved out of 
lane 1. Because this was such an unusually high percentage, it was checked in detail. 
Re-analysis indicated the percentage was correct and occurred because there was 
space available in the left lanes, and because there was an unusually large number of 
trucks during the period (33 or 8 percent of total traffic against a normal of less than 
20 trucks per 5-min period; all were in the right lane). 

There was no correlation between the percent of ramp vehicles shifting out of lane 
1 and the number of ramp vehicles. In other words, the volume of on-ramp traffic is 
not a direct factor determining their lane changing. 
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A certain percentage of the on-ramp traffic is destined for the Highland Avenue off
ramp and generally it could be expected to stay in the right lane. Therefore, the per
cent of ramp traffic shifting out of lane 1 would be somewhat higher when only long 
distance ramp traffic is used as a base. For example, assuming a 5-min on-ramp 
volume of 50 vehicles, at Cahuenga Boulevard 25 may be observed in lanes 2 and 3, 
and 25 in lane 1. Therefore, 50 percent would be said to shift out of lane 1. If 5 of 
the on-ramp vehicles were destined for the Highland Avenue off-ramp, which is not 
unlikely, they probably should not be considered as part of the total. Then 25 out of 45 
shifted out of lane 1 or 56 percent instead of the previously noted 50 percent. (Of the 
J.<'ranklin on-ramp vehicles, 2 to 5 percent exited at the adjacent Cahuenga Boulevard 
off-ramp; these vehicles were not included in determining the percent distribution at 
Cahuenga Boulevard. ) 

There is another factor also tending to make the actual number of ramp vehicles 
shifting to lanes 2 and 3 slightly greater than indicated (though it probably is not signif
icant). For one reason or another, an average of 10 to 25 percent of the ramp vehicles 
could not be positively identified when they were at Cahuenga Boulevard. A greater 
,percentage of the unidentified vehicles probably were in lane 2 and lane 3 than in the 
'identified sample, because the location of the camera made identification of vehicles 
in lane 1 easier. 

Right Lane Traffic. -Ramp vehicles quickly distribute to all freeway lanes, presum
ably because drivers believe they will be able to travel at higher speeds and encounter 
less congestion. 

In the first 400 ft downstream of the on-ramp nose, (actual merging area) approxi
mately 3 percent of the vehicles in lane 1 at the on-ramp moved to the left. In the next 
1,200 ft, 10 percent more moved to the left-13 percent in 1,600 ft. Many of these 
lane 1 vehicles are probably ramp vehicles originating at the Hollywood and Sunset 
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Boulevard on-ramps 3,200 and 4,000 ft upstream of the Franklin on-ramp. The vol
ume for the hour 4:30 to 5:30 on the two ramps together was 780 vehicles on the 19th 
and 710 on the 20th. 

It was not possible to identify accurately the vehicles using the Cahuenga Boulevard 
off-ramp, but it was apparent that almost all of these vehicles were in the right lane 
at the Franklin on- ramp nose (1,000 ft upstream of the off- r amp). Therefore, about 
15 percent of the lane 1 through vehicles moved overwithin 1,600 ft. 

In summary, 15 percent of lane 1 through vehicles shift out of lane 1 within 1,600 
ft , as compared with 40 percent of the ramp vehicles that must first merge into lane 1 
using 400 of the 1,600 ft for this purpose. 

It is obvious then that lane 1 traffic generally is there for a purpose and most will 
not shift over in spite of the congestion in this lane. 

Effect of Franklin On- Ramp on Freeway Operation and Capa city . -The acceleration 
lane (including taper) is only about 400 ft long, considerably less than current standards. 
The ramp approach is on a 8. 8 percent upgrade. However, almost no trucks or buses 
use the ramp. Another important factor is the freeway upgrade approaching the ramp 
which causes slower than normal lane 1 speeds even at low volumes. 

Figure 13 plots average speeds of lane 1 at the on-ramp against total ramp and lane 
1 volume. Maximum combined lane 1 and ramp volume is between 2,000 and 2,100 
vph. The highest rate observed at other merging locations with comparable ramp vol
umes is about 2, 200 vph. However, operation at high volumes as reflected by lane 1 
speeds is much worse than observed at loc ations with higher standard ramps. For 
example, at a combined volume rate of 1,800 vph (inc luding 500 to 800 vph on the ramp), 
average lane 1 speeds are about 25 mph. At other locations (i.e., Ashby Avenue on 
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the Eastshore Freeway, and several ramps on the Los Gatos-San Jose Freeway) com
bined ramp and lane 1 volumes of 1,800 vph scarcely reduce lane 1 speeds below nor
mal rates. Average speeds would be 35 mph or more at these volume rates. 

Because a more or less constant percentage of ramp traffic would shift out of the 
right lane regardless of the ramp volume, it might be assumed that the higher the ramp 
volume, the worse the effect will be on total freeway volume. Figure 14 shows that at 
a given total flow rate (including ramp traffic), the lower the ramp volume the better 
the operation. Between total volume rates of 5,400 and 5,800 vph there are twelve 5-
min periods with ramp volume rates of 600 vph or less, and thirteen 5-min periods 
with ramp volume rates greater than 600 vph. Yet during 10 of the 13 periods with 
ramp rates greater than 600 vph, freeway speeds were 20 mph or less. During the 
periods of less than 600 vph ramp rates, all had freeway speeds of greater tban 20 mph. 

Figure 14 also indicates, although not conclusively, that the capacity of the section 
may be reduced when ramp volumes are high. The highest total volume rates did not 
occur when the ramp volume rates were highest. 

The implications are fairly obvious. Essentially, two small volume ramps will 
result in better freeway operation than one large volume ramp, and possibly result in 
higher capacity. A better distribution among all freeway lanes will result and fewer 
vehicles will change lanes at one time or in one short section. 

Therefore, the common (and expensive) practice of merging two ramps prior to a 
single merge to the freeway may not be the best design. As long as the distance between 
successive on-ramps is enough to permit an adequate acceleration lane, vehicles should 
merge into the freeway separately. 

Vehicle Paths. -In studying traffic operation on the section, stoppages would be 
observed frequently in lane 1 at the on-ramp merge and occasionally in t he 0U1er lanes. 

Merging Traffic. -A momentary stoppage of lane 1 and/ or on-ramp vehicles could 
occur any time the combined ramp-lane 1 volume rate for very short periods (about 30 
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sec) was more than 1,800 vph. Because of statistical variations in headways, such 
stoppage occurs even during 5-min periods of relatively low volume flow. There were 
numerous ramp vehicles that stopped and waited for a gap at rates less than 1,800, 
not as a result of a capacity limitation or a lack of gaps to merge properly, but because 
of the effects of a short acceleration lane at low volumes. 

If demand slackens, congestion dissipates quickly. If demand remains, congestion 
remains. If demand increases, congestion at the merge point stays the same, but the 
extra demand is reflected in longer back-ups. In each case the output rate (number 
able to merge) is the same. The actual number able to merge without congestion as 
well as the maximum that can merge depends on traffic characteristics and geometric 
conditions. 

Figure 15 plots ramp and right lane vehicle paths for about a 2-minperiod containing a 
slight stoppage during a 5-min period at near capacity flow. (The 5-min period is prior to 
the peak and the full demand is able to reach this point; in other words, the freeway vehicles 
have not previously been stopped at any point upstream of the merge.) Although the 
paths in the middle portion of the section are approximate, every vehicle is accounted for. 

At the Franklin on-ramp for the 130-sec period shown there are 67 vehicles on the 
ramp and lane 1, or a merging rate of about 1,850 vph, and 27 vehicles on the ramp 
(750 vph). 

Of 27 ramp vehicles, 6 stayed in lane 1, 15 moved to the left, 2 got off at the 
Cahuenga Boulevard off-ramp, and 4 are unknown or unidentified. The unidentified 
ones had to either go to lane 2 or the ramp because all lane 1 vehicles at Cahuenga 
Boulevard were accounted for. 

Of 40 lane 1 vehicles, 24 stayed in lane 1, 7 moved to the left including one who 
came back to lane 1 after passing a vehicle, 7 to the off-ramp, and 2 were unknown. 

Of the 67 lane 1 and ramp vehicles at the ramp, 31 were still in lane 1 at Cahuenga 
Boulevard, 5 additional vehicles had entered lane 1 from lane 2. These probably were 
destined for the downstream Highland Avenue off-ramp. 

For the 2-min period, lane 1 average speed at Cahuenga Boulevard was constant 
and about 35 mph. At the beginning and end of the 2-min period, merging was fairly 
smooth, and lane 1 vehicles traveled at an average speed of about 30 mph through the 
merge. 

For the first 14 ramp and lane 1 vehicles, a high merging rate was maintained. 
The average headway was 1. 42 sec or an equivalent volume rate of 2, 500 vph, but it 
could not continue. One vehicle slowed to 14 mph behind an entering ramp vehicle. 
The entering ramp vehicle went to the Cahuenga off-ramp. If an auxiliary lane were 
available, the following vehicle would not have been forced to slow down, and much of 
the congestion for the following minute might have been eliminated. 

Succeeding vehicles, including a large truck, also had to slow down. This congestion 
would have cleared up quickly except that a high arrival rate continued. From time 
39 sec to 63 sec, 17 ramp and lane 1 vehicles arrived-an average headway of 1. 5 sec. 

The high flow rate could not be maintained and both lane 1 and ramp vehicles were 
forced to come to a stop momentarily. As demand slackened, good merging operation 
resumed within seconds. 

The main point indicated by Figure 15 is that at high volumes these momentary 
stoppages are unavoidable and do not result in a loss of capacity (although a longer 
acceleration lane permits higher volumes before stoppages occur, and probably the 
lower the ramp volume the greater the total merging volume rate that can be main
tained). 

In such a plot showing individual headways, actions of a few vehicles are not statis
tically reliable. In other words, simply because vehicles 1 through 14 merge smoothly 
at a very high rate, it is not correct to say that the congestion during the minute from 
time 25 to 85 sec reduces capacity. 

The input volume (ramp plus right lane vehicles) for the minute preceding time 25 
sec, which includes the momentary high merging rate, is 27 vehicles (Fig. 15). The 
volume for the minute 25 to 85 sec, operating essentially under stop and go conditions, 
is 34 vehicles, including 4 trucks whose extra length is significant in this type of opera
tion. During the minute following time 85 sec, speeds picked up to 35 mph, but volume 
dropped off to 23 vehicles because of momentary (statistical) drop in demand. 
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Extremely high merging rates can be accommodated at the merge, but only for short 
periods and/ or over a very short distance. Drivers will not maintain the close spac
ings and will either slow down or shift to the left lanes-often whether there is room for 
thern or not. Thus, as lhey shiil, JJrubiems can be caused in the other lanes. 

Median Lane. -The shifting traffic occasionally caused a stoppage in the median lane. 
In effect, the traffic moving into the median lane is the same as ramp traffic, and 

when merging rates exceed capacity, the same thing will happen as occurs at ramps. 
But because there is an infinitely long "acceleration" lane and "ramp" volume is small, 
stoppages do not occur until very high rates of flow are reached. (This is one of the 
reasons rates as high as 2,400 vph can be maintained in median lanes.) 

Figure 16 plots vehicle paths in the median lane for about a 1-min period in which 
one of the stoppages or shock waves occurred. At the beginning of the period, flow 
was smooth although slow. As several lane 2 vehicles merged into the median lane, 
the following lane 3 vehicles slowed down until an actual shock wave was created. The 
first lane 2 vehicle merging into lane 3 enters a time headway gap between vehicles 4 
and 5 of about 1. 5 sec. Vehicle 5 cannot maintain this spacing with the entering vehicle 
in front, and therefore slows down so that he is 3 sec behind vehicle 4. 
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The demand rate-of-flow entering the section in lane 3 was approximately 1,800 vph 
(16 in first 30 sec). However, several additional vehicles entered the median lane 
downstream making total demand something greater than 2,000 vph. Since the charac
teristics of the traffic and site, at least for this minute, were such that a total flow 
rate of only 2, 000 vph could be accommodated, some of the entering vehicles had to 
wait, thus creating the shock wave. 

Therefore, it cannot be said that the minute volume rate was only about 1,650 vph 
because of the stoppage. This is not the full picture. Only because another 350 were 
entering downstream could 1,650 pass the entering point. At Cahuenga Boulevard the 
flow rate was still 2,000 vph. 

Each vehicle in the shock wave was delayed from 6 to 10 sec. Once traffic moved 
again, normal flow resumed within seconds. 

The shock wave essentially starts with vehicle 6 at time 20 sec about 300 ft down
stream of the ramp nose. It reaches the nose at about time 40 sec (vehicle 22). Thus, 
the shock wave travels upstream at a speed of 15 ft per sec or 10 mph. The approach 
volume rate during the time the wave was traveling upstream was 1,900 vph. 
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Notes on Freeway Capacity 
KARL MOSKOWITZ and LEONARD NEWMAN, Assistant Traffic Engineers, California 

Division of Highways 

•THE FIRST part of this paper deals with rural freeways, and strictly speaking is not 
a discussion of capacity. However, it is a discussion of operating characteristics at 
volumes less than capacity which will result in a "level of service," subjectively de
termined to be desirable for rural or long distance conditions. 

Both design capacity and possible capacity of a uniform segment of an urban free
way are then discussed. A knowledge of these values is necessary to determine the 
basic number of lanes in the design of a freeway, and to review conditions on an existing 
freeway where traffic congestion occurs. Traffic flow cannot be increased by revising 
the design of one segment of freeway or interchange if the downstream freeway leg is 
operating at capacity, and delay cannot be reduced unless traffic flow is increased or 
diverted to another route. 

A knowledge of capacity is necessary to recognize and pinpoint the bottlenecks. Be
cause traffic often flows smoothly at a bottleneck, many observers make serious mis
takes in identification and pinpointing. Conversely, even when a bottleneck is identified 
and a cure is proposed, it is necessary to know whether the upstream'freeway can fur
nish enough flow to take advantage of the increased capacity and whether some new 
bottleneck will make its appearance at a downstream location. 

The terminology, "Urban Freeways," does not mean that these capacities are not 
valid under rural conditions. Given the same geometry, driver, and vehicle characteris
tics, the capacity of a freeway is the same in a city, suburbs, or rural areas. 

"Analysis of Interchanges" presents a procedure for reviewing the design or opera
tion of a given geometric layout to be sure that it will work. Ramp capacity and weav
ing and merging capacities are defined and analyzed. The procedure may seem com
plicated at first, but weaving is a complicated problem. It is hoped that practicing de
signers will produce simplified tables, charts, and nomographs to a~d in the solution 
of problems for specific cases, as well as for the general case. However, the com
plexity of the problem means that oversimplification must be avoided. 

The discussion of "level of service" is necessarily subjective to some degree. 
Values in Table 1 were agreed to by the HRB Highway Capacity Committee in January 
1962. These values will replace the "Rural Practical Capacity" values of the 1950 edi
tinn nf thP Highw!::ly r!:lp!:irity M!::an11!:il ,uhAn the nA,u ArHtinn _ ;~ p11hliQhArl. 

Other values and all figures are based on extensive observations and intensive study 
of California Freeways during the past seven years (1955-62). Observations are con
tinuing with the objective of refining the given values and filling in the blank spots. 

The effects of grades, coupled with the proportion and speed distribution of slower 
vehicles, are not wholly understood, but Figure 2 represents the best available esti
mate of these effects. Research is under way which may cause some future changes 
in this figure. However, it is now based on enough facts and study to warrant the state
ment that it is far better than any individual opinion or summation of opinions. Effects 
of weather and lighting conditions are not treated at all, and this also represents a de
ficiency in present knowledge. 

With these exceptions and others specifically pointed out this report may be con
sidered authentic. 

The Subcommittee on Definitions of the Committee on Highway Capacity adopted the 
following definitions at the January 1962 meeting of the Highway Research Board: 

Paper sponsored by Committee on Highway Capacity . 
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The possible capacity is the maximum number of vehicle s that 
can pass over a given section of road1-ray in one direction during 
one hour under specified traffic conditions . 

Design capacity is the number of vehicl e s that can pass over 
a given section of roadway in one direction during one hour under 
specified traffic conditions and operating at a level of service . 
The level of service should be based on an engineering evaluation 
of the probability of traffic interruptions, on desired speed of 
operation as deter mined by trip purpose , type and location of the 
facility , the coat of vehicle operation , and by the cost of build
ing, maintaining and operating the high,ray . 

A design capacity is a volume generally selected for design 
purposes which will provide a desirable level of service. 

RURAL FREEWAYS 

45 

On rural freeways, where most trips are long, the traific volume duri ng the des ign 
hour should be low enough to provide a reasona ble degree of freedom of maneuver and 
absence of tension on the part of the drivers. This volume is quite low in comparison 
with the capacity of the freeway. 

Even at extremely low volumes, there will be occasions where the projected time
distance graphs of three cars driving at steady speeds on a 2-lane one-way roadway 
will all reach a given point on the road at one time and a certain amount of adjustment 
of speed is required. The aggregate of such adjustments is negligible, in terms of 
psychological annoyance, up to values to be discussed. On grades, the aggregate or 
cumulative adjustments or conflicts are more frequent, but if the grades are short or 
if they are long distances apart, the cumulative tension for the trip is not increased 
very much. On the other hand, the capacity of any grade should never be exceeded. 

On 4-lane freeways, with two lanes in each direction, it was found that at about 
1, 400 vehicles per hour ' (vph) in one direction on a level grade, the faster group of 
drivers began to be reluctant to use the right-hand lane for fear of being "trapped" 
behind a slow vehicle while an entire platoon of fast vehicles passes the slow vehicle. 
When rates exceed this number, this effect begins to be significant and the trapped ve
hicles will begin to break into the platoons passing in the left lane. 

Curves showing speed versus traific volume are not sensitive enough to pinpoint this 
effect. The fast platoons in the left lane are traveling 55 to 65 mph and the slow vehicles 
in the right lane are traveling 45 to 55 mph. The average speed of all vehicles is very 
slightly less than it is during low-volume flow. An observer standing at one location 
will note that long intervals go by between platoons, during which all cars are free 
moving, and then a platoon will go by in which the headways in the left lane are very 
short. It does not look like heavy flow, but about 50 percent of the drivers will be in 
a state of tension, driving bumper-to-bumper. 

When there are three or more lanes in one direction, the probability of being trapped 
in the slow lane is reduced to negligible proportions at hourly volumes of less than 
1, 500 per added lane. It follows that for 
a given level of freedom, a freeway having 
three or more lanes in one direction will 
allow for a higher average hourly lane 
volume. 

Table 1 may be used as a guide for 
determining the traific volume which will 
result in practically unrestricted flow on 
various widths of freeway. Values are 
shown both for passenger cars only and 
for a normal percentage of trucks or slow 
vehicles . This percentage rarely exceeds 
50 percent during the peak hour. 

TABLE 1 

PRACTICALLY UNRESTRICTED FLOW ON LEVEL 
GRADES, RURAL LONG-DISTANCE FREEWAYSa 

No. of Lanes One Direction 

a very high level of service. 

Hr. Vol. -One Direction 

No Trucks 

2,000 
3,500 
5, 000 

51, Trucks 

1, 700 
3, 000 
4, 400 
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The values given in Table 1 are not capacity volumes .1 The only reason for listing 
them is to evaluate a quality of flow that will be acceptable for long-distance travel 
with almost complete absence of tension and to show the effect of additional lanes for 
this qualil'y of flow. In deciding what value to use for design capacity, as previously 
defined, the length of highway involved, the distribution of individual trip lengths, and 
the cost of providing a given level of service should all be taken into account. 

Effect of Grades 

On sustained grades (more than Xi mi) the right lane will be pre-empted by trucks, 
~uld if il is desired lo ,maintain a quality of flow on the grade equal to the quality on the 
level, it is necessaTy to add a climbing lane whenever· the one-way volume exceeds 
1,000 vph. However because of economic factors, it may not always be desirable to 
do this. 

There is a certain amount of platooning even on level roads at the volumes given in 
Table 1. When a plus grade is introduced, these platoons become more serious con
trols on capacity . The frequency of these platoons or bunches, the speed at which they 
move, and the possible capacity of the roadway itself are functions of (a) number of 
slow vehicles, (b) speed of slow vehicles (rate of grade), and (c) length of grade. If 
the grade is short and there are few trucks, there is a certain probability that there will 
be no trucks on the grade. If the grade is longer, there will be a greatel' probability 
that trucks on the grade will be encountered. Also, if the grade is steeper (and thus 
trucks slower), trucks will be on the grade a greater proportion of the time. Research 
linking these variables is now under way but is not complete. 

For the time being, it may be assumed that grades of less than 2 percent and less 
than Y:i mi can be disregarded, when considering flow rates less than possible capacity. 
Grades between 2 and 3 percent will form queues, but they will move fast enough so 
that high rates of flow can be maintained and the queues will not accumulate. 

Pending the results of current research, the freeway capacity chart (see Fig. 2) 
may be used as a guide. 

URBAN FREEWAYS 

Fundamental Considerations 

On a level urban freeway, when traffic flow is heavy enough to raise any questions 
regarding capacity, individual headways between vehicles vary from 0. 5 sec up. In 
other words, in a very short interval of time and for a very few vehicles, the rate-of
flow in one lane or one file of vehicles can be as much as 7, 2 00 vph. However, on the 
whole it is found that any 100 vehicles traveling through a significant distance, such 
as a quarter -mile or more, will not accept average headways of less than 1. 8 sec, which 
is a rate-of-flow of 2,000 vph.2 Some drivers in the total stream will accept lesser 
headways and these drivers teml Lu drive in the left-hand or median lane. For example, 
lane volumes in the median lane on many freeways consistently reach 2,200 vph. This 
does not mean, however, that all the vehicles in the stream (on all lanes) are willing 
to accept such short headways. 

For design purposes this value (2,000 vph) should be reduced by 10 percent which 
results in the following rule: The basic fact about freeway traffic flow is that average 

1 The Hight·111J' Capacity Committ ee used the followi ng to escribe Table h 11 (This table) 
rnay be used as a guide for determining t.ho: trat:fic volume which will result in a level 
of service where most of the cars will be affected by other vehicles in the stream but 
the conflic~ is not unreasonable, even tor long trips." ' 
:JObservati.ons of extreme rates-of-flow eicceeding t.his value have frequentl y been made 
but rates higher than 2,000 vph cannot be considered depe dable. The rate of 2,000 i~ 
capacity in the same sense that L 000 psi is the compressive strength of a given concrete 
mix, even though the batch might produce individual c,ylinder s varying from 3,500 to 4,500 
psi at failure . 
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headways of less than 2 sec should not occur except during short intervals such as 
when a slug of traffic from a surface street traffic signal enters a freeway in about 30 
seconds. During any 5-min interval, enough space should be provided so that no more 
than 150 vehicles will pass a point in one file. This may be referred to as a rate of 
1,800 vph per lane for short periods. 

Peak Hour Factor 

In describing traffic flow, the motorist considers that failure occurs when traffic 
comes to a stop. This is a good enough definition for the traffic engineer and highway 
designer. A stipulated rate-of-flow for a 5-min period can insure that this will not 
occur, and with a 10-percent margin for error, this rate-of-flow is 1,800 vph per lane 
(average of all lanes). 

However, the rate-of-flow for the highest 5-min interval of an hour is always higher 
than the rate-of-flow for the whole hour. This is because there is a natural statistical 
variability among the 12 five-min intervals, and there is also a variation in demand, 
owing to office and factory closing times, etc. , within an hour, despite the metering 
effect of the surface street system. 

The ratio of the rate-of-flow during the highest five minutes to the rate-of-flow dur
ing the whole hour is called the peak hour factor (PHF). For example, if there are 
165 vehicles in the peak 5 minutes and 1, 800 in the whole hour, the PHF factor would 
be 165 .,. 150, or 1. 1. 

In large metropolitan areas, the peak 5-min rate-of-flow within an hour will be about 
1. 1 times the rate for a whole hour. For example, if the total hour volume were 1, 800 
vehicles per lane, the maximum 5-min rate-of-flow within the hour would be about 
2,000 vph. 

In smaller urban areas the peak 5-min rate-of-flow usually does not exceed 1. 3 
times the total hour rate. 

It follows that if the volume in a large metropolitan area (PHF = 1. 1) is predicted 
to be 1, 800 per lane in a whole hour, and in a smaller area (PHF = 1. 3) 1, 500 per 
lane in a whole hour, the peak flow rates for short periods at both locations (and thus 
the probability of failure) will be about the same. 

Urban Capacities 

The preceding leads to the .capacities given in Table 2 for a uniform segment of free
way, or "straight pipe" condition. These values are considered acceptable hourly 
operating volumes under "average" conditions. Average conditions are as follows: 

1. Nearly level grade line (less than 2 percent). 
2. About 3 percent trucks. 
3. Absence of high-volume ramps in the vicinity which means straight pipe distri-

bution of traffic among the lanes. 

Acceptable volumes would be higher in the presence of one of the following factors: 

1. Downhill grade line. 
2. Less truck volume. 
3. An "expanding" situation downstream. An expanding situation could be either the 

addition of a lane to the freeway, branch connection where the total number of lanes is 
increased and both legs have more than adequate capacity, or any other factor providing 
increased capacity. 

Acceptable volumes would be lower in the presence of one of the following: 

1. Sustained uphill grade line. 
2. More truck volume. 
3. other factors causing mal-distribution of traffic. 

Actually, average conditions may be considered hypothetical, and accepting operating 
conditions are not determined by the average, but rather by the sections of least capac
ity. For this reason, it is important for the engineer to exercise judgment and provide 
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TABLE 2 

FREEWAY CAPACITY (HOUR VOLUME)a 

Capacity (vph) 

2 Lanesb 3 Lanesb 4 Lanesb 5 Lanes0 
Lane 

1. 1 1. 2 1. 3 1. 1 1. 2 1. 3 1. 1 1. 2 1. 3 1. 1 1. 2 
PHF PHF P HF PHF PHF PHF PHF PHF PHF PHF PHF 

I (rt. ) 1, 400 I , 300 I, 200 I, 400 I, 300 1,100 l.300 I, 200 I, 100 1,200 1, 100 
2 1,800 1,700 I, 500 1,700 1,500 1,400 1.600 1,500 1,400 1,600 1,400 
3 1,800 1,700 1,600 1,800 1,600 1,500 1,800 1, 600 
4 I, 800 1,700 1,500 1,800 1,700 
5 ---- ---- 1,800 1, 700 

Total 3,200 3,000 2,700 4,900 4,500 4,100 6,500 6,000 5,500 8,200 7,500 

n 
Queues wilJ !'tot develop and delay will be negligible . 

bone direction. 

a balanced design. The effectiveness of many miles of excellent design may be lost if 
adequate capacity is not provided for one or two short lengths. 

Bottlenecks 

Although Table 2 is useful in determining the basic number of lanes by freeway sec
tions, it is not sufficient information to design an urban freeway. During the peak 
hours, operating conditions on urban freeways are a function of possible capacity of 
bottlenecks in the system which may or may not be dependent entirely on the number of 
lanes. 

The traffic volume on an urban freeway will change at every entrance and exit ramp. 
Because of this, the ratio of demand to capacity varies from interchange to interchange. 
It is impossible to design a freeway so that this ratio will stay constant. Therefore , 
it is almost pointless to set up a lane-volume value in cars per hour to provide a given 
quality of flow along any significant length of highway. Driving along an urban freeway, 
even in a straight pipe condition between interchanges that are two or more miles apart, 
the individual driver encounters various instantaneous changes in conditions of flow. 
In one instant , he will be in the crest of a wave, and the next he might be in the trough. 

When the input exceeds the capacity of a bottleneck, the freeway upstream from the 
bottleneck becomes a storage area and rate-of-flow in terms of cars per hour has no 
meaning. The rate-of-flow upstream of the bottleneck is independent of the geometric 
conditions at this location since it is bound to be equal to the rate-of-flow at the bottle
neck. 

Furthermore, when a buLLlenet:k is operating at capacity, the speed of traffic up
stream is also independent of geometric conditions on the upstream leg. The speed of 
traffic under such circumstances is a function of the excess of input over output and 
the length of time that the input rate has exceeded the output rate (Fig. 1) . 

When traffic is not backed up from a bottleneck, the average speed decreases some
what as the rate-of-flow increases. The difference in speed is not significant in urban 
area capacity problems and should not be used as a criterion for determining acceptable 
operation. It should never be a consideration in establishing design speed. Design speed 
should be governed by operating conditions desired during off-peak hours. High stand
ards of horizontal and vertical alignment will result in better operating conditions at 
very high volumes (even though speeds may be lower than design speed), and in greater 
safety at all hours of the day. 

There are several conditions which can cause a bottleneck. The most frequent con
dition occurs where traffic is added to the mainline of the freeway without adding lanes 
to the mainline. This can occur at any entrance ramp along the freeway, and at a given 
total volume, is more likely to occur if the entering traffic is confined to a few high
volume ramps instead of several low-volume ramps. Another condition which can cause 
a bottleneck is a reduction in number of lanes. Other bottlenecks occur where the free
way begins an uphill grade. 



T -
input~.-

/ 
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No. of cars being delayed at time tb, which is 
desired arrival time of nth car (nth car will 
arrive at upstream end of queue before this). 

tn: Delay suffered by nth car. 

No. of cars delayed during entire period that 
queue exists. 

Area between two curves= total delay in vehicle-minutes. 

T = Total length of time that congestion lasts. Note 
that tn, the delay suffered by any one car, is 
only a small fraction of T. Congestion may last 
2 hours and the maximum delay to any one vehicle 
may be as little as 5 or 10 minutes. 

If the average space headway in the queue is d, speed of 
nth car is a function of d, nb, and tn. Note that speed 
is dependent on capacity, not the other way around. 

Figure 1. Relation between capacity and delay. 
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The problem is to define the locations of the bottlenecks and to provide adequate 
possible capacity at those locations. If this is done, the quality of service in between 
will take care of itself. 

In a long straight pipe condition, traffic tends to distribute among the available lanes 
so that values such as given in Table 2 will apply. However, in the vicinity of bottle
necks, it is often found that distribution among the lanes does not follow the general 
pattern. 

Bottleneck problems in general may be categorized as grade problems, where slow 
vehicles cause mal-distribution of traffic among the lanes, and merging and weaving 
problems at interchanges. 

Grades 

Figure 2 shows various levels of service as affected by long grades and a normal 
percentage of trucks. Although the precise effect of grades is not known, this may be 
used as a guide in evaluating grade problems for the time being or until further research 
requires a change. 
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ANALYSIS OF INTERCHANGE CAPACITY 

The analysis of interchange capacity is essentially the analysis of conditions at ramp 
terminals. 

Ramp Capacity 

The rate-of-flow that an on- or off-ramp proper (turning roadway) can handle is 
about the same as a freeway lane or about 1,800 vph. Whether the ramp volume can be 
accommodated at the intersection with the surface street is a separate problem and 
should be analyzed as a regular street intersection problem. 

When capacity is a consideration, any on-ramp roadway more than 1,000 ft long 
should be 2 lanes wide even when it is funneled to 1 lane at the merge. This allows 
passing and breaking up of queues and large gaps, thus permitting a more even arrival 
rate at the freeway and at higher speeds. 

On an off-ramp, the amount of 2-lane roadway (or wider) beyond the exit nose is 
dependent primarily on capacity requirements at the surface street connection and stor
age space required. 

The freeway terminals of ramps should be of standard design. The standard en
trance ramp must provide (a) adequate merging distance for high speeds as well as low 
speeds at every location, (b) in combination with the approach ramp, adequate length 
for entering cars to accelerate from any turning speed, and (c) adequate merging dis
tance for low volumes as well as high volumes. 

Freeway to freeway connections are essentially the same as ramps and can be ana
lyzed in the same manner. The turning roadway may be of a higher standard to permit 
higher speeds, but the terminals would be the same. The connections would be dif
ferent only if the exit or entrance volumes were so high as to require dropping or adding 
a lane to facilitate 2-lane exits or entrances. 

Two-lane ramp connections to the freeway are not generally used unless a lane is 
added or dropped, but in some cases, they are desirable even when a lane is not added 
or dropped. This could be the case when the ramp and freeway peak occur at different 
times. If 2-lane entrance ramp terminals are used, a parallel lane should also be 
provided for a substantial distance, in addition to the standard ramp taper, so that a 
portion of the ramp traffic will have a chance to move to the left before the remainder 
has to merge. Conversely, 2-lane exit ramps require a parallel deceleration lane in 
order to provide sufficient volume to utilize the lanes. 

