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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.' (2)

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

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. 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

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 Comunittee on Highway Capacity.
1 A1 volumes quoted in this study are one-way volumes.
1



TABLE 1

1951 1960
GROUP A.A.D.T. D.H. V. D.H. V. % A.AD.T. D.H. V. D.H.V. %
RANGE | AVERAGE || RANGE [AVERAGE || RANGE | averace || Rance | averace|| ranceE | averace ||rANGE |AveracE
10%; LESS 225 1 sk a0 1,310 £ 9.0 2552 15,4% 2 1,470 — 5.8
3,087 i 3% i 9.3 ; 492 ’ 460 ’ 12,1
28657 3,070 10.2 34,557 3,790 7.6
0%-15% 10,660 1,310 125 14,060 1,510 no
1,658 210 14,5 2,204 270 49
15%-20% || 16425 4,400 299 760 15.2 7.1 23,115 6,150 2,100 020 109 13.4
1,161 200 18.8 1,489 240 16.4
20%-25% 8,396 5,100 2070 1,180 20.8 28 33.673 9,930 4180 1,550 12:4 7.1
1,155 260 24,7 2,615 620 243
25%-30% 8,010 4,820 2170 890 25.0 2.9 12,466 6,580 219 1,350 12.1 20.7
1,022 200 2.0 1,689 290 2.8
30 % - 40 % 2868 4,020 L 1,320 Ly 33.2 10:634 6,860 210 1,700 1.7 2.6
2,523 950 .7 4,094 1,420 346
3,007 1,49 41.0 6,321 1,870 2.6
40% -5 % 2,000 910 45.0 4,270 1,330 27
1,426 580 49 A 2,223 800 35.8
50 % PLUS 2265 1,980 2% 1,070 e 54.9 A%, 2,130 110 870 2L 428
1,420 asn 600 1,379 640 $6.8
TABLE 2
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10%LESS || 7 (|0 6 |1 2 5 0 1 1 1 4 r 3 2 2 0
10% - 15 %21 4 4 13 5 14 1 ? 4 4 10 4 1 14 0
15% -20%||15 || 5 2 |8 12 3 3 4 3 4 1 10 2 2 1
20% - 25 %[N 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 2 0 2 0 3 0
30% - 40%| 4 1 2 11 3 1 0 1 2 1 0 1 1 2 0
40 % - 50 %|| 3 0 2 11 3 0 2 0 1 0 0 2 0 1 0
50% PLUS| 3 || 1 1 1 3 0 1 ? 0 0 0 3 0 0 0
TOTAL 69 [[16 [21 (32 36 33 10 1 15 18 15 3 7 30 1
"'l 00.’1 23%| 31% |46% || 52% | 48% 14% | 8% | 22% | 26% | 22% || 45% | 10% | 44% 1%




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 (%) Stations in Group
10 or Less 7
10 - 15 21
15 - 20 15
20 - 25 11
25 - 30 5
30 - 40 4
40 - 50 3
50 - Plus 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:

Yearly Change

0
DHV Groups (%) __Trend (%)

10 or Less + 0.067
10 - 15 - 0,133
15 - 20 - 0.370
20 - 25 - 0.609
25 - 30 - 0.684
30 - 40 - 0.597
40 - 50 -1.033
50 - Plus - 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 RATE 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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Figure 1. Group average DHV factor trends.
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TABLE 3
FUTURE DHV FACTORS (EQ. 1)
a X =5 X = 10 X = 15 X = 20 X = 25 X = 30 X = 50 = 100
100 89.5 80.1 71.7 64.4 57.8 51.9 34.1 13.6
90 80.6 72.2 64.7 58.1 52.2 46.9 31.0 12.6
80 71.7 64.2 57.6 51.8 46.6 41,9 27.8 11.6
70 62.8 56.3 50. 6 45.5 41.0 37.0 24.1 10.6
60 53.9 48.4 43.5 39.2 35.4 32.0 21.6 9.7