Calculating Weaving and Merging Capacities 

As a first step in the design of a length of freeway, the number of lanes required is 
determined from the predicted hourly volume for the design year. For example, if the 
one-way hourly volume is predicted to be 6, 000 vehicles, 4 lanes would be provided 
since an average of 1, 500 vehicles per lane is within the limits of acceptable operations 
for 4 lanes (Table 2). 

As a second step, flow by lanes must be checked in the vicinity of ramps. The 
following stipulations must be met (assuming grades of less than 3 percent and about 3 
percent trucks): 

1. Rate-of-flow in the right lane or auxiliary lane of a freeway or in a single-lane 
ramp should not exceed 1,800 vph. 

2. Number of weaving vehicles should not exceed 2, 100 vph in any 500-ft segment 
of a weaving sec~ion. 

3. Average rate-of-flow across all lanes should not exceed 1,800 vph per lane. 

As long as demand rate-of-flow (for 5 to 15 min) does not exceed the given limits, 
queuing or shock waves will not occur and operation upstream of the critical section 
will take the characteristics of straight pipe flow. 

The described procedure only determines whether a certain volume level and traffic 
pattern will give acceptable operation; it does not evaluate quantitatively how much better 
operation would be for a certain lower volume level. The method is intended to be used 
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to check a critical section to insure that it will work and not become a bottleneck for 
the predicted volume levels and traffic patterns or at least so that the limitations of 
the section will be realized. 

Under normal conditions of straight pipe flow where there are no high-volume ramps 
in the vicinity, the lane distribution at near capacity conditions could be expected to be 
approximately as given in Table 2. Capacities might be reduced because traffic desires 
might be such that the general straight pipe distribution will not occur and an inordi
nate number of vehicles will try to use a single lane. Problems such as this occur, 
for example, at heavy volume ramps where a substantial portion of the traffic wants to 
be in the right lane and there is not enough traffic that will use the efficient high-capac
ity left lanes. (However, solving this problem by using left-hand ramps should not be 
attempted. ) 

Therefore, after the basic number of lanes and geometric design have been deter
mined through the use of total-volume flow rates, lane distributions should be checked 
at any point where a bottleneck condition might be suspected. 

Because rates-of-flow within an hour are higher than the flow for the full hour, the 
short-time rates of flow should be used in checking a section of freeway for its adequacy. 
Converting the full-hour volume to short-time flow rates is done by applying the PHF. 
All of the volumes or flow rates in the following refer to short-time rates. 

Merging operation will be smooth as long as total ramp and adjacent lane rate-of
flow does not exceed 1, 800 vph, provided that the entrance ramp terminal is long enough 
and has a gradual taper. 

Maximum combined flow-rates for a merge of a particular ramp and adjacent free
way lane have been observed as high as 2, 000 and 2,200 vph. However, it is not rec
ommended that this value be anticipated in design procedures, since there are certain 
conditions of geometric design and traffic characteristics (which are difficult to pre-
dict or evaluate) that can prevent its attainment. A dependable figure is 1, 800 vph which 
can be counted on under almost all circumstances, with normal truck percentages and 
grades of less than 3 percent. 

Merging operation will vary considerably depending on the relative proportion of traf
fic on the ramp and adjacent lane. The smaller the number of ramp vehicles compared 
to adjacent lane vehicles (with the sum of the two being 1,800 vph), the better the merg
ing operation. Entering ramp vehicles tend to move at slower speeds than freeway 
vehicles and often tend to arrive in platoons because of signal control. Thus, they are 
not as well spaced as freeway traffic, which causes higher instantaneous merging flow 
than would occur if ramp traffic arrived randomly. This also means that in most in
stances, two ramps of 400 vph each, will operate better than one ramp with a rate-of
flow of 800 vph. 

In any case, regardless of the relative volumes, a combined flow rate of 1,800 vph 
will rPR11lt. in R::it.iRfar.tory operation. Operating conditions when this criterion is met 
will be such that average speeds (over the entire length of the merging area) will be 
between 30 and 40 mph. 

Many times on a heavy-volume ramp the rate-of-flow on the ramp itself for 30 sec 
or a minute will be 1, 800 vph, even though the flow rate over 5 or 10 min is only 800-
1, 000 vph. When this platoon arrives at the freeway, and if there are any vehicles in 
the adjacent freeway lane (as there almost always will be), severe reductions in speed 
will occur. If two cars arrive at the same spot at the same time, one will have to ad
just its speed. It is a statistical certainty that will will happen at a ramp at almost any 
volume level-not as frequently at the lower volumes, but it will occur. This type of 
operation at ramps must be expected and not considered a failure in freeway operation. 
It cannot be designed out by assuming lower design capacities. Failure occurs when 
the queue does not dissipate, i.e., when the queue is continuous for several minutes. 

This value, 1,800 vph (or an average headway of 2 sec) in any 5-min interval, is 
also the key for testing weaving lanes. In addition, the weaving that will take place in 
a short length must be checked. No more than 2, 100 vph weaving should be permitted 
in any 500-ft segment of roadway, regardless of the number of lanes provided. (Weav
ing vehicles are defined as those that must actually cross paths; at least two lanes must 
be available and all weaving vehicles must cross the line-"crown line"-separating the 
two lanes.) 
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Possible capacity of a 500-ft length is about 2,300 vph but as in the case of possible 
capacity for merging traffic, it should not be counted on. Under most circumstances, 
2, 100 vph weaving in 500 ft can be reasonably expected. Speed and acceptable weaving 
volume are not directly related. Assuming a lower speed will not make the acceptable 
weaving· volume higher. A given weaving volume will operate much more smoothly at 
high speeds than at low speeds. 

Ordinarily, if the 1, 800 vph in any one lane requirement is met, weaving volume 
will not be a control when the length available for weaving is 1, 500 ft or more. 

Examples of Procedure 

The following examples illustrate the procedure and basic facts which are used to 
determine the lane distribution on a critical portion of the freeway so that the described 
procedure can be accomplished. 

An 8-lane freeway with an on- and off-ramp is assumed, as shown in Figure 3. One
way traffic upstream of the on-ramp is at a rate of 5, 500 vph. It will be developed that 
with 5, 500 vph on the main line approaching the on-ramp merge, including 700 going to 
the off-ramp, 1,200 of the 5,500 will be in the right lane at the nose of the on-ramp. 
Since an auxiliary lane is not provided, all of the on-ramp vehicles must merge with 
this 1,200. Since rate-of-flow in a merging lane should not exceed 1,800 vph, 600 vph 
is the maximum rate-of-flow that may enter from the on-ramp. 

If the off-ramp were a greater distance away from the on-ramp, then not all of the 
700 off-ramp vehicles would be in the right lane, thus leaving room for more on-ramp 
vehicles. The improved distribution of traffic across all lanes would result in a higher 
capacity on the freeway between the on- and off-ramp. 

If the ramps were 2,000 ft apart, then about 550 of the 700 off-ramp vehicles would 
be in the shoulder lane, thus leaving room for an additional 150 vehicles from the on
ramp (Fig. 4). 

It is now assumed, in the case where the ramps are 1, 000 ft apart, that the on-ramp 
has a demand of 1,200 vph. As illustrated, only 600 can be absorbed efficiently be-

5,500{•,300{- = = = _ ! 
~2-0_M_o_x_. --------'*,__-_____ ~ 
~ 1-- 1,000'---------~ 
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cause there are 1, 200 in the right lane already. 3 But if an auxiliary lane is provided 
between the two ramps, then the off-ramp vehicles can move to the right before on
ramp vehioles have to merge into the main stream. The on-ramp can absorb 1,200 vph, 
because lane changing is such that there will be no more than 1, 800 vph at any point in 
the auxiliary or right lane. Therefore, by adding the auxiliary lane the capacity of the 
ramp is greatly increased (Fig. 5). 

As previously stated, the principle is that traffic volume in a merging or weaving 
lane at any point should not exceed 1, 800 vph. 

The basic problem in implementing this procedure is to know how traffic will distri
bute across the freeway lanes. 

Distribution of Traffic by Lanes 

Traffic at a point on a freeway can be divided into three segments: 

1. Through traffic-traffic not involved in ramp movements within a distance of 
4,000 ft. 

2. On-ramp traffic-traffic which has entered the freeway a certain distance up
stream of the point or section under study. This distance is a variable to be put into 
the ·problem, 

3. Off-ramp traffic-traffic destined for an off-ramp a certain distance downstream 
of the point or section under study. This distance is also an input variable. 

Under most conditions, when capacity volumes are approached, each of these seg
ments, which make up the total freeway flow, will be distributed in accordance with 
the curves in Figures 6, 7, and 8 (or Fig. 9 in lieu of 7 and 8). 

The distributions presume the existence of demand for near-capacity volumes in 
the right lane at the point being considered. Unless there are about 1,800 vph total, 
in the right lane, the distribution is not necessarily valid. For example, assuming 
through traffic at a certain point on a 4-lane section (one-way) is 6. 000 vph, Figure 6 
would place 10 percent or 600 in the right lane. This is true provided that ramp ve
hicles will bring the total volume in the right lane at this point close to 1, 800 vph. If 
ramps are so far removed from this point that little ramp traffic would be assigned to 
lane 1, then the 10 percent of the through traffic assigned to lane 1 would be too low. 
However, if the volume in the right lane comes out to be considerably less than 1, 800 
vph, then the section is obviously satisfactory and the actual distribution is of no sig
nificance. That is to say, the figures are valid when checking capacity conditions. For 
situations where volume is well below capacity, they are irrelevant. 

The figures were developed from examination of actual cases operating satisfactorily. 
Additional research is being conducted to further verify and refine them, and to ex
tend their range of application. Several examples comparing calculated volumes in 
the right lane with actual observed volumes are given in Appendix A. 

3 The fact that only 600 can be absorbed efficiently does not mean that only 600 will get 
on the freeway, With a demand of 1,200, the difference of 6oo will be partly waiting 
in a queue on the ramp, and partly in a queue on the freeway, The freeway flow will 
have broken down with long irregular queuing, mostly in the right lane but with spill
over queuing and stop-and-go operation in adjacent lanes. This type of operation re
sults in hazardous lane-changing upstream. 
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The figures are intended for use with single-lane on- and off-ramps with or without 
an auxiliary lane between them. They will also be used for the more complex situations 
involving 2-lane ramps and branch connections. However, they may require some 
modifications and are currently under study. This procedure should not be used for 
left-hand ramps. 

Limited observation indicates that the combined rate-of-flow for the left lane and a 
left-hand on-ramp of 1,800 vph will provide acceptable operation as in the standard 
right-side ramp. However, when the average volume on all lanes is 1,800 vph, smooth 
flow on the freeway between interchanges requires that the left lane be carrying high
volume rates of 2,000 vph or more. Left-hand ramps would cut this to 1,800. The 
difference could not be made up in the other lanes as volume rates in the right-hand 
lane would still be limited to 1, 800 vph to maintain good operation. This capacity re-
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duction is in addition to other undesirable operational characteristics of left-hand 
ramps. 

Figure 6 indicates the number of through vehicles that will stay in the right lane even 
though they are not involved in a ramp movement and are likely to be forced to adjust 
their speeds because of ramp maneuvering and statistical distribution of ramp traffic 
headways. 

For example, assume 4 lanes one-way and 6, 300 vph through traffic (which is de
fined as traffic not involved in a ramp movement within 4,000 ft). Reading from the 
graph, 10 percent, or 630 vph, will be in the right lane. 

Figure 7 (A) shows the percentage of the off-ramp traffic in the right lane at any dis
tance upstream of the ramp. The curve indicates that in the case of a conventional off-
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ramp (no auxiliary lane-a standard taper), 100 percent of the off-ramp traffic will be 
in the right lane at a point 500 ft upstream of the off-ramp nose. At a point 2,000 ft up
str eam of the nose, 63 percent of the off-ramp traffic will be in the right lane. 

Figure 7 illustrates an important point in connection with an ordinary off-ramp. Be
cause there is always some through traffic in the right lane, it would not be possible to 
supply 1,800 vph to an off-ramp even though the ramp might handle it. But if a parallel 
lane were added (an auxiliary lane in effect), 1,800 could be supplied to a ramp. For 
example, assume the following conditions: off-ramp demand is 1,800 vph, 350 vph going 
through in the right lane, and a parallel lane 1, 500 ft long. At the beginning of the 
parallel lane (1, 500 ft upstream of the off-ramp nose), 79 percent of the ramp traffic 
or 1,420 (0. 79 x 1,800 vph) would be in the right lane. This combined with the 350 vph 
thru volume, a total of less than 1,800 is satisfactory. Then off-ramp traffic as it 
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progresses downstream will move into the parallel lane leaving room for the remaining 
21 percent of the off-ramp traffic to move to the right lane. This effect has been ob
served at heavy off-ramps where cars create a parallel lane by riding the shoulder pre
vious to the off-ramp deceleration lane. 

Figure 7 (B) shows the percentage of on-ramp traffic in the right lane at any point 
downstream of the ramp. For example, 500 ft downstream of the on-ramp nose, 100 
percent of the ramp traffic will have encroached on the right-hand freeway lane. The 
whole vehicle may not be in lane 1, but the left side will be close enough to create a 
headway unit in lane 1. One thousand feet downstream of the nose, 60 percent will be 
in the right lane with the other 40 percent having moved over to the left if there is room 
in the other lanes. 

If auxiliary lanes between ramps are provided, basically the same system is used. 
In the case of off-ramp traffic, all off-ramp traffic in lane 1 at any point will move into 
the auxiliary lane within 1,000 ft (with 80 percent moving over within the first 500 ft). 
For example, assume an on- and off-ramp 1,000 ft apart with an auxiliary lane. As 
shown in Figure 7 (A) abscissa 1, 000 ft, 95 percent of the off-ramp traffic will be in 
the right lane at the on-ramp nose. Five hundred feet downstream, 80 of the 95 percent 
will have moved over to the auxiliary lane leaving 19 plus the remaining 5 percent of 
the off-ramp traffic (100 minus 95 percent) in the right lane (see Fig. 9). 

In the case of on-ramp traffic where an auxiliary lane is provided, Figure 8 should 
be used in conjunction with Figure 7. Figure 8 shows the manner in which ramp traffic 
leaves the auxiliary lane. For example, assume adjacent on- and off-ramps 1,000 ft 
apart. Figure 8 indicates that 500 ft downstream of the on-ramp nose, 80 percent of 
the ramp traffic will have moved to L 1 • The traffic which has moved to the right lane 
is then distributed using Figure 7, which indicates that 60 of the 80 percent will still be 
in L1 1,000 ft downstream of the on-ramp nose (see Fig. 9). 

With these three figures, various traffic demands and geometric conditions involving 
adjacent ramps with or without auxiliary lanes can be checked to determine whether 
they will operate at acceptable levels, i.e., no more than 1,800 vph in the right lane or 
auxiliary lane. 

Weaving volumes that take place in any 500-ft segment can also be determined from 
these graphs. 

Figure 9 shows the distribution of rai;np traffic at 500-ft spacings for several general 
cases. It is calculated from Figures 7 and 8 and makes it easier to solve general prob
lems. For example, assume on- and off-ramps 1,000 ft apart with an auxiliary lane 
and the following traffic pattern: L1 thru = 300 vph; on-ramp = 1,000 vph; off-ramp = 
1,200 vph (and no on-ramp to off-ramp traffic). The critical point is at the 500-ft sec
tion. At this point, traffic in L 1 will be 300 (L1 thru) plus 80 percent of the on-ramp 
traffic or 800, and 24 percent of the off-ramp traffic or about 300-a total of 1,400 which 
is satisfactory. 

The weaving that takes place in a 500-ft section can also be determined. In the same 
example, in the first 500 ft, 80 percent of the on-ramp traffic will weave with 76 per
cent of the off-ramp traffic. This would be (0. 80) (1,000) + (0. 76) (1,200) = about 
1,700 vph which is satisfactory. 

Obviously, in actual practice there are few weaving sections with lengths that are 
exact multiples of 500 ft. However, the length of the section under investigation can 
be rounded to the nearest 500 ft, without exceeding allowable error in estimating the 
acceptability of traffic operation. 

GENERAL REMARKS 

To obtain maximum flow and good operation on the freeway, traffic needs a minimum 
of 600 ft to change lanes. Therefore, in addition to controls imposed by lane distribu
tion of traffic, if vehicles must merge and then move to a second through lane (as in 
the case of a 2-lane off-ramp), the minimum distance between "paint" noses should be 
1,200 ft regardless of the lowness of the weaving volumes. Since the paint nose, or 
actual confluence point, is offset several feet laterally from the concrete nose, the dis
tance (on a flat taper) between the paint nose and the concrete nose is several hundred 
ft. The distance between concrete noses is seldom less than 1,800 ft (Fig. 10). 
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Because of the length required between entrance and exit ramps, a collector road 
should be used on all cloverleaf interchanges whenever the weaving volumes exceed 
1, 200 vehicles an hour. The principle of a cloverleaf with two loops on one side of the 
freeway is basically incompatible with the principle sometimes expressed as "adequate 
spacing between interchanges. " 

If the total distance available for weaving is less than 500 ft, the allowable weaving 
is less than 2, 100 vph. The allowable weaving volume is 1, 500 vph when the actual 
weaving distance is 200 ft. For distances between 200 and 500 ft, the allowable weaving 
volumes can be assumed to vary linearly. 

As an example, in a cloverleaf design where the distance between noses might be 
400 ft, the maximum weaving volumes (regardless of the lane distribution factors dis-

200 cussed above) is 1, 500 + 
300 

(2, 100 - 1,500) = 1,900 vph. 

SUMMARY 

The general procedure for checking weaving and merging capacity is: 

1. Establish a given geometric condition. 
2. Estimate volumes of the various traffic movements. 
3. Use Figures 6 and 9 to determine volume at various check points. At any point 

in any lane, including the auxiliary lane, the volume should be 1,800 vph or less. 
4. Average volume per lane across all lanes should not exceed 1,800 per lane. 
5. Number of weaving vehicles in any 500-ft segment should not exceed 2,100 vph. 

(This ordinarily need not be checked except where the weaving section is 1,000 ft or 
less.) 

If these conditions are met, weaving or merging is workable. 
The previous discussion presumes a normal percentage of trucks and relatively level 

grade. Changes in percentage of trucks or grade will affect the capacities of ramps, 
and particularly the operational characteristics. 

Appendix B gives some examples of the method. The computations can be rather 
complex in some cases but for general cases figures and tables can be prepared 
(Figs. 11, 12, and 13). 

There are other variables which also affect the critical points on a freeway, but not 
enough is known about them to incorporate them in the procedure. These variables, 
which can include alignment, variation in grade, and composition of the traffic, should 
be considered subjectively in any case. For example, if the procedure shows that a 
merging lane has a flow rate of about 2,000 vph at some point, but there are very few 
trucks involved, tangent alignment exists, grade is downhill, or if the number of ramp 
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On the other hand, if the section is on a plus grade and a curve, then steps probably 
should be taken to try to reduce the conflict. 

As has been noted, 1, 800 vph in the right lane or auxiliary lane is below possible 
capacity and rates of 2, 000-2, 200 vph have been observed fairly frequently and some
times operating acceptably. However, there are two reasons for not expecting or de
signing for this number in all cases: 

1. As implied, rates this high are very sensitive to geometric design features and 
traffic characteristics. 

2. Getting such high rates of flow requires that there be no large gaps in the traffic 
stream. To avoid these gaps (which always occur under free flow conditions), there 
has to be a constant supply or reservoir of traffic upstream of the merge. Often these 
extremely high rates are accompanied by some queuing (and thus, stop-and-go driving) 
upstream of the merge, even though the traffic demand over the short-time period may 
equal the output at the merge. 
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General Case - Single lane on- and off-ramp with auxiliary lane. 
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Figure 11. Acceptable ramp volume rates, calculated from Figure 9 (no more than 1,800 
vph at any point in right or auxiliary lane; no more than 2,100 vph weaving in a 500-ft 

segment). 
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General Case - 2 lane on-ramp, 1 lane off-ramp, with auxiliary lane. 

For L 1 500 ' - , 

L1 thru = 0 
ON to OFF = 0 

ON OFF 

(vph) (vph) 
o •••••• 1800 

100 .••.•. 1800 
2000 ...... 1500 
2500 ..... . 1100 
2700 ••••••.•• o 

L thru = 0 
otrto OFF = 0 

ON OFF 

(vph) (vph) 
0 •••••• 1800 

2100 •••••. 1800 
2400 •••.•• 1500 

12900 ••..••••• o 

For L = 3 000 ' 

i?- thru .. 0 
0 to OFF = 0 

ON OFF 

(vph) (vph) 
0 ••.••• 1800 

2800 •••••• 1800 
3600 ••••••••• 0 

I PRELIMINARY ONLY I 

Lh thru '"'300 
0 to OFF = 0 

ON OFF 

{vph) {vph) 
o • . .... 1800 

700 •••••. 1800 
1800 • • •••• 1600 
2000 ..•... 1400 
2200 •.•..••.• o 

L1 thru = 300 
ON to OFF = 0 

ON OFF 

(vph) (vph) 
o •.••••. 1800 

1900 ••.•.•• 1800 
2400 . . .•.. • ... o 

L~ thru = 300 
0 to OFF = 0 

ON OFF 

(vph) (vph) 
o .... . .. . 1800 

2400 •••••••• 1800 
3100 ••.•••••••• o 

Lh thru = 600 
0 to OFF = 0 

ON OFF 

(vph) (vph) 
o ...... 1500 

1500 ••.••• 1500 
1800 .......•. o 

L1 thru = 600 
ON to OFF = 0 

ON OFF 

(vph) (vph) 
o .• • ..•. 1800 

1400 •.••.•• 1800 
1900 .••••••••• o 

Lh thru .. 600 
0 to OFF = 0 

ON OFF 

(vph) (vph) 
o ......... 1800 

1800 ••••••••• 1800 
2500 •••••••••••. 0 

L1 thru = 900 
ON to OFF = 0 

ON OFF 

(vph) (vph) 
o •••..• llOO 

llOO •••••• llOO 
1400 •.•.••••• o 

L1 thru = 900 
ON to OFF ,. 0 

ON OFF 

(vph) (vph) 
0 . ...... :J.450 

1000 ••••••• 0+50 
1500 ••••••.••• 0 

Ll thru = 900 
ON to OFF = 0 

ON OFF 

(vph) (vph) 
o ..... , .. 1800 

1100 •.•••••. 1800 
1800 ••••••••••• o 

Figure 12 . Acceptable ramp volume rates (no more than 1,800 vph at any point in right 
or auxil iary l ane; no mor e than 2, 100 vph weaving in a 500- ft segment) . 
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General Case - 1 lane on-ramp, 2 lane off-ramp, with aux111ary lane. 

( PRELIMINARY ONLY ! 

For L = 1, 500' 

L1 chru = 0 L1 thru • 300 Ll thru = 600 Ll thru = 900 
ON to OFF = 0 

ON OFF ON OFF ON OFF ON OFF 

(vph) (vph) (vph) (vph) (vph) (vph) (vph) (vph) 
o ...••.• 2300 o ...... 1900 o ..... 1500 o ....... 1150 

1000 ..... . 2300 1400 .•.... 1900 1100 ..... 1500 800 ....•.. 1150 
1800 ...... 1500 1800 .•.... 1050 1800 . ..... 100 1400 ....•..... o 
1800 ..... . •.. o 1800 ..•...... o 1800 .... .... 0 

For L = 2,000' 

L1 thru = 0 L1 thru = 300 L1 thru = 600 L1 thru = 900 
ON to OFF = 0 

ON OFF ON OFF ON OFF ON OFF 

(vph) (vph) (vph) (vph) (vph) (vph) (vph) (vph) 
o ...... 2850 0 ....•. 2400 o ..... 1900 o ....... 1450 

1150 ...... 2850 1300 ...... 2400 1250 •.•.. 1900 950 ....... 1450 
1800 ...... 2300 1700 .•.... 2050 1800 ....•. 100 1400 . •.• . .. ... o 
1800 ......... o 1800 ...... 1650 1800 •..•...• 0 

1800 ..••..... o 

For L = 3 ,000' 

L1 thru = 0 ~n thru = 300 L1 thru = 600 L1 thru = 900 
ON to OFF = 0 to OFF = 0 

ON OFF ON OFF ON OFF ON OFF 

(vph) (vph) (vph) (vph) (vph) (vph) (vph) (vph) 
o ...... 3600 o ..... ,3300 o ..... 3000 o ...... . 2700 

1100 ...... 3300 1000 ...... 3000 900 ..... 2750 800 ...... . 2450 
1800 ...... 3000 1800 ...... 2700 1650 ..••• 2400 1500 ••.. ... 2200 
1800 ........ ,0 ).8QO.,.,, - •. ,0 1800 ..... 2200 1800 . . .•.. . 1700 

1800 ........ o 1800 •• ,., •...• o 

Figure 13. Acceptable ramp volumes (no more than 1,800 vph at any point in right or 
auxiliary lane; no more than 2,100 vph weaving in a 500-ft segment). 
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Appendix A 

COMPARISON OF CALCULATED NUMBER OF VEHICLES IN THE RIGHT LANE 
WITH ACTUAL OBSERVED CASES 

1, Hollywood Freeway at Vermont Avenue.
4 

A Iola/ vol. c 7 600 v.p h 
t ' 

4/ane? 

Silver Lake L , If' ~_j:::: 
500v.p.h 2,100 ---••+---~--2,200 800v.ph 

Vermont 
9/5v.p.h. 

Thru trai'fic (not individual 
at A = 7,600 - (8()0 + 
% in right lane = 9% 

Melrose trai'fic = 8oo 

in ramp movement with 4,000') 
915 + 500) = 5,385 

% in right lane at A 
Vermorit trai'fic = 915 

% in right lane at A 
Silver Lake trai'fic = 

% in right lane at A 

100% 
500 
= 18% 

Total in right lane at A 
Actual number observed 

485 

480 

915 

4 Data a.re average of 2 observed peak hours (in 1956-average speed all lanes 45) . 



2 . Eastshore Freeway at Ashby Avenue. 5 

(Berkeley, California) 

A lolol vol.= 4,075 v.p.h. 

2!ones7i ~ 
Bascomb w.b. L~I Is,"'"' c; 

50 v.p.h. ( BOO ' • '" 3,500' ------I 535 v.p.h. 

Bascomb e. b. 
610 v.p.h. 

Thru traffic (not involved in ramp movement within 4,000') 
at A = 7,032 (1,050 + 420) = 5,562 
'/, in right lane at A = 10'/, 

Ashby Avenue traffic = 1,050 
'/, in right lane at A = 100'/, 

Nneryville tra..f'fic = 420 
'/, in right lane at A = &J'/, 

Total in right lane at A 
Actual number observed 

1,050 

340 
1,950 
2,022 

3. San Jose-Los Gatos Freeway at Bascom Avenue (San Jose, California). 6 

A lolol vol.= 1,032 v.p.h 

4/ones 7 i 

Ashby I • 1--;:;;,,II, 
1050 v.p.h ... _______ 1,500 ---- ---·- 420v.p.h. 

Thru traffic at A 
= 2,800 

4,075 

% in right lane 35'/, 
Stevens Creek traffic 535 

(535 + 610 + 50) 

'/, in right lane 15'/, (from Fig. 7) but since the'/, in the right lane 
is less than that of the through traffic, this traffic should be assumed 
to be through traffic (i.e.,'/, of ramp traffic in right lane cannot be 
less than% of thru traffic in right lane). 

Recalculate thru traffic= 
2,88o + 535 = 3,415 
'/, in right lane at A = 

Bascom Avenue EB traffic 
'/, in right lane at A = 

Bascom Avenue WB traffic 
'/, in right lane = 70'/, 

40'/, 
= 610 
100'/, 

= 50 

Total in right lane at A 
Actual number observed 

1,370 

610 

65 

5 Hourly rate for peak 10 minutes during peak hour. Very smooth flow, no queues though 
there was one merge causing instantaneous stoppage for 15-20 seconds. 
6 Hourly rate for peak 10 minutes. No stoppages occurred during the period. 
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4. San Jose-Los Gatos Freeway at the Alameda (San Jose, California). 7 

A /ala/ val. = 3,966 v.p.h, 

2lanes7 ~ ' 

,-,m,d, w b I ~ I ._J Bascomb 
330 v.p.h. 1-----f 1,500 • • 2,500 660v.p.h. 

r 

Alameda e. b 
/92 v.ph 

Thru traffic at A = 3,966 ( 660 + 192 + 330) 
= 2,784 
% in right lane at A 35% 

Alameda WB traffic 330 
% lll l'lght lane at A 30% (from Fig. 7) but since the % in the right 
lane is less than that of the thru traffic, this traffic should be assumed 
to be thru traffic (i.e.,% of ramp traffic in right lane cannot be less 
than% of thru traffic in right lane). 

Recalculate thru traffic 
2,784 + 330 3,114 
% in right lane at A = 40% 

Alameda EB traffic = 192 
% in right lane = 100% 

Bascom Avenue traffic =- 660 
% in right lane at A = 46% 

Total in right lane at A 
Actual number observed 

I= 

Appendix B 

Example - l 

-A -- (ii (2) Lane I 

x,dJtsoo 
I _r I 

500~ 

2,000' 

Given : or assumed) 

(a) 6-lane freeway 

1,245 

192 

305 
1,742 
1,914 

B 

y 

(b) on- and off-ramp 2,000' between concrete noses (no other ramps 
within 4,000 1

) 

7 Data a.re hourly rate for peak 10 minutes during peak hour. Operation of merge was very 
good~capacity was not reached. 



(c) Traffic data 
A to B 4,ooo 
X to B 700 
A to y 600 
X to y 0 

Find lane volumes 
a. Average lane volume 5,300 .;- 3 1,770 
b. Check lane l volume at (1) 

Thru traffic in right lane (from Fig. 6) 
0.14 X 4,ooo 

On-ramp traffic in right lane (Fig. 7 or 9) 
100% X 700 

Off-ramp traffic in right lane (Fig. 7 or 9) 
79'/o X 600 

Total in right lane at (1) 
c . Check lane l volume at (2) 

Thru traffic in right lane 
On-ramp traffic in right lane (0.60 x 
Off-ramp traffic in right lane (0.95 X 

Comments on the example: 

700) 
600) 

560 

700 

= 470 
1,730 

560 
420 
570 

1,550 

It can be seen that the section would operate satisfactorily and the design 
would be acceptable since all conditions of the procedure are satisfied . How
ever , a relatively small increase in the volumes or change in traffic patterns 
could change this fact . It then becomes an economic question 11l1ether to build 
in a.n extra satety factor by adding an auxiliary lane on this which perhaps 
might be the most critical section of a freeway. See Example 2 for solution 
using same voJ.umes with auxiliary lane. 

The described procedure only determines whether a certain volume level 
and traffic pattern will give acceptable operation. It does not evaluate 
quantitatively how much better operation would be for a certain lower volume 
level. The method is intended to be used to check a section to insure that 
it will work and not become a bottleneck for the predicted volume level and 
traffic patterns. 

Example - 2 

A -- ( ~) ({) 
I Aux. lone I Z1 

X I: 500' 
500'~ 

2,000' 

Traffic : 
A to 
X to 
A to 
X to 

a . 

b . 

B 4,ooo 
B 1,300 
y 600 
y 0 

Average lane volume at (B) 

Check lane l volume at (1) 

5,300 
-3-

Lone I 

~ 

1,770 

B 

y 

Thru traffic 0.14 x 4,ooo (from Fig. 6) 
On-ramp traffic in right lane 

50% x 1,300 (from Fig. 9) 
Off-ramp traffic in right lane 

0.29 x 600 (from Fig. 9) 170 
l,386 

67 
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c . Check lane l volume at 
Thru trai'fic 
On-ramp trai'fic (o.66 
Off-ramp trai'fic (0.19 

(2) 

X 1,300) 
X 600) 

560 
860 
llO 

1,530 

Comments on the example: 

As can be seen adding the auxiliary lane greatly increases the ramp 
capacity. 

Usually volumes in the auxiliary lane do not have to be checked un
less there is more on-ramp to oi'f-ramp traffic than thru traffic in l l 
which is not likely. Weaving was not checked since the total weave (1,900) 
is less than 2,100 vph . If it were, however, Figure 9 shows maximunt 
weave takes place in the 1st 500 ft and is 50% of both on-ramp and 
off-ramp traffic or 950 vph. 



Capacities and Characteristics of 

Ramp-Freeway Connections 
JOSEPH W. HESS, Highway Research Engineer, U.S. Bureau of Public Roads, 

Washington, D. C. 

This report presents some of the initial findings of the nationwide Freeway 
Ramp Capacity Study, sponsored jointly by the Highway Research Board and 
the U.S. Bureau of Public Roads, for which data were gathered in 1960 and 
1961. Additional data recently collected by the Bureau of Public Roads have 
been incorporated into some of the equations. The capacities associated with 
ramp-freeway connections are described. These capacities are as follows: for 
entrance ramps-(1) capacity of the entrance point from the arterial or free
way supplying traffic to the ramp, (2) capacity of the "ramp proper" and (3) 
capacity of the merging operation at the freeway terminal of the ramp; for exit 
ramps-(4) capacity of the diverging movement from the freeway to the ramp, 
(5) capacity of the "ramp proper" and (6) capacity of the ramp terminal con
nection to the street system. 

Any one of these capacities can be the limiting capacity of a ramp. In this 
study, the emphasis is on the capacity of the merging operation at the freeway 
terminal of the ramp. In addition, there is some discussion of the capacity of 
the diverging movement from the freeway to the ramp. Detailed analysis of di
verging capacity is under way. 

The merging and diverging capacities to and from the freeway not only re
flect ramp performance, but also have animportant effecton the capacity of the 
freeway lane. For an entrance ramp, merging capacity is a measure of the 
ability of the ramp vehicles to make the transition to freeway operation. For 
an exit ramp, the diverging capacity is a measure of the ability of the freeway 
vehicles to disengage from the freeway flow and follow their intended path along 
the ramp. 

Before merging capacities can be computed, the freeway lane volume dis
tribution must be known so that lane 1 (i.e., the shoulder lane or righthand 
lane) volume can be estimated for the given freeway volume. These percent
age distributions for four-, six-, and eight-lane freeways are depicted by 
graphs. As an alternative method in estimating lane 1 volume, equations are 
presented for use when certain upstream and downstream adjacent ramp con
ditions are known. These equations make possible an increase in the accuracy 
of the lane 1 volume calculation. Several of the equations are presented in 
nomograph form. 

Curves are presented showing the free-flowing capacity of various inter
change on-ramp connections for different proportions of ramp and lane 1 vol
umes. In the one group of curves, volume in lane 1 is the independent variable; 
in the other, volume on the ramp is the independent variable. 

Two formulas determined by regression analysis are presented for use in 
determining free-flow merge capacity at one-lane on -ramps. The formula vari
ables are discussed as to their relative importance and their use is outlined in 
a sample problem. 

Paper sponsored by Cammi ttee on Highway Capacity , 
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Two-lane ramp operations (both on and off types) comprise 42 of the 219 sep
arate studies submitted. These ramps varied widely in both geometrics and 
traffic characteristics. There were insufficient numbers in any one category 
to permit derivation of capacity formulas. Several ramp lane distribution 
curves are shown for some individual two-lane ramp studies. Three of the 
most interesting two-lane on-ramps are discussed and volumes are quoted. 
Some general conclusions are drawn from the two-lane ramps submitted. 

Finally, several diamond ramps on the Edsel Ford Expressway are offered 
as representing the type of efficient operation which should be attainable under 
desirable conditions. 

•THE INITIAL concept of a fr eeway ramp capacity study was developed jointly in 
August 1958, by 0 . K. Normann, chairman of the Committee on Highway Capacity and 
by its Subcommittee on Ramps, under the chairmanship of Leo G. Wilkie. The pre
liminary study forms were prepared by Mr. Wilkie and presented for consideration at 
the January 1959 meeting of the committee. The need for a comprehensive picture of 
ramp-freeway interaction was stressed at that time. 

Recognizing this need, the Bureau of Public Roads assumed responsibility for the 
study. The final layout of field forms and instructions was completed in June 1960. 
The field phase of the study, carried out by the states and municipal organizations, 
began shortly thereafter. The Highway Research Board and the Bureau of Public 
Roads collaborated in bringing the project to the attention of State highway officials 
and municipal organizations. The data from the first field studies were received in 
September 1960; as of October 1962, data were received for 219 studies conducted at 
195 ramp-freeway connections. 

COLLECTION OF DATA 

Participating Agencies 

The following State highway departments and municipal agencies collected data for 
this study: California, Colorado, Connecticut, Florida, Georgia, Illinois, Indiana, 
Kansas, Maryland, Michigan, Minnesota, Missouri, New Jersey, New York, Oregon, 
Pennsylvania, Rhode Island, Texas, Virginia, District of Columbia, Port of New York 
Authority, and Cook County (Ill.) Highway Department. Junior engineer trainees of 
the Bureau of Public Roads studied several locations in Virginia, and eleven locations 
in Detroit were studied by the author in cooperation with personnel from the Michigan 
State Highway Department. 

Field Procedure 

Studies ,. . .1ere ccnducted a.t both on-rn.mp ~rld off iuu.tp ju.1n.,t~v110 vv ~th fLta::way, pi:t.rk
way, and expressway facilities. Traffic counts were made by continuous 5-min incre
ments at the nose of the ramp, each observer usually counting one lane of traffic but 
never more than two lanes. Counts usually began about 30 to 60 min before the peak 
hour started and continued beyond the peak hour by about the same interval. At on -
ramps counts were made at a point just before the nose of the ramp where physical 
separation still existed between the two flows. At off-ramps, counts were made just 
downstream from the nose, after physica l separation had been established. Figure 1 
shows counting locations at both on-ramp and off-ramp locations. 

There was considerable va riation in speed-recording procedures. Radar speed 
meters were commonly used, but a number of States used stopwatch time measure
ments over a measured distance. Several studies were conducted with speeds esti
mated by observers . Camera and traffic analyzer methods were also used to some 
extent. 

Vehicles were classified as passenger cars or commercial vehicles, the latter 
including any vehicle with more than four tires . 

At each study location an experienced observer kept notes describing within each 
5-min counting increment the operation at the study area. Conditions upstream or 



downstream were also noted, especially 
when they aifected the main study location. 
The observer's duty was to report any 
apparent reasons for congested operation 
although he was cautioned not to speculate. 
The observer's remarks, along with the 
recorded speeds, were used as guide
posts in identifying the 15-min free-flow 
periods. 

Adjacent ramps, both upstream and 
downstream, were usually counted si
multaneouslywith the main study location. 
Remarks on the traific operation were 
also made at these adjacent ramps, al
though freeway lane counts were not taken. 
At some locations counts were also made 
at the ramp terminal connection with the 
local street system. These counts served 
as a check on the main study area ramp 
counts and indicated the ability of the dis
charge point to handle the ramp traific. 

It was decided that continuous counts 
over 2- or 3 -hr periods would be more 
accurate than short counts interspersed 
with rest and recording periods which 
would require interpolation of the data. 
Because high-volume periods of at least 
15 min of free flow were desired, con
tinuous counts and remarks were needed 
to accurately delineate these periods. 

GLOSSARY 

The terms used in this report are de
fined here for ready reference, as fol
lows: 

Angl e of con ver gence: The interior an
gle made be tween the r ight edge of 
lane 1 and the left edge of the r amp at 
right - hand on- r amps . Where the 
ramp and/ or freeway is on a curve at 
the nose , a 100-ft chord is drawn 
back from the nose to its intersection 
with the inside edge of the ramp and/ 
or freeway lane. The interior' angle 

1 formed by the chords or by the chord 
and the tangent edge of the ramp or 
freeway is then measured as the angle 
of convergence. The use of the 100-
ft chord is an arbitrary choice as an 
estimate of the average driver's path. 
The angle of convergence can also be 
computed if the design radius of the 
ramp curve and the ramp width at the 
nose are known. Assuming the design 
radius given is that for the inner edge 
of the ramp, the formula would be: 
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sin (angle of convergence) 50 
Ramp radius (ft) + Ramp width (ft) 

An alternative would be to consult a table of radii in a surveying textbook, using the 
chord definition of the radius in getting the degree of curve. The denominator of 
the above formula would be looked up and the angle of convergence would be Y:i D 
(degree of curve). 

Angle of divergence: The interior angle made between the right edge of lane 1 and the 
left edge of the off-ramp. If either is curved, a 100-ft chord should be employed 
under the same reasoning as applied to "angle of convergence". 

Free-flow merge: Condition where freeway traffic is moving in a uniform manner 
somewhere in the 35- to 60-mph range. Large fluctuations in speeds are few and 
traffic is experiencing no conflicts severe enough to cause intermittent braking or 
congestion. Ramp traffic flow, though possibly slower in speed than the freeway, 
is continuous without backup on the ramp. The merge of the two streams is normal
ly smooth within the usual adjustments in speed necessary for this maneuver. No 
specific overall speed should be associated with "free flow, " as the design and type 
of interchange will have an important effect on the speed at any one location. The 
free-flow periods chosen for this study are of 15-min duration and these volumes 
are expanded to one hour by multiplying by four (15-min f. f. exp.) The operation 
during a free-flow period is assumed to be capable of continuance, barring increas
ed demand, backup from downstream, or vehicular accidents. Yet volumes will be 
in the practical to possible capacity range so that increased demand could cause a 
breakdown in the operation. 

Lane 1: The right-hand lane of the freeway. 

Lane 2: The second lane from the right-hand edge of the freeway. 

Lane 3: The third lane from the right-hand edge of the freeway. 

Median lane: The lane adjacent to the median. In the case of a 6-lane freeway, the 
median lane would be lane 3. 

Peak merge hour: The hour of the highest merge (lane 1 + ramp). 

Percent commercial vehicles in merge(% c. v. in merge): The number of commer
cial vehicles in the merge divided by the total number of vehicles in the merge: 

% c. v. in merge c. v. (Ramp + Lane 1) 
Merge volume (Ramp + Lane 1) x lOO 

Percent freeway utilization (%fwy. util. ): A measure of the freeway use immediately 
upstream from the on-ramp nose. It is the hourly freeway volume or 15-min f.f. 
volume expanded to 1 hour divided by the number of lanes multiplied by 2,000 vph/ 
lane possible capacity per lane: 

61 Fw t'l _ Fwy. volume (vph) 100 
7' Y • u 1 

• - No. lanes x 2,000 vph/lane x 

Ramp lane A: The ramp lane closest to the freeway in the case of a two-lane ramp 
(see Fig . 1). 

Ra.mp lane B: The ramp lane farthest from the freeway in the case of two-lane ramps 
(see Fig. 1). 

Ramp/merge ratio: A measure of the merge components consisting of 



Ramp volume x 100 
Merge volume (Ramp + Lane 1) 

Rate of flow or hourly rate: The volume for a short period of time, such as 5 or 15 
min, expanded to a vehicles-per-hour figure by the factor 

60 
Short period volume x Short period (minutes) 

ON-RAMPS 
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These data were collected under a nationwide "freeway ramp capacity study. " In 
retrospect, this appelation was misleading because it gave the impression that the pri
mary reason for the study was to determine a specific capacity of the "ramp proper." 
Although this was one objective of the study (if, in fact, such a value can be estab
lished), it was a relatively minor objective compared to the need for capacity figures 
at the merging and diverging ends of the ramp. It was this need which was the pri
mary motivation for this project. 

At on-ramps there are the following possible capacity limitation locations (circled 
numbers, Fig. 1): 

1. The entrance point from the arterial or freeway supplying traffic to the ramp. 
2. The ramp proper. 
3. The merging operation at the freeway terminal of the ramp. 

The first of these is outside the scope of this study if the traffic is supplied via a 
traffic signal system or an ordinary street network. If the ramp traffic is supplied 
by another freeway or expressway, the "diverging" from that facility is within the 
scope of this study. 

The capacity of the ramp proper is still thought of by some engineers as the limita
tion of a ramp's ability to carry traffic. In a sense they are right because it is the 
ultimate capacity limitation, and in a few cases, where there are no limitations to a 
free flow at either end, this does become the limiting capacity of a ramp. However, 
conditions at the ramp terminals usually preclude any possibility of obtaining this 
capacity, making it nearly meaningless from an operational or design standpoint. Un
less an additional through-lane is provided beginning at the entrance terminal, an on
ramp is seldom completely loaded with traffic; in most instances where this does occur, 
it is because the ramp vehicles cannot merge onto the freeway. One of the ramps in 
this study which did reach the capacity of the "ramp proper" was the cloverleaf inner 
loop connection from the Long Island Expressway westbound to the Brooklyn-Queens 
Expressway southbound. This ramp carried 1, 918 vehicles in the peak hour, because 
the capacity restraints at its terminals were removed. At the exit from the Long 
Island Expressway to the ramp, police directed the outside expressway lane into the 
ramp. At the other end, the two ramp lanes were necked down to one lane by paint 
striping before the entrance to the Brooklyn-Queens Expressway. Here, lane 1 of the 
expressway was coned off, permitting free access for the continuous stream of ramp 
vehicles. It is reasonable to assume that the volume of traffic handled by this ramp in 
the peak hour would be considerably less if these unusual steps had not been taken. 

The capacity of the merging operation at the freeway terminal of the ramp is most 
important from the standpoint of the entire freeway system. It is this merging capa
city which is examined most thoroughly in this study. Along with weaving, it is one of 
the most troublesome problems encountered in freeway operation. A faulty merging 
operation at the freeway terminal of the ramp not only disrupts smooth operation along 
the freeway but can also cause a backup along the ramp, sometimes extending far 
enough to block the cross street, frontage road, or lane 1 of an interchanging freeway. 

The emphasis in this study is on free-flowing capacity. Perhaps it best corresponds 
to the 1, 500-vph/lane concept of urban "practical capacity. 11 However, the volumes in 
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free-flowing capacity as used'in this report ranged up to the values commonly associ
ated with "possible capacity," and in a few instances to less than practical capacity. 

A "free flow" is assumed to exist when the following conditions are present: (1) 
The freeway traffic is moving in a uniform manner somewhere in the 35- to 60-mph 
speed range; (2) Large fluctuations in speeds are few and traffic is experiencing no 
conflicts severe enough to cause intermittent braking or wave action; (3) Ramp traffic 
flow, although possibly slower in speed and more erratic than that on the freeway, is 
continuous within the ramp demand range without backup on the ramp; and (4) The 
merging of the two traffic streams is normally smooth within the usual range of ad
justments in speed necessary for this maneuver. 

No specific overall speed should be associated with free flow, inasmuch as the de
sign and type of interchange has an important effect on the speed range that can be 
associated with free flow at any one location. 

The free-flow periods chosen for this study are of 15-min duration, consisting of 
three consecutive 5-min counting periods. These 15-min volumes are expanded to 1-
hr volume rates by multiplying by four. Hence, the phrase "15-min free-flow ex
panded period" used throughout this report. The operation during a free-flow period is 
assumed to be capable of continuance, barring increased demand, backup from down
stream, or vehicular accidents. Yet volumes will be in the practical to possible ca
pacity range (urban definition), so that increased demand could cause a breakdown in 
the operation. 

Although there is increasing awareness among those working in the highway capacity 
field of the need for a peak short-period factor to be applied to design-hour volumes, 
such a factor was not incorporated in this report for two reasons. First, no national
ly applicable procedures for its application have yet been developed. Second, some of 
the 15-min periods used in this analysis were isolated periods falling outside the actual 
peak hour, which would have complicated the development of a factor. 

Nevertheless, the effect of such a factor, if developed, should be noted. It would 
allow for the short-term high-volume peak found within the peak hour. The facility 
would thus be able to continue efficient operation throughout the short-period peak. 
The short-term peaks as takenfrom the data reported in this study were higher in the 
smaller cities (Fig. 2). Free-flow and non-free-flow curves are based on metropoli
tan area populations. For example, the free-flow curve shows that the 5-min peak 
volume can be expected to approximate 10. 65 percent of the peak-hour volume for a 
metropolitan area of 250,000, but would only be 9. 63 percent for 5,000,000. The 
standard error on both curves is 8. 0 percent above and 7. 4 percent below the curve. 

If a 6-lane freeway within a metropolitan area of 3,200,000 population carries 
5,400 vehicles (1-way) in a peak hour, the 5-min peak volume would be 528 vehicles 
(9. 78i x 5,400) using Figure 2. The hourly rate for the 5 minutes would be 6,336 
vehicles (12 x 528). Although it is sometimes possible to sustain this 2, 112 vph/lane 
".:l'tT0'1"".:lITO fn'" l'l ohn ..... f "'o'";'""...1 r'\'& t-;'YV'I,,.,. ,... ..... .-.. •• .,,..11 ,.:J",...; .......... ,....J .& ........ ,................ ... •• ~L ... L ... -L L-···-- 1 -=- _,_,_ 
- .......... -o"' ... ..., ... - ~ ............... ~...,4. ....... \A ............................ .... u. u. n ~.I..L -- uc.0.1.5.uc.u .L.I. c;c;yy a.y' ~U\..,J.l i::"lllU.1 L-L~.1 JJl .lUct.U.:> 

can easily precipitate a stop-and-go type of operation. Application of the factor would 
reduce the likelihood of this occurring, but would also reduce the design-hour volume. 
The present AASHO design-hour volume of 1, 500 vph/lane for urban freeways was 
chosen to allow for this short-term peaking. 

Maintenance of free-flow operation is not always possible at any selected study point even 
though the basic ingredients for high-level operation are present. Backups from points 
downstream can cause congestion for several miles upstream as queueing develops. The 
ability of the freeway to carry a large volume of traffic past a point is not necessarily 
hampered by the stop-and-go type operation seen on some freeways during rush hours. 
Volumes of 1,900 to 2,200 vph/lane are possible, but speeds will be reduced and travel 
time increased. Higher volumes are often obtained during these congested periods simply 
because there is a continual steady demand on the facility (Appendix C). There is no 
need to enumerate the disadvantages of this congested kind of operation which are reflect
ed primarily in traffic delays. The same facility operating with free flow at volumes between 
practical and possible capacity will still have numerous large relatively open stretches 
where freeway utilization is low. These open stretches are important, in that they 
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allow short periods for recovery of uniform speeds after a momentary surge of ramp 
traffic has impeded freeway lane 1 speeds. This is especially so at diamond ramps, 
where platoons of 15 to 20 vehicles are often released by the traffic signal controlling 
the entrance of traffic from the local street system. 

Some of the well-known traffic flow concepts, such as the typical speed/volume re
lationship, do not always hold true when maneuvering is under way in interchange 
areas. It is common sense to expect a more erratic operation within complicated 
interchanges as compared to a simple diamond interchange. City size and driver 
experience are important in interchange operation: an interchange carrying predomi
nately commuter traffic should have smoother operating characteristics than an inter
change geared more toward tourist or interstate traffic. 

Poor usage of available speed-change lanes was observed in several studies con
ducted at ramps serving recreational areas. An example of this was in Michigan at the 
Kent Lake Road southbound on-ramp to Interstate 96 eastbound. This ramp approxi
mately 20 mi west of Detroit, was studied on a Sunday afternoon when it carries its 
heaviest volume-Detroiters homeward bound from the Kent Lake recreational area. 
Many of the 596 peak-hour ramp drivers seemed unaware of the 1, 000-ft acceleration 
lane available for their use, as they either cut directly into lane 1 or stopped at the 
nose until a suitable gap in traffic appeared. Although the peak-hour freeway volume 
was only 1, 646 vehicles for two lanes, ramp drivers had a difficult time because an 
entire platoon of vehicles would often be held up by a lead driver who stopped. Granted 
that the high speed (50- to 60-mph range) of the Interstate 96 vehicles was an inhibiting 
factor, this facility should still have operated satisfactorily considering the volumes 
and geometrics. The poor operation seems more a result of driver unfamiliarity with 
this particular interchange than of overall driver inexperience with interchange driving, 
because many of these drivers no doubt have had considerable experience on the De
troit expressway system. 

Although different lane design volume levels have been established for urban, 
suburban, and rural locations, there is no easily applied factor to account for driver 
unfamiliarity. Making the drivers' optimum path readily apparent is always impor
tant, but it appears to have even more importance at locations similar to the Kent 
Lake interchange. Aside from capacity considerations, recognition should be given to 
the relatively unsafe operation which results when stopped or low-speed ramp vehicles 
attempt to merge into high-speed through traffic. 

Freeway Volume Distribution by Lanes at On-Ramps 

The freeway volume distributions by lanes are given in Figures 3, 4, 5, 6, and 7. 
These freeway volume percentages are as taken just upstream from the ramp nose be
fore merge has taken place. Of course, the volume in lane 1 has a marked effect on 
the merging operation and the greatest possible accuracy is needed in determining 
lane 1 volumes at the ramp nose. 

For 4-lane freeways, the freeway volume distributions are presented in two groups 
(Fig. 3)--those at cloverleaf inner loop on-ramps and those at all other types of on
ramps. The reason for this grouping is the difference in operation at cloverleaf inter
changes caused by traffic weaving between the adjacent inner loops. In comparison 
with other types of ramps, the cloverleaf inner loop ramp curves show a heavier use 
of lane 1 up to freeway volumes of 2,400 vph, despite the loss of lane 1 vehicles at the 
upstream adjacent outer connection off-ramp. Much of lane 1 traffic is destined for 
the downstream inner loop off-ramp only 400 to 700 ft away. At freeway volumes 
above 2,400 vph the comparison shows a heavier use of lane 2 at cloverleaf locations, 
possibly because drivers wish to avoid the more severe merging and weaving conflicts 
present at high-volume cloverleaf interchanges. 

Three sets of curves are shown for 6-lane freeways at on-ramp locations. Figure 
4 contains data for freeways at diamond on-ramp locations only. Figure 5 is derived 
from 6-lane freeway volume distributions at all types of on-ramps, including diamond 
ramps but excluding cloverleaf inner loops. Figure 5 also gives the volume distribu
tions where an auxiliary lane is present between the on-ramp and the adjacent down
stream off-ramp. Lane 1, where paralleled by an adjacent auxiliary lane starting at 
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the on-ramp junction, carries approximately eight percentage points more of the free
way traffic as counted at the ramp nose than where there is no auxiliary lane. Inves
tigation disclosed this extra amount approximated the volume exiting at the adjacent 
downstream ramp at the end of the auxiliary lane. It should be emphasized, however, 
that the auxiliary lanes contained in the data were of the shorter lengths (none exceed
ing 1, 000 ft) and longer ones might result in a different freeway lane volume distribu
tion. Figure 6 gives lane volume distributions upstream from cloverleaf inner loop 
on-ramps having auxiliary lane connection with the inner loop off-ramp. 

The curves for 8-lane freeways (Fig. 7) should be compared with those for 6-lane 
freeways. At a given freeway volume the 8-lane freeway will carry less in lane 1 up-

60 

I~ 6-LANE FREEWAYS 

LANE 2 I',. DIAMOND ON-RAMP LOCATIONS 
50 

w 
z 
<f 
..J 

JC 40 
u 
<f 
w 
~ 

30 w 
"' <f ,_ 
z 
w 20 u 

~1, ... ,..._ 
:- r- --

i.-- - --""" - --- --- -- --LANE I 
/ 
~ 

~ ......... / 

~ --/ -, 
0:: 
w 
0.. I 

10 
rNI 3 

0 
0 2468 ~~~~~W~M~~m~M~~~U«%~~~M~~w 

FREEWAY VOLUME,IN HUNDREDS OF VEHICLES (15-MIN FREE FLOW EXPANDED TO I HOUR) 

Figure 4. Volume distribution on 6-lane freeways upstream from diamond on-ramps. 



78 

60 

I I L.t. : ••• 1.vs I I 
ALL T'l'f'I ES OF ON-RAMP t..OtAriONS 

~o 
w 
z .. 
...J 

40 

O:Ct l C.LOV RLE'flir um £R LOOPS 

-- - - . - I 
LANE 2 - - -I'- - -- .,__ ---:c 

(,) .. 
w 

~ 
30 

~ 
~ 20 z 

-
I 1--- - --- - I- ~ - -= i::: I 1--,--- - - -- - LANE 2 •ux,-),, ---1-- >< - -~ r- i--~ - .;;::: 

_ LANE 3 
,_ i-- ----,- LANE 3 AUX , -LANE I - -i--t--t--

LANE I AUX: ,_ -,___ .__. ,_ 
w 
(,) 
0: w 
0. 10 -

0 
o 2 • s e m ~ ~ IB IB oo ~ ~ ~ ~ ro ~ M ~ ~ ~ u « ~ ~ oo ~ ~ ~ ~ ro ~ ~ 

FREEWAY VOLUME 1 1N HUNDREDS OF VEHICLES (15-MIN. FREE FLOW EXPANDED TO I HOUR) 

Figure 5, Volume 
(with and without 

60 

50 
w 
z 
<l 
...J 

:c 40 
0 
<l 
w 
z 
- 30 
w 
(!) 

~ 
z 
~ 20 
0:: 
w 
0.. 

10 

0 
0 

"F'igurp 

4 8 

6. VnlnmP 

distribution on 6-lane freeways upstream from all types of on-reih.ps 
auxiliary lane at on-ramp entrance) except cloverleaf inner loops. 

6 - LANE FREEWAYS 
CLOVERLEAF INNER LOOP ON-RAMP , 

WI TH AUXILIARY LANE LOCATIONS 

~ --1-- - - - - - - -LANE 2 ,_ - --- - -- ::-a -... - --- - I- - - ,__ - -- - - ---
LANE 3 --- ·-

I I 
J I 

LANE I -~ -

12 16 20 24 28 32 36 40 44 48 52 56 
FREEWAY VOLUME,IN HUNDREDS OF VEHICLES PER HOUR 

cii .<3t.yihn-f:.i0n on 6-le.n.e 
on-ramps with auxiliary lane. 

stream from the on-ramp because there is an additional high-speed inner lane carry
ing traffic. Thus, in effect, a higher entrance ramp volume can be accommodated. 
However, at a given freeway lane volume average, such as 1, 500 vph/ lane (i.e., 
6, 000 vph for the 4 lanes of an 8-lane freeway and 4, 500 vph for the 3 lanes of a 6-
lane freeway), there will be little difference in the lane 1 volume upstream from the 
entrance ramp and thus little difference in the ramp volume which can merge onto the 
freeway. 

·The freeway lane volume distribution at on-ramps varies more at the lower free
way volumes. As an example, data taken at 12 study locations on 6-lane freeways at 
diamond on-ramps (Fig. 4) in Atlanta, Buffalo, Detroit, and New York City showed 
the largest residuals in the least squares fit of the lane volume percentage curves at 
freeway volumes below 2, 500 vph. The curves are calculated using data from 41 dif
ferent 15-min free flow expanded periods in the 1, 120- to 5, 920-vph freeway volume 
range. The calculated percentage for several of the low-volume periods differed by 
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Figure 7 , Volume distribution on 8-lane freeways upstream from on-ramps. 

as much as 7 to 13 percentage points from the actual percentage. Overall, the stan
dard error of estimate was 2. 7 percentage points for lane 1, 3.1 for lane 2, and 3. 6 for 
lane 3. 

The behavior of drivers at low freeway volumes cannot be predicted as accurately 
as at higher volumes because of the great freedom of movement possible. External 
factors will often influence the choice of a lane for traveling on the freeway. This 
choice can be exercised at lower volume levels. However, once volumes build up, the 
individual driver becomes more restricted by his fellow drivers, who are now in closer 
proximity. The driver's choice of lanes thus becomes more influenced by headways, 
speeds, and adjacent lane volumes. Once these factors begin to have a pronounced ef
fect on drivers' decisions, there is apt to be less variation in lane percentages between 
facilities at given volume levels. 

The question sometimes arises as to how much effect an on-ramp has on lane 1 
traffic. Of course, the lane volume distribution curves do reflect an effect, but what 
motivates a driver to drive in lane 1 is a question which may never be fully answered. 
High-volume ramps carrying more than 1, 000 vph exert considerable pressure on lane 
1 vehicles. Even at more usual ramp volumes, if freeway volumes are light upstream 
from the ramp there is a tendency for lane 1 vehicles to move over into lane 2 to avoid 
conflict with the ramp vehicles. This is especially so at low-speed ramp connections, 
which inhibit through traffic speeds in lane 1. At higher freeway volumes and more 
usual ramp conditions this tendency is much less pronounced. Commuters' driving 
habits are fairly well fixed and any tendency to avoid ramp traffic is usually masked 
because the maneuver to lane 2 or lane 3 may take place well upstream from the ramp. 
There appears to be a certain amount of local variation in whether drivers move over 
to avoid ramp vehicles. The degree of conflict the ramp vehicles cause, plus the 
ease of making a lane change, exert considerable influence on the driver's choice. 

Several checks were made on the 6-lane divided Edsel Ford Expressway in Detroit 
to determine how many cars were moving over within the vicinity of the ramp. In one 
study, out of 1,003 vph in lane 1, 32 vehicles moved over within the 225-ft stretch up
stream from the ramp nose, and 28 others moved over while adjacent to the 575-ft ac
celeration lane. These 60 vehicles amount to only 6 percent of the lane 1 vehicles 
moving to lane 2 over the total distance of 800 ft. The ramp volume was 790 vph and 
the freeway volume 4,372 vph at this location. At another on-ramp in Detroit, 3 per
cent of 1,426 lane 1 vehicles moved over in the stretch from 100 ft upstream to 300 
ft downstream from the ramp nose. The ramp volume was 842 vph and the freeway 
volume 5, 379 vph. It is improbable that all the lane 1 vehicles shifting did so because 



80 

of the presence of the ramp. Aside from those vehicles which do move over, many 
lane 1 drivers reflect ramp pressure by edging over near the left edge of their lane at 
the on-ramp junction. This maneuver gives the ramp vehicle more room laterally in 
which to jockey while merging. After merging, the majority of the ramp drivers pre
fer to move over into adjacent lanes as opportunity permits. Studies made recently at 
four varying freeway sections in Detroit disclosed that approximately 55 percent of the 
ramp vehicles had moved out of lane 1 within 1-mi downstream from their point of en
try onto the freeway. Average freeway lane volumes were in the 1, 200- to 2, 100-vph 
range during these studies. 

The freeway lane volume distribution curves in this report are least squares fits 
made without taking into account the variation in ramp volumes. As such, they fairly 
well represent an average condition. An alternative method for calculating lane 1 
volume is given later in this report and in Appendix B. This method takes into account 
not only the freeway and ramp volumes, but also distances to and volumes of adjacent 
ramps. Unfortunately, only enough data were available to derive equations for the 
most usual freeway conditions. Whenever the situation fits within the limits of these 
formulas, it would increase accuracy to use this alternate method for calculating lane 
1 volume rather than the freeway lane volume distribution curves. Nomographs (Figs. 
8, 9, and 10) of some of these equations are presented for graphic solution of problems. 

Vehicle Storage at On-Ramps 

A secondary function performed by ramps is that of providing storage for cars 
interchanging between facilities. Although engineers endeavor to provide designs that 
will enable drivers to move without undue delay, traffic volumes often nullify this aim. 
Lack of adequate capacity at the ramp terminals can force the ramp to function as a 
storage area for varying periods of time. Stopped or slow-moving vehicles on a ramp 
are more an irritation than a major operational problem. However, if the available 
storage cannot absorb the excess demand, there is danger that the backed-up ramp ve
hicles will block through lanes on the interchanging highway. 

As might be expected, interchanges vary considerably in their ability to cope with 
extreme traffic demands sufficiently well so that congestion is localized and not trans
mitted via the ramp to the other roadway. Most direct and semi-direct interchanges 
reported in this study had long ramps, usually two lanes in width, which provided ade
quate storage when needed. The same was true for the cloverleaf outer connections. 
Cloverleaf inner loops did suffer from inadequate storage capacity in some of the 
studies. One ramp which did not suffer from inadequate storage capacity, even though 
it carried 1,475 vph, was the inner loop from Cross Island Parkway southbound to the 
Long Island Expressway eastbound on Long Island, N. Y. This well-designed ramp has 
an auxiliary lane upstream from its exit from Cross Island Parkway and also at its 
entrance to Long Island Expressway. The ramp, 24 ft wide and fully two lanes ooera
tional throughout its length except at its merging end, has a minimu~ radius of 205 ft 
with 500-ft radii at its terminals. As shown in Figure 11, the two lanes narrow to one 
lane 14 ft wide at the merging end of the ramp. Fortunately, from the storage stand
point, if not the travel time standpoint, the ramp is longer than average (1, 060 ft). 
During its peak hour of 1, 475 vehicles, this ramp had several 5-min periods when the 
flow rate exceeded 1, 700 vph merging into lane 1 of the Long Island Expressway. The 
expressway was carrying 3,900 vph in three lanes upstream from the ramp. The sub
stantial storage (running room) afforded by the two ramp lanes localized the congestion 
which resulted when ramp vehicles were unable to merge fast enough to keep up with 
the heavy demand. Any design less liberal would have resulted in a backup into Cross 
Island Parkway, constricting its free-flowing traffic and producing hazardous maneu
vers. It was decided to restudy this ramp, concentrating on determination of the num
ber of vehicles traversing the ramp simultaneously and the average speed of the trail
ing vehicle while the ramp was emptying. During this study the ramp carried a peak 
of 1,512 vph. The "moving storage" checks, made on the average of once each 5-min 
period, ranged from 12 to 60 vehicles on the ramp simultaneously. At no time did the 
ramp vehicles back up into the Cross Island Parkway flow, although several times the 
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Figure 11. Merging terminal of loop ramp from Cross Island Parkway southbmmd to Long 
Island Expressway eastbound on Long Island, N. Y. 

ramp was completely full. Average speeds of the trailing vehicles while rounding the 
ramp were in the 8- to 21-mph range. During 39 min of this hour a vehicle was stall
ed halfway around the ramp on the iimer lane, yet the ramp was able to function suc
sessiully during this period at a flow rate of 1, 505 vph. The Long Island Expressway, 
into which the ramp vehicles had to merge, was moving slowly with some stop-and-go 
operation. The ramp vehicles (1, 505-vph rate) had to weave through the off-ramp ve-

Figure 12. Beaubien ramp to Edsel Ford Ex
pressway eastbound, showing poor operation 
resulting from 1-lane ramp being pressed 

into 2-lane service by crowding. 

hicles (777-vph rate) on the Long Island 
Expressway over the auxiliary lane dis -
tance of 62 5 ft. Obviously, traffic vol-
umes on the Long Island Expressway were 
not conducive to free flow on connecting 
entrance ramps. 

Slip ramps, which are usually very 
short, have a built-in disadvantage, es
pecially where the traffic flow is moderate 
to heavy on both frontage road and free
way. Any congest10n at the merging end 
can be quickly extended back onto the 
frontage road lanes. 

At diamond on-ramps, storage capacity 
usually is not of much importance be
cause signalization at the cross street 
controls the amount of traffic entering 
the ramp. However, in the case of a 
short ramp connecting directly to the 
cross street, vehicle storage can become 
critical if merging is difficult at the free
way end. This assumes a heavy slug of 
vehicles released to the ramp by the traf
fic signal. The data collected at the 
Beaubien on-ramp to the Edsel Ford Ex
pressway eastbound in Detroit illustrate 
this situation. 

At this location, a 600-ft long, 14-ft 



85 

wide (curb to curb) ramp with a 900-ft auxiliary lane operates smoothly at a rate of 
900 vph, but when a heavy concentration of rush-hour traffic generated by the dense in
dustrial development nearby delivers 20 to 40 vpm to the ramp, a chaotic situation de
velops. The stored vehicles on the ramp, waiting to merge, crowd into a two-lane 
operation with the outside lane using the auxiliary lane while the inside lane is forced 
to merge directly into an already heavily-loaded lane 1 (Fig. 12). Perhaps this illus
trates the advantage of diamond ramps that come off frontage roads, giving the driver 
the option to continue along the frontage road if the ramp is overtaxed. Ramp vehicles 
may at times back up onto the frontage road, but this is not as serious as the disrup
tion to the freeway when a one-lane ramp begins to operate as two lanes because of lack 
of storage room. 

Ramp/Lane 1 Volume Proportions for Free-Flow Merge 

The volume of traffic which can merge at a ramp-freeway connection is dependent 
on a number of variables associated with geometrics and traffic characteristics. One 
of these is the relative proportion of ramp and lane 1 volumes which are combined to 
make up the merge volume. One cannot expect the ease of merging to remain constant 
regardless of how the two volumes are distributed. For instance, where 1, 600 vehicles 
must merge and all other variables are held constant, it appears easier to merge 400 
ramp vehicles with 1,200 lane 1 vehicles than to merge 800 ramp vehicles with 800 lane 
1 vehicles. Also, 1,200 ramp vehicles can usually be merged with 400 lane 1 vehicles 
more readily than 800 ramp vehicles with 800 lane 1 vehicles. The merge volume in 
all instances is 1, 600 vph but the operation is considerably different in each of the three 
cases. 

Figures 13 and 14 were developed in an effort to determine how the varying combina
tions of the two flows affect free-flow merge capacity. The curves are the least-squares 
fittings of ramp and lane 1 volumes for each category of ramp under free-flow merge 
conditions. The curves are derived from ramps with different geometrics, from free
ways both new and old, and from cities of various sizes. No standardization to uni
form conditions has been attempted. However, the ramps represented by a specific 
curve are of a certain category, such as diamonds or cloverleaf inner loops. This 
grouping provides a measure of uniformity, even though combinations of ramps with 
different geometrics are necessary to create workable samples. For instance·, a dia
mond ramp having a 700-ft acceleration lane is in the same grouping as a diamond ramp 
having no acceleration lane. The result is a curve giving a broad average of conditions 
and reflecting the relative capability of the different type interchanges within these 
average conditions. 

Usually the lane 1 volume is taken as the independent variable in making the least 
squares calculations, as shown in Figure 13. Strictly speaking, however, lane 1 is 
not completely independent of the ramp. Rather, the free-flow merge is somewhat of 
an interaction between the two traffic streams. Then why not use the ramp as the in
dependent variable and lane 1 as the dependent variable? This is done in Figure 14. 
Arguments can be presented for both cases. The problem is that given the same set 
of data, the least squares solution of the best curve fit will give different answers for 
free-flow merge, depending on which flow is taken as the independent variable. As an 
example, given a cloverleaf outer connection on-ramp with freeway lane 1 volume of 
600 vph, how many ramp vehicles can be accommodated while maintaining free-flow 
merge? Figure 13 shows 800 ramp vehicles to be the answer, whereas Figure 14 would 
give 1, 000 ramp vehicles. 

It is the intention in this progress report to show both sets of curves and present the 
arguments for each. Using lane 1 volume as the independent variable (Fig. 13) seems 
most logical for several reasons, as follows: 

1. Lane 1 generally has the right-of-way. 
2. Lane 1 speeds are steadier than those on the ramp. 
3. Ramp vehicle drivers generally make the bulk of the merging decisions and the 

makeup of the lane 1 traffic largely determines how and where the merge is accomplished. 
Ramp performance appears to be dependent on the lane 1 volume. 
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dependent var iable). 

A less forceful case could be presented for using the ramp as the independent vari
able (Fig. 14), as follows : 

1. The ramp vehicle driver has a maneuver to perform-merging. There is no 
possible deviation from this goal. The lane 1 vehicle driver, on the other hand, can 
usually deviate from his path by shifting to lane 2 as a consequence of ramp pressure. , 

2. High-volume ramps can dominate the merge, forcing lane 1 vehicles to slow 
down or adjust speeds to those of the merging vehicles. 

3. Some lane 1 drivers adjust their speeds to accommodate merging ramp vehicles 
regardless of the hourly ramp volume or the pressure exerted by the ramp vehicles. 

The author prefers the argument in favor of lane 1 as the independent variable for 
application of the least squares solution. The equations for the curves in Figure 13 
are given in Table 1. 

As can be ascertained from the standard errors given in Table 1, there is a rather 
large spread in the data within each ramp category. This is not unexpected because, 
as mentioned previously, the geometrics and traffic characteristics for ramps within 
each category varied considerably. 

The exponential curves of Figure 13 , which are used for direct, semidirect, and 
diamond ramps, are plotted separately in Figures 15, and 16, together with the upper 
and lower limits of the standard errors of estimate. The standard error of estimate 
for an exponential curve is not a constant value, but is a constant percentage above 
and below the curve value. For instance, the limits of the standard error of estimate 
shown in Figure 16for diamond ramps are 34. 3 percent above and 25. 6 percent below 
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Figure 14, Distribution of ramp and lane 1 volumes for free-flow merge, by ramp type 
(ramp as independent variable) . 

the curve value. These percentages apply to the ramp volume, which is added to the 
given freeway lane 1 volume to form the free-flow merge volume. For a high lane 1 
volume combined with a low ramp volume, the possible variation of ramp volume with
in the standard error of estimate would be quite low. However, for a low lane 1 vol
ume there would be a larger variation in the ramp volume that could be accommodated 
in the free-flow merge. 

Examination of Figure 13 discloses that for most ramp and lane 1 volumes, direct 
and semidirect ramp connections have the highest free-flow merge volumes, followed 
in order by diamonds, cloverleaf inner loops with auxiliary lanes, cloverleaf outer 

Ramp Type 

Direct, semidirect 
Left-hand, direct, semi-

direct 
Diamond 
Slip 
Clover, outer connection 
Clover, inner loop 
Clover, inner loop with 

auxiliary lane 

a . 
bSee Figure 15. 

See Figure 16 . 

TABLE 1 

RAMP VOLUME FORMULAS 

Curve Fit 

Exponential 

Straight line 
Exponential 
Straight line 
Straight line 
Straight line 

Straight line 

R 

R 
R = 
R 
R 
R 

R 

Equation for Free-Flow 
Ramp Vol. (vph) 

436,909 (vol. lane 1)-0
• 

855 

1, 153 - 0. 35 (vol. median lane) 
17, 029 (vol. lane 1)-0

• 
478 

1, 143 - 0. 82 (vol. lane 1) 
1,257 - O. 79 (vol. lane 1) 
805 - O. 51 (vol. lane 1) 

1,139 - 0. 52 (vol. lane 1) 

Std. Error of 
Estimate (vph) 

_a 

336 
_b 

312 
318 
273 

329 
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Figure 15. Distributi on of ramp and lane 1 volumes for free-flow merge for direct and 
semidirect ramps (lane 1 as independent variable). 

connections, slip ramps, and cloverleaf inner loops without auxiliary lanes. Figure 
14 shows much the same order, except that slip ramps and cloverleaf outer connections 
are nearly identical in merging capacity. 

The two sets of curves differ markedly, however, in identifying the optimum pro
portion for ramp and lane 1 volumes. Figure 13, with lane 1 independent, indicates that 
the highest free-flow merges can be expected when ramp volumes are low and lane 1 
volumes are high, except fo1· direct and semidirect ramps. Figure 14, with the ramp 
independent, favors high ramp volumes and low lane 1 volumes Ior highest free-flow 
merge. This appea1·s logical enough when it is remembered that the ramp is consider
ed independent and at high volumes tends to dominate lane 1 traffic. Finally, the ex
ponential curve shown in Figure 13 and also in Figure 15 for direct and semidirect 
ramps indicates that when either flow is dominant the free-flow merge volumes will be 
higher than when the two flows approximate each other in volume. Figures 17 .and 18, 
showing the Route 22 westbound connection to the Garden State Parkway southbound in 
New Jersey, illustrate a location studied where a heavy ramp (1,800 vph) dominated 
a merge of 2, 100 vph. The location was free flowing, primarily because of the light 
parkway volume, absence of commercial vehicles, and excellent geometrics. As 
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Figure l6. Distribution of ramp and lane 1 volumes for free-flow merge for diamond ramps 
(lane 1 as independent variable). 

Figure 17. Route 22 ramp to Garden State Parkway southbound in New Jersey. 

stated previously, the author prefers to treat lane 1 as the independent variable and 
the ramp as dependent. 

When use is made of these curves, lane 1 volume at a given freeway volume can be 
determined by reference to Figures 3, 4, 5, 6, and 7. The ramp volume determined 
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Figure 18. Looking back toward merge of Route 22 ramp with Garden State Parkway south
bound in New Jersey, 

from either Figure 13 or Figure 14 will then represent an average condition for the 
ramp category. If more accuracy is desired, it would be wiser (though more time
consuming) to apply the regression analysis formulas described in the following sec
tion. 

Free-Flow Merge for One-Lane On-Ramps 

Two formulas were developed by regression analysis for use in computing free-flow 
merge at 1-lane right-hand on-ramp connections. Appendix A gives a detailed discus
sion of the variables used and their relative effect on capacity calculations. Table 4 
(Appendix A) presents details of the regression analysis. 

The first formula, derived from 73 observations at all types of interchanges com
bined, can be applied to all types of interchanges except left-hand connections. Data 
were insufficient to permit development of a formula for left-hand ramps. This general 
formula for one-lane right-hand ramps at all types of interchanges is 

Free-flowmerge(vph) = 528 + 8.5X1 - 16.5X2 + 7.6Xa - l.OXi + 
0.22Xs + 0.071Xe (A) 

The second formula was derived after deleting the very short ramps and ramps of 
sharp curvature near the nose (slip ramps and cloverleaf inner loops) from the 73 ob
servations, leaving a remainder of 55 observations. This formula 

Free-flow merge (vph) = 441 + 10. OX1 - 18. OX2 + 9. 5Xa - 5. OXi + 
0.014Xs + 0.068X6 (B) 

should be used only for one-lane right-hand ramps of the following types: Diamond, 
semidirect, direct, trumpet outer connection, and cloverleaf outer connection. If 
used erroneously for other types, such as cloverleaf inner loops, it will give values 
that are too low. 

Several of the coefficients in the two formulas differ slightly from the calculated 
coefficients given in Table 4 (Appendix A). Those differing have been rounded slightly 
to facilitate computation. This rounding does not affect any free-flow merge computa
tion by more than a few vehicles. 

In these formulas the variables are: 

X1 = % freeway utilization. This is a measure of the freeway use immediately up
stream from the on-ramp nose. It is the hourly freeway volume (or 15-min free 
flow expanded to 1 hour) divided by the number of freeway lanes multiplied by 2, 000 
vph possible capacity per lane, or 
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c11 • • • Freewa volume (v )h 
70 Freeway utilization = N f 1 2 000 1 1 x 100 o. o· anes x , vp 1 ane 

(C) 

X2 = % commercial vehicles in the merge. This is the number of commercial vehicles 
in the merge (ramp + lane 1) divided by the expected number of vehicles in the 
merge, or 

% c. v. in merge = c . v. (Ramp + Lane 1) vph x 100 
Expected merge volume (vph) (D) 

Xa = ramp/merge ratio. This is a measure of the merge components, consisting of 
the ramp volume divided by the merge volume, or 

volume vph X 100 
(E) 

Xi = angle of convergence, in degrees. This is the interior angle made between the 
right edge of lane 1 and the left edge of the ramp at right-hand on-ramps. (The 
glossary gives details on measuring this angle when the ramp and/or freeway is 
curved.) 

X5 = length of acceleration lane, in feet. 

X6 = metropolitan area population, in 1, 000' s. (This value should not exceed 5, 000 
as applied to the formula. ) 

In using the formulas, whole numbers and not decimal equivalents should be used 
for the percentages expressed in Xi, X2, and X3 (i.e., for 27 percent use 27, not 0. 27). 
The metropolitan area population, X6 , should be obtained from the 1960 census, keep
ing in mind that for metropolitan area populations larger than 5, 000, 000, the figure 
5, 000 should be used. 

The results of the two formulas, broken down by ramp types, are compared in 
Table 2. The formula based on 73 observations generally predicts higher values for 
clover leaf outer connections and lower values for diamond ramps than does the other. 
All other ramp types are grouped together, with similar results for the two formulas. 
Everthing considered, any difference in results between the two formulas is minor and 
for simplicity the formulas based on 73 observations should be used. The other for
nmla, although more limited as the ramp types represented, has the advantage of a 
lower standard error of estimate. 

It is interesting to note that in Table 4 (Appendix A) the mean value of the free-flow 
merge is 1, 569 vph for the 73 observations. This is a close approximation of the 
1, 500 vph/lane assigned as urban practical capacity for freeways. The standard devia
tion of 288 vph indicates quite well that there is no magic number which can be used as 

TABLE 2 

COMPARISON OF RESULTS FROM FORMULAS BASED ON 73 AND 55 OBSERVATIONS 

Free-Flow Merge (vph) 

Ramp Type 
Obser-

Predicted Mean vations True 
Mean 

73 Obs. 55 Obs . 

Clover, outer 17 1,502 1,545 1,503 
Diamond 27 1,645 1,621 1, 655 
Direct; semidirect; 

and trumpet, 
outer 11 1,724 1,684 1,695 

a73 observations formula compared with 55 observation formula. 

Difference 
in 

Meansa 

+42 
- 34 

- 9 



92 

a merge capacity figure for general application. Of the 73 observations, 51 (70%) fall 
within the 1, 281- to 1, 857-vph range of one standard deviation. This appears to be a 
rather large range but, once again, it should be remembered that the data used are not 
only from different sections of the nation but also represent a wide range of design and 
traffic conditions. The variation in merge capacity within a given more or less homo
geneous system should be considerably less. 

Also of interest are the means of the freeway volumes upstream and downstream 
from the ramp for the 73 observations. Upstream from the ramp (before merge) the 
mean of the freeway volumes was 9. 5 percent below practical capacity. The mean of 
the ramp volumes was 597 vph. Downstream (after merge) the mean of the freeway 
volumes was 4. 8 percent above practical capacity. 

Figure 19 presents a means of determining the percentage of commercial vehicles 
in lane 1 of the freeway at the ramp nose. A word of caution is needed regarding its 
use. Partially because of local laws, there is much variation between cities in the truck 
distribution among lanes. If local data are available, it would increase the accuracy 
to use them rather than Figure 19 when applying the formulas. 

The formulas can be used for a number of purposes. Used in conjunction with lane 
volume distribution curves or lane 1 volume equations and commercial vehicle distri
bution (Fig. 19), the formulas provide a much needed capacity computation tool. Also, 
if some traffic counts are made, facilities already in operation can be evaluated for 
quality of performance. The formulas could be very useful where possible ramp 
closures or monitoring are being evaluated in the hope of maintaining a free-flow 
volume level on congested freeways. Another possible use is the prediction of future 
trouble spots as traffic volumes increase on newly opened networks. 
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Sample Problem No. 1 

Given: A semidirect interchange along a 6-lane freeway in Detroit, Mich. The 
freeway carries 4,300 vph just upstream from the ramp nose. Ramp volume is 800 
vph. Commercial vehicles make up 3 percent of the freeway traffic and 3 percent of 
the ramp traffic. The angle of convergence is 10° and the length of acceleration lane 
is 600 ft. 

Find: 
1. The "expected merge" for this on-ramp connection under the given traffic 

volumes. 
2. The predicted "f.f. merge" using the formula derived from 55 observations. 
3. Adequacy of design without considering the standard error of estimate. 
4. Adequacy of design considering the standard error of estimate given in Table 4. 

Solution: 
Using Figure 5, lane distribution for 6-lane freeways, 21. 5 percent of the freeway 

stream will be in lane 1, and land 1 (vph) == 0.215 x 4,300 = 925. 
"Expected merge" = 925 vph (lane 1) + 800 vph (ramp) = 1,725 vph. 
Number of commercial vehicles in freeway stream = 0. 03 x 4, 300 = 129. 
Number of commercial vehicles in ramp traffic = 0. 03 x 800 = 24. 
Using Figure 19 for commercial vehicle distribution, 55 percent of the 129 freeway 

commercial vehicles will be in lane 1, or commercial vehicles in lane 1 = 0. 55 x 
129 = 71. 

Using the 55-obs. formula: 

Plus quantities for formula 

Constant = 441 

Xu % fwy. util. = 4, 300 X 100 
3 x 2, 000 vph/lane 

800 
X3 , ramp/merge ratio = 

925 
+ 800 x 100 46 

X5, acceleration lane = 600 

72 

X 6, metropolitan area pop. = 3,762 (from 1960 census) (1, OOO's) 

Minus quantities for formula 

X 'fa C V 'n g 7l + 24 
X 100 = 5 5 z, . • I mer e = 925 + 800 . 

~. angle of convergence 10° 

Applying the 55 obs. formula: 

Free-flow merge= 444 + 10.0(72) - 18.0(5.5) + 9.5(46) - 5.0(10) + 
0. 14 (600) + 0. 068 (3,762) = 1,789 vph. 

Inasmuch as the 1, 789-vph free-flow merge predicted by the formula is more than 
the "expected merge" of 1,725 vph, the facility can be considered adequate. However, 
if the design standard is to keep the free-flow merge within the standard error of esti
mate, the designer would have to consider the minimum free-flow merge within the 
standard error of estimate, which is 1,630 vph (1,789 vph prediction - 159 vph stan
dard error of estimate). The probability of having a free-flow merge of more than 
1, 630 vph is approximately 0. 84. The 1, 630 vph is less than the "expected merg,e," 
so adjustments would have to be made in the design. 

Answers: 

1. 1,725 vph "expected merge." 
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2. 1,789 vph predicted free-flow merge. 
3. Design is adequate without taking into consideration the standard error of esti

mate. 
4. Design is inadequate if standard error of estimate is applied. 

Those using these formulas should understand the relationship between the "expected 
merge" and the "free-flow merge." The "expected merge" is the merge which is fore
cast, taking into account the ramp and freeway volumes. If it is less than the com -
puted "free-flow merge," the facility will operate satisfactorily and the merge taking 
place will be the " xp cted merge ." However, if the "expected merge" is higher than 
the "free-flow merge," the indication is that the operation will be congested because 
more vehicles will be attempting to merge than can be accommodated in a satisfactory 
manner by the facility. 

By itself, the free-flow merge volume has limited significance. The facility can be 
operating very well with a low free-flow merge volume, provided the "expected merge" 
is even lower. Increasing the freeway and/ or ramp volumes would increase the com
puted "free-flow merge" but the "expected merge" would increase even more rapidly 
so that congested operation would soon result. 

Different "expected merge" and "free-flow merge" volumes will result if the pro
portion of the ramp and freeway volumes are varied while keeping a constant total 
volume. For instance, using the sample problem condition and varying the volumes up 
and down by 200-vph increments so that computations are made for 600 ramp vehicles 
merging with 4, 500 freeway vehicles and 1, 000 ramp vehicles merging with 4, 100 
freeway vehicles, the results are as follows : 

Free-Flow Volume (vph) 

Total Freeway Ramp Expected Predicted 
Merge Free-Flow Merge 

5,100 4,100 1,000 1,861 1,835a 
5,100 4,300 800 1,725 1,789 
5,100 4,500 600 1,568 1,734 

aCongestion predicted . 

The foregoing comparison shows that as the ramp volume increases, the "expected 
merge" and t he "free-flow merge" volumes both increase, but the former much more 
rapidly. In the case of 1,000 ramp vehicles merging into a freeway sb.'eam of 4, 100 
vehicles, some congestion can be expected because the "free-flow merge" is less than 
the "expected merge." Much as experience with freeway operation might lead one to 
assume, the best operation of the three cases cited is when 600 ramp vehicles merge 
into a freeway stream of 4, 500 vehicles. 

Alternative Method for Computation of Free-Flow Merge 

The formulas used in the preceding section depended on a computation of lane 1 
volwne by the use of cm·ves set up for varying freeway volumes (Figs. 3, 4, 5, 6, 7). 
These least squares Cllrves represent the best fi t for the lane use data obtained in this 
study. Indirectly, the curves reflect study ramp pressure on lane 1 volumes, adjacent 
ramp action on lane 1 volumes, and the effects of the various other components (such 
as signing and geographical location) which are determinants in the use of lane 1. These 
curves are more accurate at high freeway volumes than at volumes below practical 
capacity. At these lower volume levels there is more margin for error as local con
ditions (such as location and volume of adjacent ramps) exert more of an influence on 
the freeway volume distribution. 

In an attempt to more closely fit the conditions at hand and narrow the margin of 
error, five equations have been developed by multiple regression analysis for use in 
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calculating the lane 1 volumes used in the free-flow merge calculations. These equa
tions take into account the distances to and volumes of adjacent upstream and down
stream off-ramps, as well as the freeway and ramp volumes at the connection for which 
computations are being made. Unfortunately, there were insufficient data to permit 
derivation of equations for conditions other than the most common possibilities. Table 
3, as well as Appendix B, gives the conditions for which the equations are applicable. 
Those using the equations should not extrapolate or use values outside the ranges shown 
in Table 3. For those who prefer graphic solutions, nomographs (Figs. 8, 9, and 10) 
are given for Eqs. 1, 4, and 5. 

The equations and the broad requirements for the use of each are as follows: 

Equation No. 1-

Condition: For 6-lane freeways when the on-ramp under consideration is bracketed 
by adjacent off-ramps, upstream and downstream, and no auxiliary lane connection 
exists to the adjacent downstream off-ramp. 

Volume in lane 1 (vph) = -121 + 0.244 (freeway volume in vph) - 0.085 (volume of 
adjacent upstream off-ramp in vph) + 

640 

Equation No. 2-

(volume of ad·acent downstream off-ram in h) 
distance, in feet, to adjacent downstream off-ramp 

Condition: For 6-lane freeways when the on-ramp under consideration has an adja
cent upstream off-ramp and is connected to an adjacent off-ramp less than 1,000 ft 
downstream by an auxiliary lane. 

Volume in lane 1 (vph) = 62 + 0. 232 (freeway volume in vph) - 0. 072 (ramp volume 
in vph) - O. 041 (length, in feet, of auxiliary lane) + 
0. 432 (volume of adjacent downstream off-ramp in vph) 

Equation No. 3-

Condition: For 6-lane freeways when the on-ramp under consideration is connect
ed to an adjacent off-ramp less than 1,000 ft downstream by an auxiliary lane, and 
there is either no nearby upstream ramp or, if so, its volume is negligible. 

Volume in lane 1 (vph) = -162 + 0. 273 (freeway volume in vph) - 0.195 (ramp vol
ume in vph) + 0. 635 (volume of adjacent downstream off
ramp in vph) 

Equation No. 4-

Condition: For 6-lane freeways at cloverleaf interchanges where the inner loop on
ramps is connected to the inner loop off-ramp by an auxiliary lane. The interchange 
may or may not have outer connections. The equation does not require them and ap
plies only to inner loop on-ramps. 

Volume in lane 1 (vph) = -87 + 0. 225 (freeway volume in vph) - 0. 140 (ramp vol
ume in vph) + 0. 500 (volume of adjacent downstream in
ner loop off-ramp in vph) 

Equation No. 5-

Condition: For 4-lane freeways when the on-ramp under consideration is bracketed 
by adjacent off-ramps, upstream and downstream, and no auxiliary lane connection 
exists to the adjacent downstream off-ramp. 

Volume in lane 1 (vph) = 55 + 0. 363 (freeway volume in vph) - 0. 184 (ramp volume 
in vph) + 0. 022 (distance in feet to adjacent downstream 
off-ramp) + 0. 030 (volume of adjacent downstream off
ramp in vph) 

Sketches of these layouts are shown in Table 5 (Appendix B), together with the equa
tions and associated statistical data. 
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Eq. 

1 
2 
3 
4 
5 

TABLE 3 

REQUIRED RANGES OF VARIABLES FOR VALID USE OF EQUATIONS 

Volume 
Adj . Upstream Adj. Downstream 

(vph) Off-Ramp Off-Ramp 

Freeway Ramp 
Distance Volume Distance Volume 

(ft) (vph) (ft) (vph) 

2,400 - 6, 200 100 - 1, 700 900 - 2,600 50 - 1, 100 900 - 5,700 50 - 1,300 
1, 900 - 6,200 150 - 1,900 450 - 2, 150 50 - 1, 000 550 - 950 50 - 1, 000 
1,900 - 6, 200 50-1,900 550 - 950 50 - 1,000 
2,000 - 5, 600 200 - 1, 500 450 - 850 150 - 1,500 
1, 100 - 3, 700 50 - 1,000 100 - 1,450 50 - 600 1, 000 - 5, 000 50 - 750 

Those who use the equations should not be confused because some of the required 
validating conditions are not found as variables in the equations. For example, in Eq. 
2 an adjacent off-ramp is r equired between 450 and 2, 150 ft upstream from the .ramp 
under consideration. However, the equation does not contain variables relating to this 
specified adjacent upstream off-ramp. These variables are missing from the equation 
because their effect was found to be negligible and so their input was deleted in the 
derivation of the formula. Nevertheless, conditions other than those specified might 
cause a diffe:r;ent freeway lane volume distribution leading to an erroneous calculation. 

Sample Problems Using Lane 1 Volume Equations 

To understand the use of the equations, several sample problems will be worked: 

Sample Problem No. lA-

Given: The same conditions as in Sample Problem No. 1, the only change being 
that adjacent upstream and downstream off-ramp conditions are also given, as 
follows: 

4300 =:: 
v.p.~. ~ 

:00 ~io< 1~ -A,1,_ ... . ,. :.o.~. 

1000 '-
1 -k'---- ---Jooo-' --------''"'4 

The adjacent upstream off-ramp, 1,000 ft away, carries 600 vph; the adjacent 
downstream off-ramp, 3,000 ft away, carries 400 vph. 

Find: 

1. The "expected merge" for this on-ramp connection under the given traffic 
volumes using a lane 1 volume equation. 
2. The predicted free-flow merge, using the formula derived from 55 observa
tions. 

Solution: The given conditions fall within the requirements for use of Equation 
1, so this equation is used to calculate lane 1 volume. 

(400) 
Volume in lane 1 (vph) = -121 + 0.244 (4,300) - 0.085 (600) + 640 (3,000) 

Expected merge 962 vph (lane 1) + 800 vph (ramp) 1,762 vph 

962 
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The free-flow merge formula from 55 observations would then be applied as in 
Sample Problem No. 1 and, because the "expected merge" of 1, 762 vph is less than the 
predicted free-flow merge of 1, 782 vph, there should be no congestion. This does not 
take into account the possible application ·of the standard errors for the lane 1 volume 
or the free-flow merge. This aspect is discussed later. 

The foregoing answers exhibit little difference from those calculated for Sample 
Problem No. 1. The most likely reason for the close approximation is that the adja
cent ramp conditions used in the equation calculation of lane 1 volume were quite or
dinary or average. The difference in the two methods of calculating lane 1 volume 
becomes more apparent if the adjacent downstream off-ramp carried 700 instead of 
400 vph. 

Using Equation No. 1, the lane 1 volume would now be 1,026 vph, the "expected 
merge" 1, 826, and the predicted free-flow merge (using the formula from 55 observa
tions) 1,785 vph. The presence of the rather heavy downstream off-ramp, now carry
ing 700 vph, means more freeway vehicles, in anticipation of exiting, will be using 
lane 1, thus raising the "expected merge." The "expected merge" now exceeds the 
free-flow merge so congestion is predicted. The addition of 300 more vph exiting 
downstream has changed the forecast from free flow to congestion. 

If, as before, calculations are also made for 1,000 ramp vph merging into a freeway 
stream of 4, 100 vph and 600 ramp vph merging into a freeway stream of 4, 500 vph, 
using the lane 1 volume formulas which take into account the adjacent ramps, the values 
are as follows: 

Free-Flow Volume (vph) 

Expected Merge Predicted Free-Flow Merge 

Total Freeway Ramp 
400 Vph Exiting 700 Vph Exiting 400 Vph Exiting 700 Vph Exiting 

Downstream Downstream Downstream Downstream 

5,100 4,100 1,000 1, 913 1,977 1, 815a 1, 810a 
5, 100 4,300 800 1, 762 1,826 1, 782 1,775a 
5,100 4 , 500 600 1, 611 1, 675 1, 727 1,720 

aCongestion predicted . 

These calculations should be compared with those given earlier. 
As more data become available, other equations can be developed to include other 

adjacent ramp conditions, such as an adjacent on-ramp upstream from the on-ramp 
under consideration. It is doubtful that equations can be developed which make use of 
upstream and downstream ramps other than the immediately adjacent ramps. Con
siderable data are needed to allow accomplishment of such a task. In the interim, if 
the equations are not applicable to the given freeway layout and volumes, the lane vol
ume curves (Figs. 3, 4, 5, 6, and 7) can be used to determine lane 1 volume just up
stream from the ramp nose. 

No mention has been made of how to handle the standard error of estimate for a 
lane 1 volume equation as given in Table 5 (Appendix B). If the objective is to reduce the 
risk of a failure (i.e., traffic congestion), the logical procedure would be to add the 
standard error to the calculated lane 1 volume. This would have but a slight effect on 
the free-flow merge calculation, but it would increase the "expected merge" by the 
amount of the standard error, thereby decreasing relatively the margin between the 
"expected merge" and the predicted free-flow merge, for free-flowing conditions. 

It should be remembered, of course, that there is also a standard error for the 
free-flow merge calculation. The two standard errors involved in the two calculations 
(lane 1 volume and free-flow merge) might be additive in the direction of poorest per
formance or additive in the direction of optimum performance, or the standard errors 
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might tend to cancel each other out. In the case of operational-type problems, such 
as ramp closure decisions on congested freeways, it seems sufficient to apply only the 
standard error of the free-flow merge equation. Subtracting this standard error gives 
the user a free-flow merge value (a lower limit) which will be exceeded in actual free
way operation approximately 84 percent of the time. In design-type problems, however, 
some may feel it prudent also to apply the standard error of the lane 1 volume equa
tion. The calculated lane 1 volume increased by the amount of the standard error 
would then be used in the free-flow merge calculation. The additional measure of 
safety provided by applying the lane 1 standard error cannot readily be measured in 
terms of the resulting free-flow merge, but overall the measure of statistical confi
dence would now be comparable with that usually used in research work-a confidence 
interval exceeding 90 percent. 

Two-Lane On-Ramps 

Some ramps designed as 2-lane facilities operate instead as 1-lane, either through 
lack of demand or because of geometric conditions which make driving them single file 
more comfortable. Given sufficient demand, operation will become 2-lane. Even 1-
lane ramps sometimes operate as 2-lane facilities when high demand forces ramp 
drivers to double up, as already discussed for the Beaubien ramp in Detroit. For pur
poses of this report, 2-lane ramps are those designed and operating as such at the 
terminal of the ramp. 

One of the most interesting 2-lane ramps studied was the Northern State Parkway 
semidirect connection to the Long Island Expressway westbound. This location was 
studied four times with "peak merge hour" ramp volumes ranging from 2,040 to 2,265 
vph. Inasmuch as the Long Island Expressway was opened to a point only 0. 6 mi east 
(upstream) of this ramp at the time of the first two studies, total peak-hour freeway 
volume for three lanes was only 1,000 to 1, 500 vehicles. A few weeks later, five more 
miles of expressway were opened with peak-hour freeway volume l!lpstream from the 
ramp of 2,735 vehicles in the morning peak and 1,949 vehicles in the afternoon peak. 
Operation throughout the peak periods was mostly free-flowing, with only a few slow
downs. Free-flow merging volumes were 2,444, 2,700, 2,468, and 2,688 vph as 
shown in the following: The 15-min f.f. volumes expanded to 1 hour were as follows: 

Free-Flow Volumea (vph) 

Study 
Ramp Freeway 

Mergeb Lane Lane Lane Lane Lane Total 
TotalC 

Nn 'T'im<> 1 2 3 .f:j A 

1 A.M. 620 1,376 2,444 448 692 532 1,672 3,668 
2 P.M. 1,332 1,160 2,700 208 412 380 1,000 3,492 
3 A.M. 684 1,384 2,468 220 1,108 1,076 2,404 4,652 
4 P.M. 876 1,528 2,688 284 816 848 1,948 4,352 

al5-min f .f. volume expanded. to 1 hour, bRamp B + Ramp A + Lane 1. 
cFreeway + Ramp. 

The comparatively low freeway volumes permitted ramp lane A traffic to merge 
directly into lane 2 on occasion. Although the merge volumes given are the additions 
of the ramp lanes and lane 1, recognition should be given to this role that lane 2 plays 
when freeway volumes are at low levels. The high merge figures are more understand
able when the low-volume nature of the freeway traffic is understood. An acceleration 
lane 810 ft long was used by the ramp lane B vehicles. In three of the four studies, 
lane A carried considerably more traffic than lane B. The overall ramp lane volume 
percentages at ramp volume levels between 1,400 and 2,600 vph are shown in Figure 
20 under N. Y. -36a, b, c, d. Evidently, the drivers preferred to take their chances 
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Figure 20 . Ramp volume di stribut ion for 2-lane on-ramps (two locations). 

in an immediate merge rather than use the acceleration lane and have to find a gap in 
the already iperged lane A and lane 1. The exc¥tion was study No. 2, in which 53 
percent of the ramp vehicles used lane B. (The difference here might have been caused 
by a bothersome su.n with which the ramp drivers had to contend. At least that is the 
only reason that can be hypothesized other than the vagaries of traffic.) 

All in all, this interchange operated smoothly with going-away free-flow volumes 
averaging 1, 200 to 1, 550 vph/lane. It was a case of a ramp of high-volume design 
dominating the scene, especially in the first two studies. However, since completion 
of the four studies still another section of the Long Island Expressway has been com -
pleted and freeway volumes now are close to practical capacity range as they approach 
the ramp nose. As might be expected, operation is now congested throughout the peak 
hour, with backups accumulating on both ramp and freeway. 

Another 2-lane ramp of interest was that connecting North Conduit Avenue west
bound to Van Wyck Expressway northbound on Long Island. The acceleration lane is 
520 ft long. The "peak merge hour" produced the following volumes: Ramp lane B, 
1,170; ramp lane A, 1,336; merge (ramp B + ramp A + lane 1), 2,917; lane 1, 411; 
lane 2, 739; lane 3, 491; freeway (lane 1 + lane 2 + lane 3), 1, 641; total (freeway + 
ramp), 4, 147. 

Similar to the Northern State Parkway - Long Island Expressway ramp, ramp lane 
A carried more vehicles than ramp lane B. There were numerous lane changes by 
ramp vehicles jockeying for position as they approached the nose prior to merging. 
The merge volume of 2, 917 vph seems high, but it should be noted that 2, 506 were on 
the ramp with only 411 in lane 1. Although no data were recorded, a number of ramp 
vehicles did cut directly into lane 2 of the Van Wyck Expressway, which begins at 
Idlewild Airport 2. 5 mi south of this location. 

Because traffic volumes are likely to remain quite stable at this location in con
trast to those along the previously discussed Long Island Expressway, free-flowing 
traffic can probably be maintained with present geometrics. One more note-although 
accident statistics have not been studied, personal observation of this ramp's opera
tion (and to some extent the Long Island Expressway ramp too) led to the belief that 
safety is sacrificed when ramp vehicles are given three choices of action: (1) Use of 
acceleration lane and merge into lane 1; (2) Merge directly into lane l; and (3) Merge 
directly into lane 2. The last named action caused most of the near misses observed. 
Eliminating this type of merge would not be easy, as it is more a result of unusual 
freeway ramp volume distributions than of geometrics or signing. 

A 2-lane diamond ramp studied in New Jersey near the Lincoln Tunnel was the 
Pleasant Avenue on-ramp to New Jersey Route 3 westbound. The 15-min free-flow 
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volume expanded to 1 hour was: Ramp lane B, 452; ramp lane A, 584; merge (ramp 
B + ramp A + lane 1), 1,524 (28. 6% c. v. ); lane 1, 488; lane 2, 1,068; lane 3, 1,028; 
freeway (lane 1 + lane 2 + lane 3), 2, 584; total (ramp + freeway), 3, 620 (20. 2% c. 
v. ). 

Principally because a long upgrade on Route 3 ended only 600 ft upstream from the 
ramp nose, 80 percent of the commercial vehicles were in lane 1. These slow-moving 
trucks created a number of large gaps, so that once again ramp vehicles favored lane 
A (N. Y. P.A. - 1 Study in Fig, 2 0). Ramp lane B vehicles were hampered by a short 
acceleration lane (180 ft) and by lane A vehicles that were accelerating after direct 
entry onto lane 1. Observers commented that as many as 20 percent of the merged 
ramp vehicles moved over into lane 2 within 200 ft of the nose. 

The conclusions that can be drawn from the 2-lane on-ramps studied are as follows: 

1. Except when the beginning of the freeway is and will remain a short distance 
upstream, an extra through lane should be added to the freeway. 

2. Downstream (after merge) going-away averages exceeding 1; ~00 vph/lane will 
usually result in congestive operation. The most probable reason for this is the diffi
culty in achieving equitable volume distribution among the freeway lanes downstream 
from high-volume 2-lane ramps. It follows that any time freeway lane averages ap
proaching 1,000 vph/lane upstream from the ramp are expected, an extra through lane 
should be added to the freeway at 2-lane on-ramp connections. This is especially so 
for 4- or 6-lane divided freeways. 

3. Addition of an extra through freeway lane would help eliminate direct merging 
into lane 2 by ramp vehicles and increase overall safety, because only one ramp lane 
would need to merge into lane 1. 

OFF-RAMPS 

One of the main objectives of the Freeway Ramp Capacity Study is to determine 
formulas for computing the capacity of the diverging movement from the freeway to 
the ramp. There is also a need for determining the relative strength of the roles 
played by such geometric and traffic characteristics as angle of divergence, sight dis
tance, length and shape of deceleration lane, percentage of commercial vehicles, and 
lane volume distributions. Although work on these objectives is under way, it has not 
progressed to the point where results can be reported. The observations presented 
herein are therefore mostly general impressions developed from a review of the off
ramp data submitted. 

The capacity problems found at exit ramps are quite dissimilar from those ex
perienced at on-ramps. Whereas the on-ramp driver has the very real task of choosing 
a gap and merging into it, no such complicated maneuver is necessary at exit ramps. 
It is rather disconcerting, th~refurt!, that so1ne off-1-a111ps ope1-ate irr an unsatiafacto:ry 
manner. 

At off-ramps there are three possible capacity limitations, as follows (circled 
numbers 4, 5, and 6, Fig. 1): 

4. The diverging movement from the freeway to the ramp. 
5. The ramp proper. 
6. The ramp terminal connection to the street system. 

The capacity of the diverging movement from the freeway to the ramp has the great
est effect on the through freeway lanes. Reasons for unsatisfactory diverging maneuvers 
are sometimes difficult to pin down because the origin of the trouble may be some dis
tance upstream or downstream from the ramp. 

Some of the causes of diverging difficulties are as follows: 

1. Poor signing and/or sight distance, causing abrupt maneuvers or speed changes 
close to the exit ramp nose. 

2. Lack of adequate weaving length on the freeway upstream from the ramp exit, 
causing excessive lane changing near the nose. Even though advance overhead signing 
is present, television surveillance lane-changing studies in Detroit disclosed that the 
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Figure 21 . Crowding in at exit nose, illustrating failure to use auxiliary lane to 
best advantage. 

greatest amount of lane-changing took place just upstream of the off-ramp nose. To 
a certain extent this prevents maintenance of the uniform speed necessary for smooth 
operation of exiting traffic. 

3. The occasional poor usage of auxiliary and deceleration lanes. Cutting-in at 
the nose of cloverleaf inner loop off-ramps was a problem at several locations, even 
though an auxiliary lane was available for use by exiting drivers (Fig. 21). 

4. Poor operating characteristics of the ramp proper, causing speed reduction to 
extend back onto the freeway exit lane. 

The concept of a capacity of the ramp proper (No. 5, Fig. 1) is really no different 
than the capacity of the ramp proper for an on-ramp. It is the physical ability of the 
ramp to handle a continuous supply of vehicles, assuming that there are no limitations 
at the ramp terminals. It would seem, therefore, to be dependent on such physical 
characteristics as radius, width, superelevation, and riding surface. Because this 
ultimate capacity is so seldom reached in practice, this seems to be an area where 
controlled laboratory experiments, or perhaps simulation, are needed. Of course, if 
the ramp is tangent, the ramp proper capacity should be the same as conventional free
way lane capacity for the given speed. 

The last mentioned capacity limitation (the ramp's connection to the street, frontage 
road, or interchanging highway system) is a subject in itself. Although some backup 
along the ramp can be tolerated, the situation reaches serious proportions when the 
freeway lane 1 is encroached upon. If the exit ramp's terminal is a merging operation 
into another fr eeway or expressway (No. 6, Fig. 1), there are not apt to be serious 
backups unless the traffic is so heavy on the other facility that the ramp vehicles cannot 
merge without delay. If the ramp is two lanes wide for storage purposes, backups can 
usually be confined to the ramp. From an operational standpoint, especially at the 
divergence from the freeway, a 2-lane ramp may be less desirable than a 1-lane ramp. 
Diamond ramps are almost always 1-lane. It is usually at diamond interchanges con
trolled by traffic signals that backups become serious enough to extend back onto the 
freeway. Occasionally, backups occur at diamond off-ramps controlled by stop signs, 
usually because of difficulties encountered by left-turning vehicles. 

Freeway Volume Distribution at Off-Ramps 

Freeway volume distributions at off-ramps for 4-, 6-, and 8-lane freeways are 
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given by lanes in Figures 22, 23, and 24. These distributions were taken just down
stream from the ramp nose after the ramp traffic had diverged from the freeway 
stream. 

The curves for 6-lane freeways at off-ramp locations (Fig. 23) are derived from 6-
lane freeway volume distributions at all types of off-ramps. This figure also gives 
the volume distributions where an auxiliary lane is present between the off-ramp and 
the adjacent upstream on-ramp. The auxiliary lane evidently opens up lane 1, because 
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where such a lane exists percentages in lane 1 downstream from the off-ramp are 2 to 
9 points higher within the volume range shown by the curves. The increased use of 
lane 1 could also be partially caused by the relative nearness of the adjacent upstream 
on-ramp. 

As stated previously, the distributions shown in Figures 22, 23, and 24 are for the 
freeway downstream from the ramp nose. This explains the low percentage of freeway 
traffic in lane 1. If the lane percentages were shown as taken upstream from the ramp 
(before movement to the deceleration lane or ramp by drivers intending to exit), lane 
1 would usually carry the highest percentage of the freeway volume at lane volumes 
below practical capacity. The bunching of vehicles in lane 1 upstream from exit ramps 
is not a desirable characteristic. The seeming inability of the freeway traffic to evenly 
distribute among lanes upstream from off-ramps at volumes below practical capacity 
is being investigated as a primary contributor to congestion at exit ramps. An exit 
ramp which requires a considerable reduction in speed at the diverge from lane 1 is 
especially apt to cause erratic operation. 

At volumes above practical capacity, a more ideal utilization of the freeway lanes 
upstream from exit ramps is accomplished. Lane 1 will often carry the lowest per
centage; this is good, because it is the "action lane" subject to the most disturbance 
from the ramp vehicles. 

Vehicle Storage at Off-Ramps 

As previously mentioned, one of the problems frequently confronting traffic engi
neers is that of alleviating major backups on diamond off-ramps. Sometimes the 
remedy is merely to provide sufficient turning lanes to help in getting the traffic off 
the ramp and onto the surrounding street system. In other cases, heavy traffic on the 
surrounding street system complicates the problem so that a solution must be found 
to absorb the ramp traffic into the local traffic without unduly disrupting overall flow. 
A good signal system is important, but even at its optimum setting it is not always 
possible to keep ahead of the high exit volumes encountered over short periods. There 
must be room to store these vehicles in the interim. 

Tying a diamond ramp to a parallel frontage road, either continuous or non-con
tinous, appears advantageous when the frontage road is not heavily used by through 
vehicles. In such cases, where adequate weaving distance is available between the 
ramp-frontage road junction and the cross street, maneuvering of the ramp vehicles 
will be facilitated and serious backups will be eliminated, On the other hand, the con
nection of diamond ramps to heavily used frontage roads at points only a few hundred 
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feet from the cross street was a cause of trouble at several study locations; not only 
did the frontage road vehicles monopolize the green signal time, but they hindered 
ramp vehicles attempting to obtain access to the desired frontage road lane. Ramp 
drivers wishing to turn right at the cross street were especially hampered. 

The operational problems and capacity limitations at diamond interchanges are im
portaJ1t enough to warrant research projects in their own right. Highway Research 
Board Bull. 291 contains a recent research study (i) along these lines. 
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Appendix A 

REGRESSION ANALYSIS 

Discussion of Variables 

The problem to be solved is the determination of free-flow merge volumes for var
ious freeway and ramp volumes and for various geometric configurations. A regression 
analysis for one-lane right-hand on-ramps was run using 73 observations (Table 4) 
from 50 locations. Lack of sufficient two-lane on-ramp studies prevented any reli-
able regression analysis in that category. 

All types of right-hand on-ramps were included in the one-lane on-ramp regression 
analysis. These included 16 diamonds, 12 cloverleaf outer connections, 6 cloverleaf 
inner loops, 8 slips, 3 directs, 4 semidirects, and 1 trumpet outer connection. A 
number of these ramps were studied several times, not only during morning and evening 
rush hours but also on different days. As discussed later, several of these ramp types 
were later deleted, finally reducing to 55 observations, from which an a.dditional more 
limited formula was obtained. 

The formulas contain six independent variables expressing traffic characteristics, 
geometrics, and community size. The glossary should be consulted for detailed defini
tions of these variables. The dependent variable, free-flow merge volume in vph, is 
the unknown quantity desired. It should be emphasized that computations are made for 
merge capacity and not primarily for the number of ramp vehicles which can enter on
to the freeway without congestion. Once the free-flow merge has been computed, and 
it should be kept clearly in mind that this is not a constant for all combinations of traf
fic, the only remaining step necessary is to subtract the lane 1 volume from the merge 
volume to determine the ramp's capacity at the given freeway volume. 

Some explanation of the independent variables is in order. One might wonder why 
X1 , the percent freeway utilization, is used as a variable. This is necessary as a 
reflection of demand. As a "plus" quantity, the higher the freeway utilization, the 
higher the free-flow merge volume determined by the formula. At very high freeway 
volumes, say 90 percent freeway utilization, a high merge volume can be expected, 
although most of these merging vehicles will be in lane 1. The volume which could be 
accommodated by the ramp would be low in this case. 
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TABLE 4 

FREE-FLOW MERGE REGRESSION ANALYSIS 

Va ria bles 

Item y x, X, x, x., x, x, 
F. F. Merge '/, Fwy. Utll. % Comm. Veh. Ramp/Merge Angle of L,cngth of Metrop . 

in Merge Ratio Convergence Atc<ll, Lane Area l'op. a 

73 Observationsb (Eq. A): 

Type of variable Dep. Indep. lndep. lndep. lndep. lndep. 
Units Vphc '/, X 100 % X 100 '/, X 100 Degrees Feet 
Mean 1569. 2 67 . 9 4. 8 38. 0 13. 9 418.2 
std. deviation 287. 6 14. 9 4.2 15.4 10. 4 258. 5 
Net regression coefficient 1.0 +8. 5 -16 . 5 +7. 6 -1 . 0 +O. 22 
Std. error of net regres-

sion coefficient 0 . 0 2 . 2 5.4 1,9 2. 2 0 . 09 
Partial determination coeff. 1.0 0. 19 0 .13 0. 20 0.00 0,08 
Level of significance 0.01 0. 01 0. 01 _d 0. 02 

55 Observations• (Eq. B): 

Mean 1616. 3 69 . 9 4 . 8 38. 7 12 , I 419. 5 
std. deviation 277. 3 15. 4 4 . 5 14.9 9. 5 267. 8 
Net regression coeffic ient 1. 0 +10. l -17 . 9 +9. 5 -4 . 8 +0. 14 
std. error of net regres-

sion coefficient 0. 2 . 3 5. 7 2 . 3 2. 6 0.10 
Partial determination r.oeff. 1. 0 0. 28 0. 17 0 . 26 o. 07 0. 04 
Level of significance 0.01 o. 01 0 . 01 0 .10 o . 20 

8vaiue used in f'ormu.la should not exceed 5,000. hconst. == 527,1, R2 = 0.68, std.error of Y a 169.8, std. e r ror/me.an =- 0.108. 
c l-5 -mio f . f . expwided . dNot s i gnificant. econst. "' 441.3 , R2 = Q. 71 , std . error of Y ==- 158.9, std. error/mean = 0 .09H. 

lndep. 
1, OOO's 
2549. 7 
1462 . 2 

+0.071 

0 .019 
0.17 
0 . 01 

2768. 2 
1451. 0 

+O. 068 

0 .020 
0. 19 
o . 01 

X2 , the percent commercial vehicles in the merge (% c. v. in merge), is a "minus" 
quantity. The simple negative correlation between this variable and the free-flow 
merge is shown in Figure 25 with cloverleaf inner loops treated as a separate cate
gory from other types of ramps. 

X3, the ramp volume/merge volume ratio, is another traffic characteristic of pri
mary importance because it is an indication of ramp demand and availability of gaps in 
lane 1. This ratio has already been discussed in connection with the proportions of 
ramp and lane 1 volumes for free-flow merge, as shown in Figures 13 and 14, 

The geometric variables used are~. angle of convergence, and X5 , length of ac
celeration lane. The former has a minus correlation, as shown in Figure 26. For X5 , 

the free-flow merge volume has a positive correlation with the length of acceleration 
lane (Fig. 27). Although the regression analys is is concernedexclus ivelywithone-lane 
on-ramps, several 2-lane ramps were included in the data determining the curve in 
Figure 27. Accordingly, the maximum free-flow merge of 2, 100 vph is not outside 
capability, because the 2-lane ramps had long acceleration lanes. Also, some ramp 
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Figure 27, Free-flow merge volume related to length of acceleration lane for l-lane and 
2-lane on-ramps, combined. 

vehicles actually merged directly into lane 2, because the freeway volumes were in 
several cases quite low. 

These two geometric variables, Xi, angle of convergence, and X5 , length of accele
ration lane, admittedly do not cover all the geometric features of ramp-freeway con
nections. To name a few, consideration could be made of the width of ramp, shoulders, 
grades, and particularly sight distances. None of these had much variation in the 73 
observations. The effect of a steep sustained uphill grade can be substantial where 
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commercial vehicles are involved, but the studies submitted for this project contained 
few freeway grades exceeding 2 percent. Grades were considered in the analysis, but 
no significant relationship was found, although it is possible that this could have been 
a significant variable if there had been more variation in grades among the study loca
tions. An upgrade ramp with poor sight distance certainly does not lend itself to free
flow operation, but these are not common on modern freeways and none were included 
in the study. 0 

Sight distance at volume levels below practical capacity is undoubtedly important 
even when the ramp driver is still back 400 ft from the ramp nose. However, when 
volumes increase to the levels usually found during peak hours, the on-ramp driver 
faces a later decision in sizing up lane 1 traffic, now heavier, but traveling at a more 
uniform and usually slower speed than at volumes below practical capacity. The 
driver necessarily has to limit his vision to those lane 1 vehicles which are within 
several hundred feet of the ramp nose. At higher ramp volumes, the ramp driver must 
also be more concerned with fellow ramp drivers, especially those immediately ahead 
of him. In essence, sight distance for the last 200 ft traversed along the ramp is all 
that really matters at high-volume levels. Sight distances at practically all the study 
sites were adequate in this sense-the driver could see as much as he needed to see as 
he moved along the ramp just before entering the acceleration lane or lane 1 (if an ac
celeration lane was unavailable). Sight distance, as such, is really accounted for in 
the two geometric variables. A narrow angle of convergence usually helps simplify the 
task of sizing up gaps in lane 1, whereas the presence of an acceleration lane assures 
the driver of the necessary time to see and choose a gap for merging. 

The use of Xa, metropolitan area population expressed in thousands, might be ques
tioned because it is outside the scope of geometrics and traffic characteristics usually 
associated with capacity calculations. Past experience in intersection capacity pointed 
toward its inclusion and the results of the analysis, where it was given a trial deletion, 
confirmed the need for this variable. 

Some other possible variables which were tried and found insignificant, within the 
limits of the study, were the number of freeway lanes in one direction and the percent
age of commercial vehicles in the freeway lanes other than lane 1. 

Effect of Variables 

Table 4 presents a more detailed look at the variables used and their relative sig
nificance. The R2, the coefficient of determination or measure of explained multiple 
correlation for the entire formula, of 0. 68 was slightly exceeded several times in the 
computer runs for 73 observations. However, the formula chosen was the best from 
the standpoint of practical application and its standard error of estimate of 169. 8 vph 
was only a few vehicles per hour higher than the lowest standard error of estimate ob
tained from the various runs. The partial determination coefficients (r2

) for each of 
the variables are also given. 

Using the student's "t" test, all of the variables except Xi, angle of convergence, 
were found significant at the 0. 02 level. It was decided to retain Xi because, from 
practical experience, it seemed that this variable should be important. As is discuss
ed later, it is significant at the O. 10 level after deletion of 18 observations comprising 
the cloverleaf inner loops and slip ramps. Accordingly, it is retained as a variable 
in each of the formulas. 

One of the most significant variables is X6 , the metropolitan area population. Un
doubtedly, a major reason for this importance is less fluctuation in demand in the 
larger cities, enabling a more stable flow at given volume levels. Figure 2, which 
shows the percent of the peak hour of the peak 5-min period within the peak hour, in
dicates less pronounced short-period peaking in the large cities. 

Too, there are other factors aside from less fluctuation in demand in the large cities. 
One of the these is driver experience, a necessary part of smooth high-volume opera
tion. Drivers in the large metropolitan areas have had much more freeway experience 
in the past decade than their counterparts in the smaller cities such as Jacksonville, 
Fla., or Columbus, Ohio. On a daily driving basis, the larger cities with their more 
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extensive and often better designed freeway networks provide more merging situations. 
In a city like Chicago, the driver is expected to merge into the traffic stream without 
stopping, and he does. In a smaller city this compulsion is not so great. A stopped 
car often blocks those following and the low entry speed of the resultant queue tends to 
cause congestive operation at lower volume levels. Time and again, observers in the 
smaller cities commented on the unnecessary stops by ramp vehicles. As the Inter
state urban sections are completed, driver skills should develop, but even after the 
completion of the Interstate system, the large cities should still offer more daily free
way driving and a more uniform flow of traffic at given volume levels. Aside from 
experience, but probably closely allied to it, is the aggressiveness which characterizes 
big city drivers. This aggressiveness is part of the generally faster pace of life in the 
large cities and is certainly not a deficiency in courtesy. In fact, there is probably 
more beneficial give-and-take driving in the larger cities. 

However., in using the formulas, a metropolitan area population exceeding 5,000,000 
would add an inordinate amount of vehicles to the answer. This would indicate more 
"merging ability" superiority than actually exists for the few cities with very large 
metropolitan area populations, such as New York. For this reason, the largest XB 
value used should not exceed 5,000. This figure should be used for New York City, 
Los Angeles, and Chicago, the only metropolitan areas exceeding 5,000,000 population. 

The designer might be in a quandary as to the population figure which should be 
assigned to an interchange located outside city limits; for example, one located in an 
unincorporated area of New Jersey near New York City. In such a case, judgment 
would have to be used in determining the type, the origin, and the destination of drivers 
using the interchange. For instance, if the interchange was near Ridgefield Park, 
primarily serving commuters of Passaic and Bergen counties enroute to and from 
Hudson County, N. J., and New York County (Manhattan), the designer could use the 
combined populations of these counties. For Bergen, Passaic, Hudson, and New York 
Counties, this total would be 3,495,888 from the 1960 census. Accordingly, 3,496 
would be entered as the X7 value. 

Deletion of Observations 

To obtain a more homogeneous sample, the ramps of very short length and the ramps 
of sharp curvature or short radius near the nose were deleted from the 73 observations. 
The ramps having these features were the slip and cloverleaf inner loop ramps. De
letion of these ramps left a remainder of 55 observations comprised of 27 diamonds, 
17 cloverleaf outer conn.ections, 6 semidirects, 4 directs, and 1 trumpet outer con
nection. These observations were from 37 locations. 

The formula obtained from the 55 observations had an R2 of 0. 71 and a standard er
ror of estimate of urn.1:1 vph. '!'he mean mput value oi the iree-iiow merge was 1, 616 
vph, or 47 vph more than the mean for the 73 observations. Because the deleted slip
ramps and cloverleaf inner loop ramps were generally of poorer geometrics, this dif
ference is as expected. 

The student's "t" tests for significance of variables disclosed significance at the 
0. 01 level for all the variables except Xi and X5 • These two variables, the angle of 
convergence and the length of acceleration lane, were significant at the 0. 10 and 
0.20 levels, respectively. Xi, the angle of convergence, now has more importance 
than formerly with a coefficient of -5. O. For the 55 observations, the average angle 
of ·convergence was 8° for diamond ramps and 22° for cloverleaf outer connections. 
If only the angle of convergence is considered, there would be an average difference, 
attributable to the Xi coefficient of -5. 0, of 70 vph in the free-flow merge volume for the 
diamond and cloverleaf outer connection ramps included in the analysis. The fore
going is stated only to give a general indication of the contribution of Xi to the formula. 
As in any multiple regression formula, final conclusions should not be based on an in
terpretation of the effect of any single variable. Primary importance should be at
tached to the computed free-flow merge which takes into account all the variables in 
the formula. 



109 

Appendix B 

LANE 1 VOLUME EQUATIONS 

In freeway driving, as well as in any other type of driving, drivers strive to obtain 
a certain degree of comfort or freedom. The hoped-for optimization of this freedom 
is attempted by the individual driver by choosing the traffic lane which promises the 
least conflict compatible with his intended destination. The reactions of each driver 
and the distribution of the freeway traffic in general are primarily dependent on the 
freeway volume level. It is unlikely that a six-lane freeway would carry 1, 900 vph in 
lane 3 while carrying only 1, 000 vph in lane 2 , although such a condition is entirely 
possible without a breakdown in either lane. Most certainly, some of the drivers in 
lane 3 would move to lane 2 to achieve more comfortable headways. In the same sense, 
lane 1 volume is also primarily dependent on the freeway volume; this is especially 
the case just upstream from an on-ramp connection. Downstream from the ramp, the 
volume in lane 1 would, to a considerable extent, be dependent on the newly merged 
ramp volume. 

The use of curves for lane volume percentages, based on varying freeway volumes, 
is one method of determining the lane 1 volume used in the free-flow merge calcula
tions. Although the curves are based on freeway volumes, they represent averages of 
all the other factors which influence the use of lane 1. Some of these factors could be 
signing, adjacent ramp volume and distance, study ramp pressure on lane 1, com
mercial vehicles (especially where sustained upgrades are encountered), locality of 
the interchange, trip lengths, and the spacing of interchanges. These determinants, 
although not as important as the total freeway volume, nevertheless have some effect 
on the freeway volume distribution. 

Accordingly, another method, applicable within the limits of the available data, is 
the use of lane 1 volume equations developed by multiple regression analysis. These 
equations contain not only the freeway volume as a variable, but also the ramp volume 
and adjacent ramp action. Use of these additional factors makes possible an increase 
in the accuracy of lane 1 volume calculations, especially at freeway volume levels be
low practical capacity. Nomographs (Figs. 10, 11, and 12) representing Eqs. No. 1, 
4, and 5 are available for graphic solution of problems. 

The available data were sufficient for only the more common freeway layouts, as 
shown by the sketches in Table 5 and the adjacent ramp distance and volume ranges 
for each equation as given in Table 3. 

Equation No. 1 

Eq. No. 1 (Table 5) is used for determining the lane 1 volume upstream from the 
on-ramp nose for 6-lane freeways where there are adjacent upstream and downstream 
off-ramps. There is no auxiliary lane between the on-ramp and the adjacent down
stream off-ramp. 

The data used to develop this equation consisted of 325 free-moving 5-min traffic 
counts from the eastern end of the Edsel Ford Expressway in Detroit, from the Gulf 
Freeway in Houston, and from the Cross Island Parkway on Long Island. The Detroit 
data consisted of 266 5-min traffic counts from nine on-ramp locations and their ad
jacent ramps which were counted simultaneously. These on-ramps consisted of 6 dia
monds, 1 direct connection, and 2 cloverleaf outer connections. The cloverleaf outer 
connections were from a partial cloverleaf interchange and, although there were ad
jacent upstream inner loop off-ramps, there were no upstream inner loop on-ramps 
to cause weaving at the interchange. The 6-mile freeway section in Detroit was a 
smoothly operating freeway at high volumes and quite typical of a modern radial de
pressed facility. It was opened to traffic in 1958-9. The Houston ramps were both 
slip types, which provided 42 5-min traffic counts. The Long Island ramp was a 
cloverleaf outer connection with no upstream inner loop on-ramp. The 5-min counts 
used in the regression analysis were from periods when the traffic was moving steadily 
without stop-and-go operation. Naturally enough, at volumes near possible capacity 
the speeds could be in the 25- to 30-mph range. It was decided to include some vol-



6-ua:E FREBiAYS 

Vu.b MJ.ue~I. Oft'-!-$! ·-Standard ~v1a.t1on 
Range or U1e cf Variable in Equat1~ 
Net RegreHion Coe1'fic1«nt 
Std. Error of Net F.esr , Coefficient 
Partial Detendnation Coefficient 
Level or S1gn1f1c1U1ce 

Equation •o, 1 

v~.;Lif!'f&;~:.!·'=2 &ml ..., 
S~t,,e,,:,1.t!ca 
RaQge of UH or Variable in Equatioc 
lfet Regreuian Coeffieient 
Std. Error or Ret Regr. Coef'ficient 
Partilll DeteZllination Coefficient 
Level of' Significance 

Eq,uatioo !lo. 2 

~u:z~~~ 
io "1F"3:Y::~t nn,..;;Ad,lul:'lll .. !:!9: ... 

Sta.r::da.rd C-,"11.ation 
Range of Uae of Var1abl• in Equation 
llet RegTCHioc. Coe:rnci.nt 
Std. Error of Net Re~. Coeft'1c:1ent 
Partial Dtt•rm1nat1oo. Coetfidellt 
Level of SigaitiC&llCC 

Eq\latiou No. 3 

S:fZ~.r~Pfil#?:;izawux .... 
S tacda..-d Dav1.at1oa 
Ran&e of Uae or Vs.riaule in Equat1on 
Net Re&reuion Coe:r:ricient 
Std. Error or Net Reg:-. Coeffic!ient 
Partial Dc:terminatiou Coefficient 
Level ct Significance 

Equatitin No . 4 

li! UI ¥::!"11!:!11. Ott- r.u;,.a ....,, 
Stmldard. Oev111.t1oc. 
Ra.c.sl! of tl! e or Variable in Eql.lll.tion 
In p-u&lOIJ QNf:!c.1•'-
Std.. Eri-o:r of fiet Reg:r. Coefficient 
Partial Detentluatlon Coaft1c1eot 
Level or S1gn1f1cance 

Equation No. 5 

' Volume in Lane 1 
v.p.h. 

l.041 
312 

1099 
287 

TABLE 5 

FORMULAS FOR LANE 1 VOLUME 

X1 
F1 eeway VolUIU 

v.p . b.. 

•327 
943 

:C4oo - 6200 
+,244 

.oc8 

.72 

.01 

3876 
1050 

1900 - 6200 
+. 232 

. 015 

.67 

.01 

"" Ramp Volwoe 
v.p.h. 

59" 
3'9 

100 - 1700 

638 
363 

150 - 1900 
-.072 

.047 

.02 

.Ol 

VAFIIABLE'S 

Diet.n~: ic. Feet 
to AdJacent Up-
11tream Ott-Ramp 

1459 
558 

900 • 26oo 

1513 
703 

i..50 • 2150 

l NDEPENIEfl' 

x4 
'/ol . or Adjacent 
UpatreMl Of'f-&rnp 

v.p.h. 

'65 
251 

50 - 1100 
-.o85 

,035 
.02 
.01 

"'7 
232 

50 • 1000 

x5 
Distance ic Feet 
to Adjacent Dovn-

1tream Of':f-RamiJ 

2"82 
1404 

SOO - 5700 

775, 
16o 

550 - 950 
-. 041 

.1o6 

.00 
N.s.-

'6 
Vol. of AdJaccct 

1)(;,vnetream orr-
Ramp (v.p.h,} 

4'9 
26o 

50 - 1300 

496 
18, 

50 - 1000 
+.432 

.o68 

.25 

.01 

Vol. in Lane 1 (Y. p.h.) .. 62 + ,232 {f'Vy.vol.) - .072 (r1m11 vol.) - .041 (length awe. lane)+ .432 (vol. of dovn•trel!ll off-l"ll!IP) 

1130 4o62 678 .., Xc-t 756' •92 387 1138 363 149 205 
1900 • 6200 50 - 1900 550 • 950 50 • 1000 

+.273 -.195 coa,llidend CciluiidtNd +.633 
.014 .042 .010 
.71 .12 .35 
.01 , 01 .01 

Vol. in La.Del (v.p.b.) ... 160"' .273 (!'Vy. vol.) - .195 (ruip vol,)+ ,635 (vol. of dovc.11tream off-racp) 

870 3792 810 "" .., 4'7 
293 790 383 2il2 

2)0 - 5600 200 - 1500 1;.50 - 650 150 - 1500 
+.225 -.14o ConB14ered Con11idered +. 500 

. 019 .oi.o .05i. 

.51 .08 .39 

.01 . 01 . 01 

Vol. in Lane l (v.p .h ,) • -87 + .225 (rvy , YOl.) - .140 (ramp vol.)+ . 500 (vol. or dc,vu11treU1 orf-:r111:1p ) 

874 2304 43' 716 166 ,,a, 259 
270 672 239 "62 1i.o 1142 167 

1Loo - :noo 50 - 1000 100 • 1450 50 - 6oo 1000 .. 5000 50 - 750 
+.363 - .184 +.022 +.O:}:) 

.009 .028 .007 .o41. 

- 90 .20 .05 .oo 
.01 .01 .01 ,.s.-

c .... , ,2 Std. Error Std., Error 
of! ----...;;--

'6 
v.p.b. 

r, 
-121 .so llto . 134 

..640 -+ 
50 

~~~"" ,34 
.01 

~ Jnl 139 I .127 

-16o I ·so I 174 I .1,. 

,3jillllllllll0/I iliidli/1~ 

-67 1.6, I 178 I .20, 

iil21"·•~ 

+55 1.92 76 .o86 

Vol . !n Lane l (v,p , h) .. 55 + .363 (:tvy. vol.) - ,184 (rup vol.) + .022 (dist. to dav:c.~treem c1'f-rmnp) + .OJO (vol. cf dcVo!treom off-nl!IP) 

•Sace aa length of awc:iliuy lane. 
,Ol .fJ.pJ..ttc:a=\. 

.... .... 
0 



111 

umes as high as possible capacity in the analysis as long as the freeway traffic was 
moving in a steady manner without stop-and-go. 

Except for the combination of the downstream off-ramp volume and distance in the 
last term, each variable was assumed linear in the multiple regression analysis. Al
though correlation of the lane 1 volume with the total freeway volume is slightly curvi
linear, the relationship is not pronounced enough to warrant transformation of the 
variable. The R2 (coefficient of determination or explained variance) of 0. 80 and the 
standard error of 140 vph are indications of a good fit. 

Several variables other than those contained in the formula were tried. One was 
the percentage of commercial vehicles in the merge, which was found insignificant 
within the limits of the study data. However, commercial vehicles can dominate lane 
1 use on sustained upgrades. The angle of convergence of the ramp with the freeway 
and the length of acceleration lane were also tried as variables, but it was decided 
that there were insufficient locations to give a valid range of input values. The other 
variables (not used) which affect lane 1 volume are evidently not too important in
dividually. Some of them, such as trip length, would be difficult to measure or to 
apply in a formula. 

A final word of caution-Eq. No. 1 should not be used for cloverleaf inner loop on
ramps where there is an adjacent downstream cloverleaf inner loop off-ramp. The 
close-in weaving between the inner loop ramps could change the freeway volume dis
tribution so as to invalidate the equation. As shown in Table 3, the adjacent down
stream off-ramp should be a minimum of 900 ft away. This limitation automatically 
rules out most conventional cloverleaf inner loop connections. Eq. No. 4 can be used 
at cloverleaf inner loops having auxiliary lanes. 

Equation No. 2 

As shown in Table 5, Eq. No. 2 is used for determining lane 1 volume upstream 
from the on-ramp nose where there is an adjacent upstream off-ramp and a downstream 
off-ramp less than 1, 000 ft away connected to the study ramp by an auxiliary lane. 

The data used consisted of 128 observations, of which 63 were 5-min periods and 
65 were 1-min periods. The 63 5-min periods were from two locations-a cloverleaf 
inner loop connection, studied both morning and evening peak hours, on the Valley 
Highway in Denver, and a slip ramp connection on the Gulf Freeway in Houston. The 
65 1-min periods were from a diamond connection on the Edsel Ford Expressway in 
Detroit. 

Table 5 indicates that the distance away and volume of the adjacent upstream off
ramp are not contained in the equation. However, as explained in the main text, this 
upstream off-ramp should be present and within the limits set up in Table 3 before Eq. 
No. 2 becomes valid. The length of the auxiliary lane, X5 , although not found signifi
cant is nevertheless contained in the equation. This logically could be a significant 
variable but there was not enough variation in the auxiliary lane lengths for the study 
locations used to prove it so here. 

It is rather interesting to note the strong effect (high coefficient) of the downstream 
off-ramp volume as contrasted with the same variable in Eq. No. 1. The increased 
effect is apparently because the prospective off-ramp traffic loads up lane 1 just up
stream from the on-ramp in anticipation of moving over into the rather short (550 to 
950 ft) auxiliary lane. The main on-ramp connection now exerts less pressure on the 
lane 1 volume than formerly. 

Equation No. 3 

This equation is used for determining lane 1 volume upstream from the on-ramp 
nose for 6-lane freeways when the on-ramp under consideration is connected to an 
adjacent off-ramp less than 1,000 ft downstream by an auxiliary lane. Also, there is 
either no nearby upstream ramp, or if so its volume or effect on through traffic is 
negligible. 

This equation extends the data contained in Eq. No. 2 to include 35 additional 5-min 
periods, making a new total of 163 observations. The 35 additional observations come 
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from a cloverleaf inner loop on Long Island and a diamond ramp in Los Angeles. In 
the case of the Long Island ramp there is no adjacent upstream outer connection off
ramp. 

Again, the equation is restricted to locations where the auxiliary lane to the down
stream off-ramp is less than 1,000 ft in length. 

Equation No. 4 

Eq. No. 4, intended for use in determining lane 1 volume on 6-lane freeways just 
upstream from inner loop on-ramps at cloverleaf interchanges, includes as independent 
variables the freeway volume upstream from the ramp nose, the inner loop on-ramp 
volume, and the downstream off-ramp volume. The inner loops should be connected 
by an auxiliary lane in the usual range of length (450 to 850 ft). The basic data come 
from loops without outer connections and from loops with outer connections (conventional 
cloverleafs). Because of lack of volume data, the outer connection operation, when 
present, was not included as variables in the equation. Undoubtedly, an upstream outer 
connection off-ramp, if present, would tend to reduce the lane 1 volume at the inner 
loop nose. This omission, together with the more pronounced natural variation of 
operation at cloverleafs, helps to account for the higher standard error of estimate at 
clover leafs, helps to account for the higher standard error of estimate ( 17 8 vph) and 
lower R2 (0. 64) of this equation as compared with the other equations. This is not to 
distract from its superiority over using curves based on freeway volume only. The 
ramp volumes on inner loops have a great effect on the lane 1 volume. 

The basic data, consisting of 136 5-min observations, comes from seven locations 
on Long Island, along the Edens Expressway in Chicago, and from the Whipple Avenue 
interchange of the Bayshore Freeway near San Francisco. 

Equation No. 5 

This equation is used for determining lane 1 volume upstream from an on-ramp 
nose for 4-lane freeways where there a re adjacent upstream and downstream off-ramps. 
There is no auxiliary lane between the on-ramp and the adjacent downstream off-ramp. 
Thus, the situation is the same as for Eq. No. 1 except that the freeway is 4 lanes in
stead of 6 lanes. 

The data used consisted of 187 5-min traffic counts from seven locations in Denver, 
St. Louis, San Antonio, and San Jose . These ramps included 4 cloverleaf outer con
nections , 1 dia mond, 1 s emidirect connection, and 1 partial cloverleaf inner loop on
ramp with no followin g inner loop off -ramp. The R2 of 0. 92 and standard enor of 76 
vph of the equation are excellent, especially considering that only four independent 
variables are used. 

Although the distance to and volume of the adjacent upstream off-ramp are not con
tained in the equation, such a ramp must be present within the ranges shown in Table 
3 before the equation may be applied. Herein lies the biggest weakness of this equa
tion, because the adjacent upstream off-ramp volume could possibly exceed the 50-
to 600 vph range specified in Table 3. Volumes and distances outside the specified 
ranges could have an effect on lane 1 volumes which the equation could not accurately 
fit. Figure 3 is applicable to situations which fall outside the specified ranges. 

Figure 3 should also be used whenever the connection being considered is a clover
leaf inner loop on-ramp, because Eq. No. 4 does not apply to this type of layout. The 
weaving to the downstream off-ramp causes a different lane 1 volume curve, as shown 
in Figure 3. However, if the ramp is a cloverleaf outer connection or a cloverleaf 
inner loop (at a partial cloverleaf interchange) with no adjacent downstream inner loop 
off-ramp, the equation is applicable. 
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Appendix C 

OPERATION OF A DIAMOND ON-RAMP 

Most of the interchanges on the Edsel Ford Expressway in Detroit are of the dia
mond type. Usually the ramps connect to a service road 300 to 600 ft from the cross 
street. The eastern end of the Expressway, which was opened to traffic in 1958-9, 
has some very efficient ramp-freeway connections. The one presented here is the 
Mt. Elliot on-ramp to the Expressway westbound (inbound in the morning). The study 
period was from 6:00 to 8:10 a. m. The first hour of operation was free-flowing at 
speeds of 45 to 55 mph. The interval from 7:03 to 7:09 was a period of gradually de
creasing speeds as the freeway became saturated at the merging area. From 7 :09 to 
the end of the study at 8:10, speeds were erratic and there was some stop-and-go traf
fic. Only a few times, for short intervals only, did speeds get up to 30 mph. 

The period from 6:30 to 7 :00 was a period of good demand and high volumes at 
speeds of 45 to 55 mph. Most of the elements of optimum operation ~re present at this 
location-level, tangent expressway, narrow angle of convergence (6 ), and good sight 
distance. The ramp had a 500-ft tapered acceleration lane, which is close to the aver
age length of acceleration lane for the various studies submitted nationally. The half
hour period expanded to one hour had the following volumes: ramp, 478 vph, 9. 6 per
cent trucks; lane 1, 1 348 vph, 6. 4 percent trucks; merge, 1,826 vph (ramp + lane 1); 
lane 2, 1,986 vph; lane 3, 2,150 vph; freeway, 5,484 vph (lane 1 + lane 2 + lane 3); 
total , 5, 962 vph 2. 3 percent trucks (freeway + ramp); going-away average per lane 
= 1,987 vph. 

During the half-hour period, 378 vehicles entered the service road at the cross 
street with 239 of these going down the ramp and 139 staying on the service road past 
the ramp. In other words, approximately 63 percent of the vehicles on the service 
road used the ramp during free-flow freeway operation. 

Nearby ramps counted at the same time were the upstream off-ramp (1,580 ft away) 
to Mt. Elliot with an expanded volume of 320 vph and the downstream off-ramp (1,860 
ft away) to Chene with an expanded volume of 598 vph. It might be noted that, using 
Eq. No. 1 the expanded volume calculated for lane 1 would have been 1, 396 vph, which 
is 48 vph more than the 1,348 vph actual count. This is a 3. 6 percent error, which in 
this case would cause a slightly higher computed "expected merge" volume. Weaving 
was quite noticeable downstream from the study ramp location as vehicles in lanes 2 
and 3 moved over to exit at the Chene ramp. 

At the main study ramp the flow rate (total freeway stream after merge) for each of 
the six 5-min periods in the half hour considered was 5,604, 5,340, 5,736, 5,868, 
6,276, and 6,984 vph. As can be seen, the traffic buildup was steady to the breakdown 
point, which occurred 3 min after the 5-min period during which the 6, 984-vph rate 
was recorded. Because the breakdown definitely occurred at the study location, the 
2, 316-vph/lane average for the last 5-min period may have some significance as repre
senting a maximum 5-min capability downstream from a ramp. Short-period volumes 
in this range have been obtained at other smoothly operating sections. 

As mentioned before, the period from 7:10 to 8:10 was a period of erratic and low
speed traffic flow. The following volumes for this hour illustrate quite well that as 
long as demand is steady and continuous heavy volumes of traffic can pass a point even 
under these conditions: ramp, 842 vph, 8. 8 percent trucks; lane 1, 1,378 vph, 6. 0 per
cent trucks; merge, 2,220 vph (ramp + lane 1); lane 2, 1,993 vph; lane 3, 2,008 vph; 
freeway, 5,379vph(lanel + lane2 + lane3);total, 6,22lvph, 2.6percenttrucks 
(freeway + ramp); going-away average per lane, 2,074 vph. 

Of the 1, 743 vehicles on the service road during this hour period, 842 went down 
the ramp. This 48 percent use of the ramp, as contrasted with 63 percent use during 
free flow, suggests that some drivers stayed off the expressway because of its con
gested state. The option afforded the service road driver is one of the big advantages 
of connecting diamond ramps to service roads rather than directly to the cross-street. 

Finally, mention should be made of some high lane counts per 5-min period. Dur
ing the free-flow period, lane 2 had 5-min counts of 182 and 198 vehicles and lane 3 
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Figui"e 28 . Overhead signing for Chalmers 
exit ramp from Edsel Ford Expressway east 

bound in Detroit, 

Figure 29 , Chalmers exit ramp from Edsel 
Ford Expressway; volume on expressway up
stream from ramp i s near possible capa-

city. 

had counts of 192, 185, 186, and 213 vehicles. During the full hour of congested opera
tion, four counts in the 190 to 200 range were recorded for lane 2. Expansion of these 
5-min counts to an hourly rate gives volume rates ranging from 2,184 to 2,556 vph/ 
lane. 

OPERATION OF A DIAMOND OFF-RAMP 

A diamond off-ramp studied in Detroit was the Chalmers off-ramp from the Edsel 
Ford Expressway eastbound. This ramp is relatively far out on the expressway (6% 
mi from the Ford-Lodge interchange) in a residential area. The expressway at the 
location is level and straight. The ramp exit sign (Fig. 28) could be seen when still 
0. 4 mi upstream from the nose of the ramp (Fig. 29), though it probably would not 
ordinarily be seen when that far away by the strangers most in need of it. Although 
the freeway volumes were near possible capacity when the pictures were taken, the 
volumes appear to be much lower. A tapered deceleration lane 400 ft long precedes 
the nose. Practically all the ramp vehicles used the complete deceleration lane, be
ginning the turn off lane 1 at the beginning of the taper. Speeds in lane 1 were not de
creased for this maneuver as far as could be determined (average 45 mph, with lanes 
2 and 3 traveling 51 to 57 mph). A number of drivers used turn signal indicators (ap
proximately 40 percent during spot checks). The ramp exits to the service road 980 
ft before reaching the cross street. During the peak hour selected, the cross street 
admitted by signal 1,066 vehicles, of which 447 turned left, 447 went through on the 
service road, and 172 turned right. The leg was 3 lanes wide. At no time was there 
any serious backup although the left-turn lane did have about 20 loaded cycles (60-sec 
cycle). 

The volume obtained during the one hour of peak flow (all of which was high-speed 
free flow) was: ramp, 1,092 vph, 1.1 percent trucks; lane 1, 868 vph, 2. 4 percent 
trucks; diverge, 1,960 vph (ramp + lane 1); lane 2, 1,944 vph; lane 3, 1,988 vph; 
freeway, 4, 800 vph (lane 1 + lane 2 + lane 3); total, 5, 892 vph, 0. 6 percent trucks 
freeway + ramp); approaching average per lane, 1,963 vph; going-away average per 
lane 1,599 vph (82 percent in lanes 2 and 3). 

The highest 5-min count obtained was a e, 540-vph rate, which is an average of 
2, 180 vph per approaching lane. Despite the very high volumes, this location appear
ed capable of handling more traffic had the demand been present. The highest 5-min 
lane count was 184 vehicles. The highest 5-min diverging count (ramp + lane 1) was 
183 vehicles. 

Despite the high hour volume recorded, the study location at no time appeared in 
danger of queueing or developing a backup. A dis tinguishing feature of the entire opera
tion was the steady dema nd. Ordinarily a location carrying 1, 963 vph/lane average 
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will have short periods of such high demand that the free-flow operation cannot be 
sustained. As previously mentioned, the highest 5-min count averaged only 2, 180 vph/ 
lane when expanded to one hour. The fact that the expressway traffic was outbound in 
the evening peak at an outlying location was also an advantage, as volumes downstream 
from the study location were less than 1, 600 vph/lane average. 

The excellent performance obtained at this location suggests that perhaps atten
tion is not being focused on the right aspects of exit ramps. The low commercial ve
hicle percentage, narrow angle of divergence (4°), adequate deceleration distance on 
the ramp, steady demand, limited weaving, and good target value of this location are 
all reasons for the high quality of performance. On the other hand, the deceleration 
lane is shorter than one might desire for a high-volume location yet it was used per -
fectly by the drivers. In summary, perhaps the need is simply for an exit, that can 
be seen and driven at normal lane 1 speeds. Other matters, such as commercial ve
hicles and traffic fluctuations, are not so easily controlled. 



An Investigation of Some Traffic 

Flow Characteristics 
HERMAN BASMACIYAN, Graduate Assistant, Virginia Council of Highway Investiga-

tion and Research, Charlottesville, Virginia 

Some characteristics of the distribution of vehicular spot speeds 
and the headway characteristics of vehicles on two-lane highways 
were investigated with the ultimate goal that one of these charac
teristics might be developed into a suitable criterion for the as
sessment of traffic congestion. It was determined that, within the 
scope of the study, the standard deviation of the spot speed distri
bution had good indication of being a significant traffic flow pa
rameter. 

The spot speed and the headway characteristics are discussed 
under separate headings; a third section is devoted to a discussion 
of the association of spot speed and headway characteristics. 

•ONE of the main goals in traffic engineering is to eliminate or reduce traffic conges
tion. In the modern mechanized society the importance of smooth and efficient motor 
vehicle transportation can hardly be overemphasized. Congestion, is usually consider
ed to exist when vehicles cannot flow freely; but what exactly constitutes free flow has 
not been well defined. There is no widely-accepted quantity which measures the amount 
of congestion on some section of roadway and which can be used for making comparisons 
be~een different sections of roadway. 

Traffic density, volume of traffic, and mean speed of traffic are generally consider
ed to be the three basic features of traffic flow (1, 2). However, none of these fea
tures alone can be conveniently used as a measure of congestion. A mere statement 
of volume will not suffice because a high volume at a reasonably high speed is not in
dicative of congestion; conversely speed alone is not a good criterion. Density , on the 
other hand, incorporates both volume and speed and is a better criterion than either 
volume or speed, although it does not specify the particular combination of the two. 
Another shortcoming uI de11oiLy is ti.al iL Uoes 11ot account foi- the nature 01- co1Y1position 
of traffic. As a hypothetical example for the latter, 30 passenger cars in a mile of 
roadway or 30 trailer trucks in a mile of roadway would both be expresssed as 30 ve
hicles per mile in terms of density. As far as the state of congestion is concerned, 
however, these two conditions of traffic are not equivalent. 

Several studies (3, 4, 5, 6) have been conducted to develop other criteria to meas
ure or describe congestion. -All have required extensive data collection and analysis, 
and none can be used for the detection of congestion as it develops. 

It is believed, however, that a characteristic of the traffic stream may be developed 
into a suitable criterion to be used in the assessment of relative congestion. As an 
initial investigation two-lane rural highways were considered; this study may serve as 
a stepping-stone for future research on higher-type facilities. 

In many cases, the speed at which a driver travels on a two-lane highway is not 
the speed he would have set for himself commensurate with the capabilities of his ve
hicle, the roadway features, and environmental conditions. The presence of other ve
hicles on the highway forces the driver to deviate from his desired speed. As the 
number of vehicles on the highway increases, it can reasonably be conjectured that the 
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freedom of the individual driver will be increasingly restricted. Therefore, the char
acteristics of the distribution of spot speeds will change as traffic density increases. 
Also the time spacing characteristics of vehicles may be expected to be dependent on 
density. The purpose of this study was to investigate the spot speed and time spacing 
characteristics on two-lane highways as to their variation with traffic density, with the 
ultimate goal that one of these characteristics might be developed into a criterion for 
assessing the relative congestion on such highways. Traffic density was selected as 
the base for the study because it is a fairly good indication of congestion-certainly 
better than any other. 

SPOT SPEED CHARACTERISTICS 

The following characteristics of spot speeds were considered: 

1. Amount of skewness of the spot speed distribution. 
2. Amount of kurtosis of the spot speed distribution. 
3. Deviation of the observed spot speed distribution from a normal distribution as 

measured by the chi-square test. 
4. Mean of the spot speed distribution. 
5. Standard deviation of the spot speed distribution. 

The skewness of a symmetrical distribution is zero; the skewness of an observed 
spot speed distribution can be either negative or positive, depending on the direction 
in which the tail of the distribution extends. Positive skewness results when the tail 
of the frequency curve extends more toward the higher values of the distribution than 
toward the lower values, and vice versa. 

The kurtosis of a normal distribution has the numerical value 3. Curves more peak
ed than the normal are called leptokurtic and have kurtosis values greater than 3. 
Curves flatter than the normal curve are called platykurtic and have kurtosis values 
less than 3. Thus, the observed kurtosis value provides a comparison with a normal 
distribution. 

The chi-square test indicates whether an observed distribution deviates significantly 
from an expected distribution. In this study a normal distribution with the same num
ber of observations, the same mean, and the same standard deviation as the observed 
spot speed distribution was constructed. Subsequently, the normal and the observed 
distributions were compared with the chi-square test. 

The mean and the standard deviation are independent parameters of a distribution. 
The method of computation for the mean and the standard deviation is given in the ap
pendix, together with those for the first three characteristics. 

Correlations were sought between these five characteristics and traffic density. 
Traffic density was taken as the average over a period of one hour in one lane. The 
term average lane density is used throughout this report. It was computed by 

in which 

V 
D == S 

D average lane density, in vehicles per mile; 
V hourly directional traffic volume, in vehicles per hour; and 
S average speed, in miles per hour. 

Data Collection 

(1) 

To compute average lane density and the five spot speed characteristics it was nec
essary to obtain speed data and directional volume counts. Speed data taken by a radar 
speed meter were recorded on a graphic recorder tape. To be able to distinguish be
tween directions on the tape, and thus enable a directional volume count, a chrono
graph pen was used in conjunction with the graphic recorder. The chronograph pen 
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was actu2>ted manually by a telegraph key arrangement and was caused to make a "blip" 
in the margin of the tape as each vehicle crossed a reference mark on the pavement in 
the direction under study. The chronograph pen also enabled the measurement of 
headways; this point is discussed in a subsequent section. 

Data were collected on two level and tangent sections of rural two-lane highways , 
virtually free from on-and-off turning traffic in the vicinity of the data collection spot. 
Trucks constituted about 15 percent of the traffic at both locations and both had speed 
limits of 55 mph, which is the absolute speed limit for such highways in Virginia. 
Weather conditions and visibility were favorable during data collection at both locations. 
Thus, all conditions that might cause variations in speed distributions between locations 
were in essence identical. 

The study locations are referred to as location I and location II. 

Results 

Il is generally believed that increased traffic densities cause positive skewness, 
leptokurticity, and deviation from nor mality (7). In the present s tudy, however, none 
uf these trends was observed. None of t he t hree characteristics had a definite pattern 
of variation with traffic density. Table 1 gives observed values of skewness and kur
tosis, together with observed and significant values of chi-square. No further analyses 
seemed warranted on the basis of the data in Table 1. 

Table 2 gives values of mean speed and standard deviation for different average 
lane densities. An analysis indicated no significant correlation between the mean speed 
and the average lane density at either location. Apparently the generally accepted 
hypothesis that mean speed drops with increasing traffic density does not hold true for 
such low values of density. 

The correlation between standard deviation and average lane density was significant 
at both locations. The coefficients of correlation were -0. 535 with 9 degrees of free
dom for location I and -0. 736 with 5 degrees of freedom for location II (Fig. 1). These 

TABLE 1 

SKEWNE~, KURTOSIS AND cm-SQUARE VALUES 

Chi-Square Value 

Location Average Lane Skewness Kurtosis Density (vpm) For 95i Deg. of 
Observed Significance Freedom 

I 3.08 -0.41 3.84 22. 362 13 25.1171 

3. 87 0.20 4.51 15.507 8 14.730 
4. 12 -0.01 2.46 21. 026 12 30. 1961 

4.18 0.36 4.39 19. 675 11 12. 564 
5.11 0.62 5. 47 16.919 9 7.246 
5.47 0.30 4. 04 16.919 9 38.4801 

5.47 0.12 4. 57 21. 026 12 20.748 
6.35 0.28 3.51 18.307 10 18. 7451 

6.65 0.26 3.44 18. 307 10 10. 369 
8.61 -0.12 3.46 16. 919 9 7.973 
9. 87 0.21 4.54 18.307 10 26. 3251 

II 2. 71 -0.74 4.40 21. 026 12 18.561 
4.07 -0.32 2.81 19. 675 11 31. 759 1 

5.00 -0. 21 2.90 21. 026 12 25.309 1 

6.12 -0.52 3. 62 18.307 10 26. 3441 

6.14 -0.05 3. 09 19. 675 11 12. 789 
7.20 -0.11 2. 77 i9. 675 11 12.180 
8.88 -0.39 3.13 18.307 10 26. 512 1 

1 Significa.nt at 95 percent level, 



coefficients, although not very high, 
were nevertheless significant at the 90 
percent level. 

The apparent parallelism and the 
proximity of the two regression lines 
suggested the testing of the hypotheses 
that the slopes of the lines were equal and 
that the intercepts of the two lines were 
equal. Tests revealed that neither of 
these hypotheses could be rejected; there
fore, the lines could be accepted as rep
resenting the same relationship. The line 
which fit all of the points was determined 
to be a = 6. 876 - 0. 164 D ("composite" 
in Fig. 1). The coefficient of correlation 
in this case was -0. 526 with 16 degrees 
of freedom, significant at the 95 percent 
level. Higher order curves (second, 
third, and fourth) were fitted to the en
tire group of data to improve the corre
lation between the standard deviation and 
density; however, an analysis of vari
ance on the residual sums of squares 
from the higher order curves indicated 
that a significant improvement was not 
achieved. 
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TABLE 2 

MEAN SPEED AND STANDARD DEVIATION AT 
DIFFERENT A VERA GE LANE DENSITIES 

Average Lane Speed (mph) 
Location Density 

(vpm) Mean Std. Dev. 

3.08 49. 65 6. 96 
3.87 51. 10 5.24 
4. 12 50.48 6.44 
4.18 50.03 6. 21 
5.11 50.27 5.18 
5.47 50.00 5.15 
5.47 49.03 6.22 
6.35 49.45 5.36 
6. 65 49.05 5.81 
8.61 49. 62 4.97 
9,87 49.87 5.52 

II 2. 71 52. 49 6.89 
4.07 52. 60 6.11 
5.00 52. 68 6.83 
6. 12 52. 72 6.33 
6.14 52.11 6.07 
7.20 51. 80 5.75 
8.88 52. 24 5.91 

The 95 percent confidence limits of a prediction from the correlation between stand
ard deviation and average lane density were computed (Fig. 2). 

Figure 2 also shows standard deviations computed from data collected by the Vir
ginia Department of Highways independently of the original study. The locations where 
these data were collected had roadway and traffic features substantially different from 
the two original study locations. However, it will be observed that all of the points fell 
within the 95 percent confidence limits. It is interesting to mention that mean speeds 
on the two additional locations dropped below those observed on the original locations, 
even in connection with low densities, because of excessive truck percentage and poor 
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Figure 2 . Cor relation with 95 perce nt confidence lDnits of one observation. 

vertical alignment; however, the relationship between standard deviation and density 
still held. 

Discussion 

The skewness, the kurtosis, the deviation from normality as measured by a chi
square test, and the mean of the spot speed distribution are not very significant char
acteristics of traffic flow within the range of densities observed. None of them can be 
used as a means of assessing the relative congestion on two-lane highways. The stand
ard deviation of the spot speed distribution, on the other hand, is a significant char
acteristic, as suggested by the data obtained at the two original locations and later 
borne out by the data from two additional locations. It seems that although the other 
four characteristics may be influenced by some factors like purpose of trip of the 
driver or the physical condition of the driver, the standard deviation is free from these 
influences. That is to say, if it were possible to obtain a partial correlation coefficient 
of! for example: mP.~n s_rP.Pd Vl:'r8n.s deD.sity, holding all other possible influences corr
stant, that coefficient might be significant. In the present study those influences were 
altogether neglected. However, the standard deviation showed a correlation with traf
fic density under identical conditions. 

Summary 

Among the five spot speed characteristics studied the standard deviation was the 
only one that showed a significant correlation with traffic density. It was established 
that the relationships between standard deviation and density obtained from the two 
locations were not significantly different and that a composite regression line repre
sented all the da ta better than two individual lines. Confidence limits were set on the 
composite regression line; it was observed that speed data collected by the Virginia 
Department of Highways independently of the original study at two locations with dif
ferent roadway and traffic features conformed to the findings of the original study. 

HEADWAY CHARACTERISTICS 

The headway characteristics considered were the percentages of vehicles traveling 
closer than 1,2 , 3, 4 , 5 , 6, 7 , 8, 9 , and 10 s e conds. These percentages were de-
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termined for all the density levels at which spot speed distributions were obtained. 
It is expected that the percentage of vehicles traveling closer than a specified headway 
will increase as the traffic density increases. Correlation analyses were run between 
average lane density and the percentage of vehicles traveling closer than each of the 
headway values stated. 

Data Collection 

It was mentioned earlier that the chronograph pen enabled the collection of headway 
data. The tape of the graphic recorder could be run at any of ten different speeds. In 
this study, after considering the bulk of the tapes and a satisfactory speed trace, a 
tape speed of 6 in. per minute was used. Because the tape speed was known, the time 
spacing between vehicles was derived from the distance between "blips" in the margin 
of the tape. 

Results 

In general, a high degree of correlation was attained between the percentage of ve
hicles traveling closer than a specified headway and average lane density. Only the 1-
sec headway produced a non-significant result. Table 3 summarizes the percentage of 
vehicles traveling closer than each headway value. Table 4 gives the correlation coef
fici ents obtained at both locations. 

Regression lines were determined (Table 5) for the data on percentage of vehicles 
traveling closer than 2, 3, 4, 5, 6, 7, 8, 9, and 10 sec and density. The 1-sec head
way was omitted because a non-significant correlation was observed in that case. 

Figure 3 is a plot of the regression lines given in Table 5. The general parallelism 
of the lines suggested the testing of the hypothesis that tfie regression lines for the 
same headway from the two loca.tions were parallel. The test results indicated that this 
hypothesis could not be rejected for any of the pairs of lines. Next the hypothesis was 
set up that the intercepts of the same pairs of lines were equal. This hypothesis, how
ever, had to be rejected in all cases. Therefore, a generali~ation between the two lo
cations was not possible; in other words, a single composite line would not represent 
all the points pertaining to the same headway better than two individual lines. 

TABLE 3 

PERCENTAGE OF VEHICLES TRAVELING CLOSER THAN SPECIFIED HEADWAY 

Avg. Percentage of Vehicles Traveling Closer Than 
Loca- Lane 
tion Den. 1 Sec 2 Sec 3 Sec 4 Sec 5 Sec 6 Sec 7 Sec 8 Sec 9 Sec 10 Sec 

(vpm) 

3.08 10.20 24.83 29. 59 35.03 38.77 41. 83 44.89 45. 57 46.59 48.97 
3.87 8.59 28. 12 37. 89 43.75 45.70 47. 26 50.00 51. 95 53.90 56. 25 
4. 12 8. 25 24.75 34.65 41.58 46. 20 49.83 51. 48 54.45 56.43 59 . 07 
4.18 6. 23 25.90 35.07 41.30 45. 24 47.53 50. 15 52. 12 55.07 56.05 
5.11 10.92 29.68 40.94 46.74 48.45 51. 18 53,57 55. 96 56.30 59.37 
5.47 7.37 29.81 39.42 43.27 48.72 52. 56 56.73 59.29 62 . 82 65.06 
5.47 12. 41 34. 63 44.43 49.66 52.27 56.19 57. 83 59 . 13 61. 09 61. 75 
6.35 5. 52 28.56 40.25 47.07 51. 29 53,88 56. 48 58.75 62. 32 65 . 89 
6.65 8.75 33.75 42.19 48.12 53. 12 55.94 60.00 62. 50 64. 69 67.50 
8.61 9.96 37.36 48.74 56.93 60. 13 63. 33 68.31 70.45 74.00 77 . 56 
9. 87 8. 02 36. 72 51. 23 58.33 65.42 70.98 73. 76 75.61 78.08 80,24 

II 2. 71 6. 25 27.94 37. 13 40.44 44.85 47.05 50. 36 51. 10 53,30 55. 14 
4. 07 10 . 90 33.01 42. 63 48.40 51.60 55. 13 57. 37 59.29 60.90 61. 86 
5. 00 10 . 67 40.66 48.66 53.66 57 . 66 60.33 63. 33 64.99 66.33 67 . 33 
6. 12 10.90 38.86 48.81 55. 45 60.66 64.45 67.29 69.19 71.08 74.40 
6. 14 9. 63 40.36 50. 61 56.82 61. 17 63.34 64.89 67.07 68.93 69. 55 
7. 20 11. 43 43.78 57. 17 63. 05 67.63 69. 26 71. 22 73. 51 75. 14 76.77 
8. 88 9. 61 46 . 72 56. 76 62 . 00 69. 42 72. 91 74.66 76.40 77. 28 78.15 
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TABLE 4 

CORRELATION OF PERCENTAGES CLOSER THAN 
SPECIFIED HEADWAY WITH A VERA GE 

Headway (sec) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

LANE DENSITY 

Coefficient of Correlation Between Average 
Lane Density and% of Vehicles Traveling 

Closer Than Indicated Headway 

Location I 

-0.055 
0.874 1 

0.939 1 

0.942 1 

0. 980 1 

0. 9751 

o. 9561 

0. 984 1 

0. 980 1 

0. 982 1 

Location n 

0.048 
0. 9442 

0. 9482 

0. 9412 

0. 973 1 

0.979 1 

0.9741 

0,970 1 

0, 967 1 

0. 951 1 

1 Significant at 99, 9 percent level . 
2 Significant at 99 percent level. 

TABLE 5 

REGRESSION EQUATIONS FOR PERCENTAGE TRAVELING CLOSER 
THAN THE SPECIFIED HEADWAY AND AVERAGE LANE DENSITY 

Regression Lines for Density and Percentage' Traveling 
Closer Than Specified Headway 

Headway (sec) 
Location I Location II 

2 p 19. 294 + 1. 941 D p 21. 879 + 2,946 D 
3 p 24. 3il + 2.819 D p 29. 718 + 3,334 D 
4 p 28.812 + 3.103 D p 33.554 + 3.613 D 
5 p 30. 560 + 3. 490 D p 35.481 + 4.104 D 
6 p 32.005 + 3,797 D p 37.974 + 4,155 D 
7 p 34,501 + 3,881 D p 41. 676 + 3,924 D 
8 p 35. 514 + 4. 063 D p 42.577 + 4.076 D 
9 p 36. 557 + 4.286 D p 45. 038 + 3. 931 D 

10 p 38.224 + 4.415 D p 46. 778 + 3,883 D 

1 P is pe:-centage of' vehicles traveling closer than specified headway . 
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Figure 3. Regression lines for percentage of vehicles traveling closer than indicated 
headways and average lane density. 
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Discussion 

Analysis of the headway frequency distributions revealed a high degree of correla
tion between the percentage of vehicles traveling closer than a specified headway and 
average lane density for headways of 2 sec and greater. The percentages of vehicles 
traveling closer than 1 sec did not indicate a correlation with traffic density, pointing 
out the fact that some drivers tend to follow a leading car very closely regardless of 
the prevailing traffic conditions. The percentage of vehicles traveling closer than a 
1-sec headway cannot, therefore, be considered a significant characteristic of traffic 
flow and can have no applicability in the assessment of relative congestion. The per
centages of vehicles traveling closer than headways of 2 sec or greater may be a sig
nificant characteristic of traffic flow; however, the fact that the regression lines for 
the percentage of vehicles traveling closer than a specified headway and average lane 
density from the two locations were not coincident, although parallel, cannot be over
looked. The purport is that although the rate of variation of the percentage of vehicles 
closer than a specified headway with density is the same for either location (i.e. , the 
slopes of the lines are equal), there is a factor which influences the distribution of 
headways inadifferent manner at different locations. Unfortunately, headway data 
from other sources were not available to carry this phase of the investigation further. 

Summary 

Although very high correlations were obtained between average lane density and the 
percentage of vehicles traveling closer than headways of 2, 3, 4, 5, 6, 7, 8, 9, and 10 
seconds at both locations, a generalization between locations was not possible. Head
way characteristics may yet be used in assessing relative congestion if the cause or 
causes of variation between locations can be identified. 

ASSOCIATION OF SPOT SPEED AND HEADWAY CHARACTERISTICS 

It may be expected that the spot speed characteristics and the headway character
tics discussed in the two previous sections will have a relationship; i.e., as vehicles 
travel with smaller headways their speeds tend to be more uniform. To investigate 

TABLE 6 

STANDARD DEVIATIONS AND CORRESPONDING PERCENTAGES OF 
VEHICLES TRAVELING CLOSER THAN SPECIFIED HEADWAYS 

Loca- Std. Percentage of Vehicles Traveling Closer Than 

tion Dev. 
(mph) 2 Sec 3 Sec 4 Sec 5 Sec 6 Sec 7 Sec 8 Sec 9 Sec 10 Sec 

I 4.97 37.36 48.74 56.93 60. 13 63.33 68. 31 70.45 74.00 77. 66 
5.15 29.81 39.42 43.27 48.72 52. 56 56.73 59.29 62. 82 65.06 
5. 18 29.68 40.94 46. 74 48.45 51. 18 53.57 55. 96 56.30 59.37 
5.24 28. 12 37. 89 43.75 45.70 47.26 50.00 51.95 53.90 56. 25 
5.36 28.56 40.25 47.07 51. 29 53.88 56. 48 58.75 62. 32 65.89 
5.52 36. 72 51. 23 58.33 65.42 70.98 73.76 75.61 78.08 80.24 
5.81 33.75 42.19 48. 12 53. 12 55.94 60.00 62. 50 64. 69 67.50 
6. 21 25. 90 35.07 41. 30 45.24 47.53 50. 15 52. 12 55.07 56.05 
6.22 34. 63 44.43 49.66 52.27 56.19 57.83 59. 13 61. 09 61. 75 
6.44 24.75 34.65 41. 58 46.20 49.83 51. 48 54.45 56.43 59. 07 
6. 96 24. 83 29.59 35.03 38.77 41. 83 44.89 45 . 57 46. 59 48.97 

II 5.75 43.78 57.17 63.05 67. 63 68.26 71.22 73.51 75. 14 76.77 
5. 91 46. 72 56.76 62. 00 69. 42 73.91 74.66 76.40 77.28 78.15 
6.07 40.36 50.61 56.82 61. 17 63. 34 64.89 67.07 68.93 69. 55 
6.11 33.01 42. 63 48.40 51. 60 55.13 57.37 59.29 60.90 61. 86 
6.33 38.86 48.81 55.45 60.66 64.45 67. 29 69.19 71. 08 74.40 
6.83 40.66 48.66 53.66 57. 66 60. 33 63.33 64.99 66.33 67.33 
6.89 27.94 37.13 40.44 44.85 47.05 50. 36 51. 10 53.30 55.14 
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the relationship between these characteristics, correlation analyses were run between 
the standard deviation of the spot speed distribution and the percentage of vehicles 
traveling closer than 2, 3, 4, 5, 6, 7, 8, 9, and 10 sec. In these correlation analyses 
each point represented the standard deviation and the percentage of vehicles traveling 
closer than the specified headway pertaining to the same density level. 

Results 

Table 6 gives the standard deviations and the corresponding percentages of vehicles 
traveling closer than the specified headways. 

Table 7 summarizes the results of the regression analysis on data for the standard 
deviation and on percentage closer than a specified headway. In general, a very high 
degree of correlation does not exist between the percentage of .vehicles traveling closer 
than a specified headway; however, an overall trend is apparent. 

Corresponding lines from each location were compared for parallelism and coin
cidence. Hypotheses were set up that the slopes and the intercepts of each pair of 
lines were equal. It was determined that in each case, with the given scatter of points, 
the hypothesis that the slopes of the two lines were equal could not be rejected. How
ever, the hypothesis that the intercepts were equal had to be rejected. Therefore, for 
any pair it was impossible to draw a single line that would represent all the points 
better than two separate lines. 

Figure 4 is a plot of the percentage of vehicles traveling closer than 3 sec against 
the standard deviation for both locations ; this plot is representative of those with other 
values of headway. 

Discussion 

The results of the attempt to associate the standard deviation of the speed distribu
tion to the percentage of vehicles traveling closer than a specified headway were not 
very encouraging. The correlation obtained between these two quantities did not reach 
a high level and in certain instances was below the 90 percent significance level (Table 
6). At those values of headway where the correlation was significant, the regression 
lines from the two locations displayed parallelism in all cases, but none of the pairs 
was coincident. The effect which was observed to cause the non-coincidence in the 
case of the regression lines for the percentage of vehicles traveling closer than a 

TABLE 7 

SUiviiviARI- OF REGRESSION. AN.ALYSES Oi{ DATA FOTI STAN.DATID DETlIATIC:t'.J" AND 
PERCENTAGE OF VEIDCLES CLOSER THAN A SPECIFIED HEADWAY 

Coeff. of Correl. Between Std. Line of Best Fit for Data on Std. Dev. and Per-
Headway 

Dev. and Percent Closer cent Closer Than Specified Headway 
(sec) 

Than Specified Headway 

Location I Location II 
Location I Location II 

2 -0.500 -0 . 622 
3 -0. 6182 -0. 7313 P = 74. 892 - 6. 010 CJ P = 123. 697 - 11. 943 cr 
4 -0. 5943 -0. 7582 P = 82. 507 - 6.276 CJ P = 139. 076 - 13. 539 CJ 

5 -0. 5333 -0. 7413 P = 85. 410 - 6. 092 CJ P = 150. 015 - 14. 518 CJ 

6 -0.479 -0 . 7373 P = 152.830 - 14.532 CJ 

7 -0.518 -0. 7043 P = 146. 660 - 13. 160 CJ 

8 -0. 5463 -0 . 7213 P = 100.133 - 7.227 CJ P = 154. 114 - 14. 066 CJ 

9 -0. 5593 -0 . 7253 P = 106. 043 - 7. 852 cr P = 153. 416 - 13. 694 CJ 

10 -0. 5933 -0 . 7013 P = 112.430 - 8.547 CJ P = 152.356 - 13.292 CJ 

1 Line of best fit not calculated because correlation not significant. 2 Correlation significant 
at 95 percent level, but not at 98 percent level. 3 Correlation significant at 90 percent level, 
but not at 95 percent level. 
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lation developed in the original study between·. the standard deviation and average lane 
density. 

3. Point 2 accentuates toe indication that , for two-lane highways in rural areas the 
standard deviation of the speed distribution is a significant parameter of traffic flow 
and may be used in assessing congestion. 

4. The percentage of vehieles traveling cfoser than a headway of 1 sec did not in
dicate a correlation with average lane density. The percentage for headways of 2 sec 
and greater, on the other hand, were correlated with average lane density to a high 
degree of significance at both locations. How1?ver, the regression lines for the two 
locations could not be combined to obtain a cor.nposite si11gle line. This prevented the 
possibilily of a generalization . Headway data ·were not available from other sources 
to investigate this possibility further. 

5 . It was determined that the percentage of vehicles traveling closer than a speci
fied headway was not significantly correlated w i.th the standard deviation for certain 
values of the headway, that even for those valut s where the correlation was significant 
for both locations a generalizatim;1 was impossil'>le, and that i..ncreasil1g interference be
tween vehicles tends to make speeds more Lmifo ·m. 

6. The standard deviation seems to be a sigr'rlficant parameter of traffic flow-better 
than the mean speed and the percentage of vehicles traveling closer than a specified 
headway-at least in the range of densities studi.ed 011 two-lane ru ·al highways. In 
assessing congestion the standard deviation sho,uld be the besl parameter to specily be
cause indications are that it may be applicable to many kinds of roadway and traffic 
conditions. Furthermore, the standard deviati.on of a speed frequency distribution can 
be readily estimated . 
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Figure 4. Percentage of vehicl e s traveling closer than 3 sec versus t he standard devia
tion of the speed frequency distributions. 

specified headway and density, apparently influenced this orrelaUon and made a 
generalization impossible . However, the overall trend of decreasing percentage of 
vehicles traveling closer lha:n a spec.ified headway with increasing standai-d deviation , 
or the converse, indicates thal increasing interference between vehicles, will tend to 
cause increasingly uniform speeds. 

Summary 

The relationship between the standard deviation of the spot speed distribution and 
the percentage of vehicles traveling closer than a specified headway is not well de 
fined, although an overall trend is apparent. A generalization of this 1·elations hip be
tween the two locations is nol possible. The fact that no significant correlations were 
obta ined for certain values of headway does not allow any positive statements. 

GENERAL CONCLUSIONS 

1. A correlation was not found between a verage lane density and certain ·haracter 
istics oi the spot speed distribution of vehic les (namely, skewness, kur tosis, devia
tion from normality, and mean speed) in tho r a nge of densities s tudied· on the other 
hru1d, the standard deviation oI the distribution correla ted with average l;:i,ne density at 
each location. Further it was determined that the two regression lines for the stand
ard deviation and density from th two locat ons could be replaced by one composite 
line thus opening up possibilities of generaHzation. 

2. Speed data obtained by the Virginia Department of Highways independent of this 
study and at two locations having roadway and traffic features quite different from those 
of the lwo origi nal locations were analyzed. The computed standard deviation values 
wer e s een lo fall within the 95 percenl confidence range of a prediction from the corre-



Appendix 

SAMPLE COMPUTATION FOR MOMENT ANALYSIS AND X2 TEST 

Given: The speed frequency distribution of Table 8 (at location I). 

TABLE 8 

SPEED FREQUENCY DISTRIBUTION OBTAINED IN 1 HOUR 
AT LOCATION I 

Speed Class No. in Class Speed Class No. in Class 

32 - 33. 9 1 52 - 53.9 38 
34 - 35.9 3 54 - 55. 9 25 
36 - 37.9 5 56 - 57. 9 16 
38 - 39,9 6 58 - 59. '9 5 
40 - 41. 9 14 60 - 61. 9 9 
42 - 43. 9 32 62 - 63. 9 2 
44 - 45. 9 41 64 - 65. 9 1 
46 - 47.9 43 66 - 67.9 1 
48 - 49. 9 43 68 - 69. 9 0 
50 - 51. 9 40 70 - 71.9 1 
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Determine: Mea n, speed, skewness, kurtosis, standard deviation , x 2 value (for devia
tion from a normal distribution with the same mean and standard devia.tion); also 
volume and average lane density to which the distribution pertains. 

A mean value of 49. 00 mph is assumed and the deviation of the mid-value of each 
class from the assumed mean is expressed in terms of classes (Table 9). 

TABLE 9 

DEVIATION OF MID-VALUE OF CLASS FROM ASSUMED MEAN SPEED 

Speed Class Deviation from Mean, Number in Class , 
fd fd2 fd3 fd4 

d f 

32 - 33.9 -8 1 - 8 64 - 512 4,096 
34 - 35.9 -7 3 -21 147 -1, 029 7,203 
36-37.9 -6 5 -30 188 - 1, 080 6,480 
38-39.9 -5 6 -30 150 - 750 3,750 
40 - 41. 9 -4 14 -56 224 - 396 3,584 
42 - 43. 9 -3 32 -96 288 - 864 2,592 
44 - 45. 9 -2 41 -84 168 - 336 672 
46 - 47. 9 -1 43 -43 43 43 43 
48 - 49.9 0 43 0 0 0 0 
50 - 51. 9 1 40 40 40 40 40 
52 - 53. 9 2 38 76 152 304 608 
54 - 55. 9 3 25 75 225 675 2,025 
56-57.9 4 16 64 256 1,024 4,096 
58-59.9 5 5 25 125 625 3, 125 
60 - 61. 9 6 9 54 324 1,944 11,664 
62 - 63.9 7 2 14 98 686 4,802 
64 - 65. 9 8 1 8 64 512 4,096 
66 - 67.9 9 1 9 81 729 6,561 
68 - 69. 9 10 0 0 0 0 0 
70 - 71. 9 11 1 11 121 1,331 14, 640 
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The terms that have significance in the following computation are defined a s fol
lows: 

a standard deviation, mph; 
aa skewness; 
84 kurtosis; 

Ef = 326; 'Dfd = 8; Efd~ = 2 750; Efd3 = 2, 309; I;fct'1 
= 80 , 078; M 'i = Efd/ 

Ef = 0. 02454; M'/ = 0 . 00060· M'/ = 0. 00001; M'/ = 0, 00000 ; M12 
= Efd2

/ 

Ef = 8,43558; M'i M'2 = 0.20701; M '/ M '2 = 0. 00508; M
1

3 = Efd3/Ef = 7.23926; 
M\M

1
3 = 0.17381; M

1
1 =· !:fd4/ Ef = 245.63804; 

S = So + i M ' i = 49.00000 + 2 x 0.02454 49.04908 

8.43498; M
1

2 = 2.90430; 

a = i~M
1

2 = 2 x 2.90430 5,80860 

24.49771; (M'0 2 71. 14870 ; M
1

33 = M
1

a - 3M '2 M
1
1 + 

6.46481; M
1
4 = M

1
4 - 4 M's M

1
1 + 6 (M'0 2 M

1
2 - 3 (M\) 4 244. 97328; 

0. 26377; M~ 3. 44312 ; V = Ef X 6 
k 326 vph; V = 

326 
f = 326; §_ = 49. 05 mph; £ = 49 . 05 = 6. 65 vpm. 

Part I of the x2 test is mostly self-explanatory. Col. 4 is the probability of ob
serving the specified or a greater speed if the distribution were normal. Col. 5 is the 
difference in successive probabilities in Col. 4; i.e., the probability of each group. 
Col. 6 is obtained by multiplying the probabilities in Col. b by Ef. Because the x2 test 
introduces a bias when the expected number in a class is less than 5, the tails of the 
expected distribution are added up until a val ue gr eater than 5 is obtained. 

In part II of the x2 test each value in Col. 5 is multiplied by lhe cor r esponding value 
in Col. 4, and the products are summed. The s um is the x2 value . The <'I P.grP.P.s of 
freedom can be computed by s ubtracting three from the number of items contributing 
to the x2 value; i.e., the number of rows in part II of the x2 test. There are 13 rows; 
therefore, the degrees of freedom are 10, 3 degrees of freedom being lost because the 
original and fitted data are made to agree as to total number, mean, and standard 
deviation. The x2 value was not significant in this case. 



X 2 TEST (PART I) 

S = 49. 04908 mph a 5. 80860 mph 

(1) (2) 
Lower Dev. 
Limit from 

of Class Mean 

+"' 
32 17 , 0491 
34 15.0491 
36 13.0491 
38 11. 0491 
40 9.0491 
42 7. 0491 
44 5.0491 
46 3.0491 
48 1.0491 
50 - 0.9509 
52 - 2.9509 
54 - 4.9509 
56 - 6. 9509 
58 - 8.9509 
60 -10.9509 
62 -12. 9509 
64 -14.9509 
66 -16. 9509 
68 -18, 9509 
70 -20.9509 
72 -22.9509 

+"' 

(3) 
Col. 2 

Std. Dev, 
(z) 

+"' 
2.93 
2.59 
2.25 
1. 90 
1. 56 
1. 21 
0.87 
0. 52 
0.18 

-0. 16 
-0.51 
-0.85 
-1. 20 
-1. 54 
-1. 89 
-2.23 
-2.57 
-2. 92· 
-3. 26 
-3.61 
-3.95 

(4) 

P(z) 

1,0000 
0. 9983 
0.9952 
0, 9878 
0. 9713 
0.9406 
0. 8863 
0.8078 
0.6985 
0. 5714 
0.4364 
0.3050 
0. 1977 
0. 1151 
0.0618 
0.0294 
0. 0129 
0.0051 
0.0018 
0.0006 
0,0002 
0.0000 
0.0000 

(5) 

0.0017 
0.0031 
0.0074 
0.0165 
0.0307 
0.0537 
0.0791 
0,1093 
0. 1271 
o. 1350 
0. 1314 
0.1073 
0. 0826 
0.0533 
0. 0324 
0. 0165 
0.0078 
0.0033 
0. 0012 
0. 0004 
0.0002 
0.0000 

X 2 TEST (PART Il) 

(1) 

Speed Class 

38 
38 - 40 
40 - 42 
42 - 44 
44 - 46 
46 - 48 
48 - 50 
50 - 52 
52 - 54 
54 - 56 
56 - 58 
58 - 60 

60 

(2) 
Expected 
Number 

9. 3562 
10. 0082 
17. 5062 
25.7866 
35.6318 
41. 4346 
44.0100 
42. 8364 
34.9798 
26. 9276 
17.3758 
10. 5624 
9.5844 

(3) 
Observed 
Number 

9 
6 

14 
32 
41 
43 
43 
40 
38 
25 
16 

5 
14 

(4) 

Exp. - Obs. 

0. 3562 
4.0082 
3. 5062 
6. 2134 
5. 3682 
1. 5654 
1. 0100 
2. 8364 
3.0202 
1. 9276 
1. 3758 
5. 5624 
4.4166 

(6) 
Expected 
Number 
in Class 

0.5542 
1. 0106 
2.4124 
5.3790 

10. 0082 
17.5062 
25.7866 
35.6318 
41. 4346 
44.0100 
42. 8364 
34.9798 
26. 9276 
17.3758 
10. 5624 
5.3790 
2.5428 
1. 0758 
0. 3912 
0. 1304 
0. 0652 
0.0000 

(5) 
Exp. - Obs. 

Exp. 

0 . 0381 
0.4005 
0.2003 
0.2410 
0.1507 
0.0378 
0.0229 
0. 0662 
0. 0863 
o. 0716 
0.0792 
o. 5266 
0.4607 

x2 10. 369 (observed), D. F. = 10; x2 = 18. 307 (0. 05, 10) 
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A Study of Four-Way Stop 
Intersection Capacities 
JACQUES HEBERT, Graduate Student, Northwestern University, Evanston, Ill. 

This study was an endeavor to determine capacities of four-way stop-controlled 
intersections under various traffic and operating conditions. 

Three right-angle intersections in the Chicago Metropolitan Area were ob
served and analyzed. The average headway of departure was obtained, and the 
effects on capacity of left- and right-turning vehicles, the number of lanes on the 
cross-street, and the split in volumes between the intersecting streets, were de
termined. The effect of commercial vehicles was tentatively investigated, but the 
small size of the sample precluded any specific conclusions. Only daytime driv
ing characteristics were observed. 

Due to the amount and complexity of the data to be obtained, all intersections 
but one were filmed for a period of 80 min each. The movie camera technique 
had the advantage of requiring the least amount of field observations, and pre
senting a permanent record of the complex interrelationship of the data to be ana-
lyzed. · 

Some of the interesting findings of this study are as follows: 

1. Variations in the split of volume between the two intersecting streets of a 
four-way stop intersection produce a significantly different headway of depar
ture for two different intersections. 

2. Left-turning vehicles have no effect on the capacity, the average headway 
of departure for left-turning and through vehicles not being significantly differ
ent under various traffic conditions. 

3. For each 1 percent of right-turning vehicles, the capacity is increased by 
0. 2 percent. 

4. Underpressurizedand ideal traffic conditions throughpassenger cars per 
lane maybe expected to be discharged across a two-lanecross-streetatan aver
age of one every 7. 65 sec if the split is 50/50, and one every 7. 15 sec if it is 
60/40. These rates are averages for the whole intersection. 

5. If the split bcccrr1cs 100/0 (i.e., all en-corning vehicles are on two oppo
site approaches only) and for the same conditions as in item 4, one might expect 
a discharge rate of one vehicle every 4. 05 sec from each of the two approaches. 

6. For the conditions of item 4 and a 50/50 split, the capacity per lane aver
ages one vehicle every 8. 08 sec if the street to be crossed has four moving lanes. 

7. Seventy percent of vehicles are found M be moving two abreast if there are 
two lanes on a loaded approach. 

•OF ALL the problems of interest to the traffic engineer, the urban intersection at 
grade is undoubtedly the most important. If one considers that approximately one-half 
of all urban accidents and more than three-quarters of all urban delays are caused by 
or related to urban intersections, the range and far-reaching consequences of the 
problem are more fully understood. 

To provide efficiency and safety of movement through these intersections, vehicles 
and pedestrians are regulated by various types of traffic control devices. In many 
cases the actual warrants used for the application of these devices need much refine
ment and development and are often subjects of controversy. The application of the 
four-way stop type of control is presently very controversial, and a definite solution 
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has yet to be attained. Contradictory statements such as the following have become com
mon language: " ... the four-way stop as a solution should be used more frequently" 
(~); and " ... there can be no logical warrant for a four - way stop except as a safety 
measure or as a device to satisfy pressure groups that demand action at an intersection 
warranting no action." (12) 

Little factual study had been made in the past to crystallize the use warrants for the 
four-way stop intersection control. McEachern (13) reported: "While most cities do 
use warrants for the establishment of four-way stop intersections, the warrants are 
not specific; and the single most widely used warrant is the high-accident frequency at 
two-way stop intersections." The four-way stop, as usually employed, finds applica
tions at urban intersections as a safety measure, or as an intermediate treatment be
tween the two-way stop and the signal control. 

In the "Manual on Uniform Traffic Control Devices" (3) the warrants for four-way 
stops require a total vehicular volume of 500 vph for any-8 hr of an average day, with 
at least 200 vehicles and pedestrians entering from the minor street. No mention is 
made of maximum permissible volumes. However, the Institute of Traffic Engineers 
suggests a maximum volume of 1, 000 vph (average for 6 hr), with atleast 2 50 vphfrom 
the side street. 

These requirements are useful as a guide, but are not based on such fundamental 
characteristics of vehicular flow as arrival rates, departure headways, and effects of 
opposing and intersecting flows. A rational analysis is needed of the various relation
ships between these fundamental traffic features at four-way stop intersections. This, 
together with the subsequent derivation of capacities, is dealt with herein. It is hoped 
that the findings of this study will contribute to the understanding of this complex ur
ban traffic problem. 

PURPOSE AND SCOPE 

The purpose of this study was to determine the basic and practical capacities of four
way stop intersections, under various geometric and traffic conditions. Capacities 
were derived from the average departure headway of vehicles as they enter the inter
section area. 

The Highway Capacity Manual (1) defines basic capacity as the "maximum number of 
passenger cars that can pass a given point on a lane or roadway during one hour under 
the most nearly ideal roadway and traffic conditions which can possibly be attained." 
To satisfy this definition, the headways of departure were obtained and recorded sepa
rately for passenger cars, commercial vehicles, left- and right-turning vehicles, and 
through vehicles. Possible capacity, which is the capacity under the prevailing road
way and traffic conditions, was derived from the basic capacity by applying certain re
ducing factors. The investigation and determination of these factors is included here
inafter. 

Practical capacity is defined as "the maximum number of vehicles that can pass a 
given point on a roadway or in a designated lane during one hour without the traffic den
sity being so great as to cause unreasonable delay, hazard, or restriction to the driver's 
freedom to maneuver under the prevailing roadway and traffic conditions." (1) This 
level of capacity is equal to the possible capacity multiplied by a factor which is given 
in the Manual as O. 80. 

Another approach to the determination of the practical capacity of an intersection 
could be based on a delay criterion. Assuming random distribution of the vehicles on 
the approach, it is possible, using the observed average headway of departure, to de
termine the vehicular volume that will cause a certain percentage of the drivers to be 
delayed by a given preferred amount of time. Any volume that causes a greater per
centage of the drivers to be delayed by the same amount of time, or causes the same 
percentage of drivers to be delayed by a larger amount of time, will be above practical 
capacity. Figure 10 is a set of curves derived for various time periods and percent
ages of drivers. 

Variables Studied 

The following variables were investigated as to their effect on the capacity of four
way stop intersections: 
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1. Two splits in volume (51. 5/48. 5 and 64. 0/36. 0) for one-lane approaches, during 
pressurized conditions, with a continuous backlog of waiting vehicles. 

2, Four-lane and two-lane two-way cross-streets for similar traffic conditions. 
3. Variations in left and right turns, and percentage of commercial vehicles. Un

fortunately, truck travel at the intersections studied was almost negligible, and the 
data obtained regarding their effect on headways were insufficient. 

4. Waiting vehicles on the cross-street, vs no vehicles on the cross-street, vs 
vehicles from cross-street entering the intersection in turns with the approach vehicles 
under study. These analyses are further detailed hereafter. 

Limitations of the Study 

The study was made at three outlying intersections in the Chicago metropolitan area, 
and is therefore representative of Chicago drivers only. This had the advantage of 
eliminating the variations resulting from dissimilar driving behavior inherent to differ
ent groups of drivers. No attempt was made to relate the results with those of other 
parts of the country, and nighttime driving characteristics were not investigated. All 
control signs bore the "4-way" supplementary message (Fig. 1), because it was be
lieved that this signing policy insured higher capacities (~). 

PROCEDURE 

In consideration of the limited manpower and time available for field observations, 
it seemed logical to use the movie-camera technique of study. This method, besides 
being economical in manpower, provided a permanent record of the behavior of each 
traffic stream and the relationships between the streams, and allowed for leisurely 
extraction of the data, with possible re-running of the films whenever desired. The 
locations were intentionally selected to provide a suitable vantage point for filming. 
Figure 2 shows the camera installed for filming at a high point at the intersection of 
Winnetka and Hibbard Streets in Winnetka. It was at a height of approximately 15 ft, 
and 120 ft from the intersection. 

The camera was operated by a small 100-rpm synchronous motor using 120-v ac 
power provided by an ordinary 12-v de battery, through a dc-ac converter. Filming 
was performed at the rate of 100 frames per minute; one complete 100-ft film lasted 
approximately 40 min. 

Two right-angle intersections were filmed for 80 min each. A third intersection 
was filmed for 40 min. The camera was so located as to offer a view of the whole 
intersection and a certain length of each leg. The headways of departure for vehicles 
in each lane of each approach were recorded separately for each item of study. Ex
traction of data, although simple, was found to be very time consuming. 

Figure 1. 4-Way supplementary message on stop signs . 



LOCATIONS STUDIED 

Intersection A: Willow and Hibbard (Fig. 3) 

The first intersection studied was 
Willow and Hibbard in Winnetka, a com
munity in the outlying north suburbs of 
Chicago. This location was selected be
cause of its high volume, nearly equal 
split, high percentage of turns and little 
small pedestrian and roadside interference. 
During the period of study (p. m. peak 
hour), the traffic conditions were as fol
lows: 

Date: Tuesday, April 3, 1962 
Time: 4:00 to 4:45 p. m. 
Total intersection volume: 1, 209 vph 
Split: 51. 5/48. 5 
C. V.: 6. 5% 
Total intersection left turns: 23. 9% 
Total intersection right turns: 22. 9% 
Basic number of lanes: 2 on each 

street 
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Figure 2. High camera location. 

Because of the sparse development of the immediate surroundings, the intersection 
was ideally free of pedestrians, parking, and driveway interference. In fact, not a 
single pedestrian was encountered during the whole study period. The effects of near
by intersection controls were minimized because of their distance (more than 2,000 ft). 
All sight distances were adequate. 

Intersection B: Winnetka and Hibbard (Fig. 4) 

Immediately south of Intersection A, in the same community, is the intersection of 
Winnetka and Hibbard Streets. Although it does not offer a very high volume of traffic, 
which is a desirable feature for the purpose of the study, the main advantage of this 
intersection is its different split in traffic volume. The traffic conditions during the 
study period were as follows: 

Date: Friday, April 13, 1962 

Time: 4:00 to 5:30 
p.m. 

Total intersection 
volume: 742 vph 

Split: 64. 0/36. 0 
C. V.: 3. 3% 

Total intersection left 
turns: 16. 6% 

Total intersection right 
turns: 18. 8% 

Basic number of lanes: 
2 on each street 

This location also has a high vehicle turning movement, and almost no interference 
from pedestrians, parking, or driveways. In contrast to Intersection A, the sight dis
tances were adequate in three quadrants only, and very limited in the fourth. Basically, 
the two intersecting streets have one moving lane in each direction. 

Intersection C: Cumberland and Devon (Fig. 5) 

The third intersection is quite different from the previous ones. It was selected so 
as to provide data on headways of vehicles on a two-lane highway when crossing a 
street with four moving lanes. Basically, the two intersecting streets were designed 
for four moving lanes each, but parking reduced to two the number of moving lanes on 
Devon. West of the intersection, Devon Street has a 35-ft median; east of the inter
section the median width is reduced to 14 ft. Cumberland Street has a 4-ft median 
south of the intersection only. Because the intersection is located in a well-developed 
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community (Park Ridge), a certain amount of interference was encountered, including 
some pedestrian movement and parking. At the time of the study, parking was as 
shown in Figure 5. The eastbound traffic on Devon was studied as it crossed four
lane Cumberland Street. During the p. m. peak hour of filming, the following condi
tions were encountered: 

Date: Friday, 

Time: 3:45 to 5:15 p. m. 
Total intersection 

volume: 1,800 vph 
Split: 51. 2/ 48. 8 

April 20, 1962 

C. V.: 4.3% 
Number of lanes: 

as shown in 
Figure 3 

STATISTICAL ANALYSIS 

Calculation of Minimum Sample Size 

The size of a sample of data needed to give a mean within some desired range of 
accuracy is dependent on the desired confidence level and the standard deviation of the 
population. If no data are available, the standard deviation of the population may be 
assumed. However, if data have already been taken, an estimate of the standard de
viation of the population may be obtained from that of the sample, and it becomes 
possible to determine whether the size of the available data is sufficiently large. In
asmuch as the data of this study were obtained from films, it was not feasible to meas
ure time closer than one frame (0. 60 sec). Using a 95 percent confidence limit, a 
standard deviation of 3. 7, 3. 0 and 2. 0 frames (all sample standard deviations are 
smaller than 3. 7 frames), and a limit of error of 1. 0 frame, the size of sample needed 
is 

s 
E = 1.96,Jn _ l (1) 

f h . h 3.84 X (3.72, 3.02, 2.02) + 1 - 53 5 35 6 15 4 rom w 1c n = E - . , . , . . 

Interpreting this result, any sample of data of size 54, 36, or 16 or more, would 
have a mean value within 1. 0 frame from the true population mean in 95 cases out of 
100, depending on the consistency of the sample, as expressed in the standard devia
tion. These sample sizes are strict minimums, and more readings should be obtain
ed where feasible. 

Tests on Data 

To calculate the basic capacity of four-way stop intersections, it is necessary to 
register the headway of departure of the vehicles on any approach during loaded condi
tions. If both streets are loaded, the vehicles usually proceed through the intersection 
in turns, each one moving to the first position as the cross-street vehicle accelerates. 
However, it often happens that one approach is clogged with waiting vehicles while there 
are none or few on the cross-street. Obviously, one would expect the headways to be 
much smaller on one street if there are no vehicles coming from the cross-street. 
Besides being recorded separately for passenger cars, commercial vehicles, through, 
left-turning, and right-turning vehicles, headways were also obtained separately for 
the three following cases: 

1. L headways: When both streets are !oaded vehicles proceed through in turns, 
with one vehicle accelerating from a cross-street approach within the headway record
ed. 

2. N headways: The approach under study is loaded, with ~o vehicles approaching 
on the cross-street (50 ft or less) or waiting at the stop line. 

3. I headways: The approach under study is loaded, with lnterference from ve
hicles on the cross-street (within 50 ft of the stop line). This type of headway is there-
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TABLE 1 

NUMBER OF HEADWAYS OBSERVED 

Type of 
Headway 

L 
N 
I 

Total 

L 
N 
I 

Total 

L 
N 
I 

Total 

Passenger Cars 

Left Through Right Total 

(a) Intersection A 

50 100 23 173 
15 47 15 77 
18 34 19 71 

83 181 57 321 

(b) Intersection B 

21 75 17 113 
7 87 10 104 

14 70 23 107 

42 232 50 324 

(c) Intersection C 

210 210 

210 210 

fore the time taken by two successive ve
hicles on a loaded approach to proceed 
through the intersection, without any ve
hicle from the cross-street moving in be
tween them, but only causing interference 
and hesitation. The 50-ft distance was se
lected as being representative of a critical 
lag of 3 to 4 sec, as found at four-way 
stops. A detailed analysis of acceptance 
and rejection of gaps at four-way stops 
.. ,..,.,, "' ..,,._,.. ,J" 1,,..,.,. ,-,1'"\l'"\Y"loO'I" (') \ 
VY a..:, .a..1..1."'u'"' '-J J "'....,.._, .t:-''-'.A. \::.I • 

A total of 321 passenger car headways 
was recorded for Intersection A, 324 for 
Intesection B, and 210 for the lane studied 
at Intersection C. Table 1 gives the num
ber of headways for each of the several 
items studied. 

The size of the commercial vehicle 
sample was negligible. It is to be noted 
that the sample obtained from left- and 
right -turning vehicles is rather limited. 
In many instances, the data are very con
sistent, with a small standard deviation. 
In other cases, the data were combined 
for both Intersections A and B, and tested 
jointly. 

TABLE 2 

STATISTICAL DIFFERENCE OF 
MEANS OF HEADWAYS1 

Description Normal Test "t" Test 

(a) Intersection A 

Through N vs 
through L Sig. Sig. 

Through N vs 
through I Sig. Sig. 

Through L vs 
through I Sig. Sig. 

Through L vs 
left-turning 
L Non-sig. Non-sig. 

(b) Intersection B 

Through I vs 
through N Non-sig. Non-sig. 

Through L vs 
through N Sig. Sig. 

Through L vs 
through I Sig. Sig. 

Through L maj . 
app. vs through 
L min. app. Non-sig. Non-sig. 

(c) Combined Intersections A and B 

Through L vs 
rt-turn L 

Through L vs 
It-turn L 

Sig. 

Non-sig. 

Sig. 

Non-sig. 

(d) Intersection A vs Intersection B 

Through N 
Through I 
Through L 
Left-turn L 

Non-sig. 
Non-sig. 

Sig. 
Non-sig. 

Non-sig. 
Non-sig. 

Sig. 
Non-sig. 

(d) Intersection C vs Intersection A and B 

Through L Int. C 
vs through L 
Int. A 

Through L Int. C 
vs through L 
Int. B 

Sig. Sig. 

Sig. Sig. 

Using a 95 percent confidence level, 1 P 
1 . assenger cars on y. two types of tests were performed on vari-

ous groups of data: (a) The normal distribution test (two-sided); and (b) The student's 
"t" distribution test (two-sided). The tests give the statistical significance of the difference 
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of the means of two sets of data. The "t" test is preferable to the normal test for small 
samples, because it does not require the population values. The results (Table 2) in
dicate that left turns have no effect on the headway of departure, whereas right turns 
do. Except for the L headways of through passenger cars, computed on a total inter
section basis, the split evidently has no effect. It must be agreed that this significant 
difference may also be influenced by location, sight distance, geometric configuration, 
etc., of the intersection. It so happens that Intersection B, which has relatively re
stricted sight distances when compared to Intersection A, gave shorter headways for 
through passenger cars. The three different types of headways (L, N, I) produced 
significant differences except in one case (see Table 2b). One of the important results 
obtained was the significantly longer headways needed to cross a four-lane vs a two
lane cross-street (Table 2e). 

These analyses form a necessary basis from which one can estimate the effects of 
the various factors affecting the traffic behavior at intersections. These factors are 
considered quantitatively hereafter, and their influence on capacities is derived. 

PRESENTATION AND DISCUSSION OF RESULTS 

Table 3 gives the headways of departure of passenger cars for the conditions shown, 
as well as the standard deviation of each sample group. Figure 6 compares L-type 
mean headways for Intersections A and B; Figure 7 compares through mean headways 
for these intersections. 

Factors Affecting Headway 

Split. -Table 2d shows that the L type of headway of departure for through passenger 
cars is significantly different for Intersection A, with a split of 51. 5/48. 5, and Inter
section B, with a split of 64. 0/ 36. 0 (Fig. 8). Because this type of headway (defined on 
loaded conditions at all times) is of interest in the calculation of basic capacity, the 
foregoing difference must be taken into account. Whether the difference is totally or 
partially due to the split , or to a certain unknown factor , cannot presently be deter
mined and additonal research is needed. 

If the split is assumed to be the most influential factor, it is possible to derive an 
equation of the headway as a function of the split. Inasmuch as only two different splits 
are ava ilable for study, the equation is the straight line: 

TABLE 3 

HEADWAYS OF PASSENGER CARS ENTERING 
A FOUR-WAY STOP INTERSECTION' 

Inter-
Movement Type of Mean Std. Dev. 

section Headway (sec.) (sec.) 

A Through1
' N 3.81 1. 61 

Through' I 4.73 1.86 
Through' L 7. 58 2 . 09 
Left' L 7,40 2.22 
Right1 L 5.40 2.05 

B Through' L 6. 90 1. 60 
Through' L 7.04 1. 18 
Through N 4. 18 1. 36 
Through I 4 . 28 1. 62 
Through L 6. 96 1. 51 
Left L 7.57 2. 12 
Right L 6. 38 2.06 

A and B Through L 7.32 1. 89 
Left L 7. 45 2.19 

C Through L 8.08 1. 03 

1 Avere.ges for all four approaches. 
2 High-volwne street. 
3 1ow-volume street. 

H = 10.15 - 5S (2) 

in which His the average headway of de
parture for through passenger vehicles, 
for loaded condition; and S is the ratio of 
volume on major street to volume of total 
intersection. As S (split) increases , H 
(headway) decreases, and a larger volume 
of vehicles can be handled on the major 
approach. Although the capacity of the 
high-volume street increases, however, 
the minor-volume approach capacity de
creases substantially, in order to satisfy 
the S (split) requirements. This obviously 
affects the capacity of the total intersection, 
for both basic and possible capacities. 

Left Turns. - Under loaded conditions , 
left-turning passenger vehicles did not, 
as might have been expected, take a signi
ficantly longer time than through vehicles 
to proceed through the intersection (see 
Table 2c). This is undoubtedly due to the 
fact that many left turns are made simul-
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taneouslywithrightturnsfrom the cross
street. These movements are not in 
conflict, and a high percentage of them 
were observed to be made simultaneously. 
It must be concluded that left turns have 
a negligibl.e effect on the average head
way, and, therefore, on the capacity of 
the four-way stop intersection with appre
ciable right-turning volumes. 

Right Turns. -It was observed that 
right-turning vehicles have significantly 
lower headways and, consequently, con
tribute to an increase in the capacity . 
This is not in accord with the Highway 
Capacity Manual (1), which states that, 
for traffic signal controls, capacity is 
decreased 0. 5 percent for each 1 per-
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cent that right turns are of the total approach volume. This difference is easily under
stood if one examines the peculiar operation of the right turn at the four -way stop. A 
right-turning vehicle is not in conflict with either the right- or left-turning vehicle 
movements from the cross-street, and, furthermore, does not interfere with the 
through vehicles coming from the right-hand approach. During most of the time, right 
turns were performed simultaneously with other movements within the intersection 
area. The result is a smaller average headway. The fact also must not be over
looked that pedestrians , who mostly interfere with right turns, were totally absent 
from the intersections studied. 

The mean headways for right turns and through vehicles, under loaded conditions, 
are, respectively, 5. 82 and 7. 32 sec, or a difference of 7. 32 - 5. 82/7. 32 = 20. 5 
percent. In other words , for each 1 percent that right turns are of the through move
ment, the capacity is increased by 0. 2 percent. Further research is required to 
verify the validity of this finding. 

Commercial Vehicles. -As previously mentioned, data on commercial vehicleswere 
negligible and no specific conclusions can be made as to their effect at four-way stops. 
However, it appears reasonable to assume their effect to be analogous to that ob
served at traffic signals. As reported in the Manual (1) capacity is reduced by 1 per
cent for each 1 percent that commercial vehicles are of the total traffic. 
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Pedestrians, Parking, Type of Urban Area. -The effects of pedestrians, parking, 
and type of urban area were not evaluated in this study. 

Capacities 

Basic Capacity. -As defined, the basic capacity is the maximum number of passen
ger vehicles that can be handled in one hour, under the most ideal conditions. This 
requires the intersection to be fully loaded, with queues of waiting vehicles on its ap
proaches. 

Two-Lane Street vs Two-Lane Street. -Referring to the specific operations of four
way stops, maximum volumes are handled when vehicles on opposite approaches ac
celerate simultaneously, alternating with the cross-street vehicles. Obviously, this 
is highly idealistic, and observed vehicle performance at four-way stops differs from 
it to a certain extent. The ideal performance is shown in Figure 9, with the two ve
hicles numbered 1 accelerating simultaneously across the intersectional area while the 
two vehicles numbered 3 move forward to the first position. Successively, vehicles 2, 
and then vehicles 3, 4, 5, etc., pass lhrough the intersection. This procedure results 
in an equal volume of traffic being handled on both streets, and a split of 50/50. Under 
such conditions, the average headway on any approach can be calculated from Eq. 2; 
with S = 0. 50, H = 7. 65 sec. The basic capacity of the total intersection then be
comes 3,600 sec/hr/7. 65 sec/veh x 4 approaches = 1, 885, or approximately 1. 900 
passenger cars per hour. 

It is interesting to note that if vehicles would be entering the intersection from two 
opposite approaches only, with a clear cross-street at all times for one hour (split = 
100/0), headways drop to 4. 05 sec and the capacity for the whole intersection becomes 
1, 7 80, or approximately 1, 800 passenger cars per hour. 

This is 100 P. C. /hr less than for the 50/50 split, as previously computed. This 
points out that the maximum number of passenger cars handled by two-way stops at the 
entrance to an arterial street is 900 per one-lane approach per hour. In order to do 
so, there must be no traffic on the arterial, and a continuous reservoir of vehicles at 
the stop sign. Any other actual conditions decrease the capacity. 
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Figure 9. Ideal vehicle performance at 4-way stops . 
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It was observed that a certain number of vehicles at four -way stops do not always 
comply with the normal in-turn movement procedure for loaded conditions. Some 
bold drivers have a tendency to follow the vehicle immediately ahead of them through 
the intersection, thus proceeding across from the second position instead of the first. 
This behavior obviously causes a longer headway for the cross-street vehicles, be
cause these must allow time for two vehicles to accelerate through instead of one. 
However, a shorter gap-which balances the one before-is produced by the bold dri
ver, and the total capacity of the intersection is unaffected. 

The previously computed basic capacity of 1, 900 P. C. /hr applies for a 50/50 split, 
which normally results when the two intersecting streets are loaded. The capacity for 
a different split can be calculated from (Table 4). 

Tot. int. basic cap. = vol. on loaded street + vol. on other street 

::: (10. ~5 6~0 5S) X 
2 + ( 10. is 6~0 5S) X 

2 x (1 ~ S) 

= 7 200 (3) 
(10. 15 - 5 S)S 

Four-Lane Street vs Four-Lane Street. -As already pointed out in Table 2e, it took 
significantly longer for vehicles to cross the four-lane cross-street at Intersection C 
than the two-lane cross-streets of Intersections A or B. This is reflected in a longer 
headway of departure (8. 08 sec). Assuming, on a two-lane approach basis, the ideal 
traffic behavior depicted in Figure 9 (i.e., simultaneous movement of vehicles enter
ing from opposite approaches), the maximum capacity of this type of four-way stop 
intersection(split = 50/50)is 3,600/8.08 x 8movinglanes = 3,570P.C./hr, or 
approximately 3, 600 P. C/hr. 

Two-Lane street vs Four-Lane Street. -Applying the foregoing assumptions, the 
maximum volume that can be handled by the intersection of a two-lane street with a 
four -lane street is (3, 600/8. 08 x 2) + (3, 600/7. 65 x 4) = 2,790, or approximately 
2,800 .P. C/lu·. 

The foregoing volumes are extremely high, and could only be attained under the 
most ideal conditions of roadway and traffic. The delays experienced by the waiting 
vehicles would be intolerably great. Under the best of prevailing conditions, and 
taking into account the effect of inept drivers and a variety of other factors, these 
theoretical capacities are impossible for most, if not all, four-way stop intersections. 

Possible Capacity. -
T-wo-Lane Street vs T"'wo-Lane St1~eet. -The _possible cavacily o.f a .fou.l"-Way slop ls 

equal to its basic capacity, adjusted for the specific conditions of the intersection. 

TABLE 4 

BASIC CAPACITY1 OF INTERSECTIONS 
FOR VARIOUS TRAFFIC SPLITS 

Split 

50/50 
55/45 
60/40 
65/35 
70/30 

Basic Capacity 
(vph) 

1,900 
1,800 
1,700 
1,600 
1,550 

1 Passenger cars per hour . 

It is suggested that for two-lane vs two
lane streets the basic capacity values of 
Table 4 be used. 

Adjustment factors for use with these 
basic capacities are then as follows: 

1. Left turns: No adjustment. 
2. Right turns: Increase capacity by 

0. 2 percent for each 1 percent that right 
turns are of the total traffic. 

3. Interference factor: Because the 
values derived were from observations in 
outlying areas where no interference was 
encountered, it is suggested that a reduc
tion factor be used for intersections in 
intermediate and downtown areas. More 
research is needed to determine the value 
of this factor. For the present, a value 
of O. 9 is suggested. 
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4. Commercial vehicles: Reduce capacity by 1 percent for each 1 percent that com
mercial values are of total traffic. 

Four-Lane Street vs Four-Lane Street. -An analysis of Intersection C revealed 
that 702. percent of the time two vehicles waiting abreast on a two-lane approach 
moved simultaneously across the intersection. Of 336 cases observed, 236 pairs of 
vehicles accelerated at the same time. This obviously had an effect on the capacity. 
Taking the conservative value of % for simultaneous movements, the possible capacity 
of the total intersection is (3, 600/8. 08 x 8 x %) + (3, 600/8. 08 x 4 x %) = 
2, 970 P. C. /hr, or approximately 3, 000 P. C. /hr. The adjustment factors are the 
same as for the previous case. 

Two-Lane Street vs Four-Lane Street. -If one considers that two-thirds of the time 
two vehicles abreast on the four-lane street move simultaneously, and one-third of the 
time only one does, the possible capacity for this type intersection is (3, 600/8. 08 x 
2) + (3 600/7. 65 x 4 x %) + (3, 600/7. 65 x 2 x %) = 2,460, or approximately 
2, 500 P. C. /hr. The adjustment factors are the same as for the previous case. 

Example of Application. -Intersection is two-lane vs two-lane; right turns = 10 
percent; left turns = 10 percent; commercial vehicles = 5 percent; interference 
factor = 0. 9; split = 60/40. 

Required: To find possible capacity if present split is maintained. Using Table 10, 
possible capacity = 1, 700 x 0. 9 x 0. 95 x 1. 02 = 1, 700 x O. 873 = 1, 500 vph. 

Required: To find ultimate possible capacity (split = 50/50). Possible capacity = 
1, 900 X 0. 873 = 1, 660 Vph, 

Practical Capacity. -The Highway Capacity Manual (!) definition of practical capac
ity is based on the fact that most drivers are able to clear the intesection without 
waiting for more than one complete cycle. If the normal length of a cycle is assumed 
to be, say, 50 sec, it becomes possible to apply this definition to four-way stop inter
sections. Quoting the Manual: "With the normal short-time variation in flow, practi
cal intersection capacities have been found to be approximately 80 percent of the possi
ble capacities." Applying this factor, combined with the interference factor, practical 
capacities (before adjustments) are as follows: 

Two-Lane Street vs Two-Lane Street. -Table 5 gives the practical capacities, in 
passenger cars per hour, for two-lane vs two-lane streets. The adjustment factors, 
except for interference factor, are the same as for possible capacity. 

Four-Lane Street vs Four-Lane Street. -Practical capacity = 3,000 x 0. 9 x 0. 8 
= 2,160, or approximately 2,200 P. C./hr. The adjustment factors are the same as 
for the previous case. 

Two-Lane Street vs Four-Lane Street. -Practical capacity = 2,500 x 0. 72 = 
1, 800 P. C. /hr. The adjustment factors are the same as for the previous two cases. 

POISSON DISTRIBUTION APPLIED 
TO DELAYS AND PRACTICAL 

CAPACITY 

Because most driving inconveniences 
result from unnecessary waiting at inter
sections, delay is undoubtedly the best
suited single criterion on which to judge 
capacity. The Manual (1) definition of 
practical capacity is based on delay: 50 
percent of vehicles or less waiting for a 
cycle length, or approximately 50 to 60 
sec. If the rate of discharge of one lane 
through a four-way stop intersection is 
known, it is possible, assuming random 
arrival of vehicles and a Poisson distri
bution, to compute the volume of traffic 

TABLE 5 

PRACTICAL PASSENGER CAR CAPAC
ITIES ON TWO-LANE vs TWO

LANE STREETS 

Split 

50/50 
55/45 
60/40 
65/35 
70/30 

Practical Capacity 
(vph) 

1,370 
1,300 
1,230 
1,150 
1,100 
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that will cause a certain percentage of drivers to wait for a certain selected time. 
Figure 10 shows approach volume as a function of percent of cleared periods, for 20-, 
30-, 40-, and 50-sec periods. These periods are somewhat comparable to cycles; 
likewise, a period fails whenever more vehicles arrive at the intersection than can be 
discharged through. The average rate of vehicle discharge is taken as 6. 00 sec, based 
on the assumption that 50 percent of the time, for practical capacity conditions, vehicles 
would enter the intersection alternately with the vehicles of the cross-street (L head
way = 7. 65 sec), a nd 50 percent of the time they would do so under no interference 
from the cross-street (N headway = 4. 05 sec). Taking the average for the foregoing, 
H = (7. 65 + 4. 05)/2 = 5. 85 sec, or a conservative value of 6. 00 sec. 

If, for instance, a 20-sec period is considered, whenever four or more vehicles 
arrive during that time, there is a failure, because on the average four vehicles re
quire 24 sec to proceed through the intersection. For periods of 30, 40, and 50 sec, 
5, 7, or 9 or more vehicles arriving during the respective periods produce a failure. 
From Poisson distribution, the probability of x vehicles arriving during time t is 

90 

50 sec 
~ 0 .. 80 
C, 
C ... 
0 
Q) 

(.) 70 

U) 

"'O 
Q ... 

60 Q) 
a.. 

200 300 400 500 600 

Mean Volume per Approach, vph 

Figure 10 . Relationship of approach volume to clearing period. 



145 

p (x) = (4) 

in which 

x number of vehicles a rriving during t sec ; 
m mean number of vehicles arriving during t sec (=Vt/3, 600); and 
V vehicles per hour on the approach. 

Inasmuch as I; P (x) = 1, the probability of x or more vehicles arriving during time 
tis 

x e-m x 
P (x or more) = 1 - P (less than x) = 1 - I: m 

o x! 
(5) 

For instance, if four or more vehicles fail a 20-sec period and a volume of 360 vph is 
assumed, m = 2 (or an a verage of 2 veh per 20-sec period) and P (4 or more) = 
0.143 or 14. 3 percent of failu res . If the volume is 180 veh/hour, P (4 or more) = 
0. 018 or 1. 8 percent of failures. It must be noted that a period failure affects the 
chances of the following period. Two periods (20 sec each) in a row will fail, for in
stance , if four vehicles arrive during the first and three during the second, or five 
during the first and two during the second or six during the first and one during the 
second. Summing up all these probabilities gives the probability of failure for any as
sumed volume . 

The knee on each of the curves of Figure 10 is somewhere between 90 and 95 per
cent of cleared periods . A higher percentage of cleared periods requires an extremely 
low and unpractical volume on the approach, whereas a lower precentage increases de
lays very fast for a negligible additional volume on that approach. It is suggested, 
therefore, that practical capacity be of such a magnitude that 90 to 95 percent of the 
periods succeed in clearing. 

It is debatable whether the period should be 20, 30, 40, or 50 sec. Obviously, the 
period length should be that which the majority of drivers is ready to accept as the 
maximum waiting time. Compa ring the traffic behavior of a four-way stop (in which a 
driver moves forward toward the intersection in a step-by-step procedure, before 
"fighting" his way through) with the quiet and "almost relaxing" waiting in front of a 
red light, the maximum accepted waiting time is definitely much shorter than a cycle 
length, probably in the vicinity of 25 to 30 sec. Table 6 gives the volumes on one ap
proach for four periods and three clearing percentages. 

TABLE 6 

VOLUME ON A ONE-LANE APPROACH 

P er iods 
Volume (vph) 

Clearing 
20-Sec 30-Sec 40-Sec 50-Sec (%) 
Period Period Period Period 

6:355 
90 285 319 335 372 

5:282 
6:333 

92.5 262 296 314 353 
5:258 
6:312 

95 233 270 288 330 
5:228 
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An average of all Table 6 values gives a volume of 305 P. C. /hr per lane of approach. 
Taking 300 P. C./hr as the practical capacity of a one-lane approach, it is found that 
90 percent of the periods clear if their length is 24 sec, 92. 5 percent do if their length 
is 33 sec, and 95 percent for a length of 41 sec. According to this criterion, the 
practical capacity of two-lane vs two-lane four-way stop intersections would be 300 x 
4 = 1,200 P . C./hr, before adjustments. 

CONCLUSIONS AND RECOMMENDATIONS 

Because the results of this study are based on relatively limited data, it is possible 
that certain unknown location factors may have biased the samples. Therefore, addi
tional data should be taken on the issue of four-way stop intersection behavior. Many 
characteristics of traffic, including commercial vehicles, parking, pedestrians, type 
of urban area, etc., were not covered. Their effects on the capacity of the type of 
intersection control studied are still to be determined. The observed intersections 
were located in the Chicago area only, and data from other parts of the country are 
needed. Some unexpected results, like the effect of left- and right-turning vehicles 
and split, demand further research. Additional studies should ascertain the effect of 
location and split on the capacity by analyzing a number of different intersections having 
the same split. Covariance, as a tool of statistical analysis, should be considered. 

Table 7, which summarizes the most important results of this study, is suggested 
as a trial capacity chart for four-way stop intersections. It may be useful as an upper
limit volume warrant. 
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Appendix 

DISTRIBUTION OF PASSENGER CAR OBSERVATIONS 

Through Car Headways (no.) L-Type Headways (no.) 

Headway Inters. 
Cell Intersection A Intersection B C Inters. A Inters. B 

Length 
(sec) 

L N I L N I L Left Right Left Right 
Type Type Type Type Type Type Type Turns Turns Turns Turns 

0.0 - 0.9 0 0 0 0 
o. 9 - 1. 5 1 0 1 0 
1. 5 - 2. 1 5 1 3 2 
2. 1 - 2.7 9 4 8 11 0 0 0 0 
2. 7 - 3.3 6 3 0 8 10 0 2 0 3 
3. 3 - 3.9 0 6 4 2 18 8 0 0 4 0 0 
3, 9 - 4.5 4 3 4 2 15 8 0 4 4 1 0 
4. 5 - 5. 1 3 7 6 3 13 11 8 3 3 3 3 
5. 1 - 5.7 8 5 3 7 11 8 2 6 1 1 4 
5. 7 - 6.3 9 2 3 12 7 4 4 7 3 5 1 
6.3 - 6.9 18 1 2 10 0 5 10 3 2 3 2 
6. 9 - 7.5 15 1 2 12 1 1 17 3 1 3 1 
7. 5 - 8.1 10 0 0 12 2 0 67 7 1 0 2 
8. 1 - 8.7 10 1 0 7 0 0 53 3 0 1 0 
8. 7 - 9.3 11 0 1 4 2 32 5 0 0 0 
9. 3 - 9.9 3 1 2 0 17 2 0 1 0 
9.9 - 10.5 1 0 1 0 2 1 0 0 

10. 5 - 11. 1 1 0 2 1 2 0 
11. 1 - 11. 7 1 1 0 1 1 
11. 7 - 12. 3 1 0 2 0 0 
12. 3 - 12. 9 4 1 
12. 9 - 13. 5 0 0 
13.5 -14.1 0 
14.1-14.7 0 
14. 7 - 15. 3 2 
15. 3 - 15. 9 0 




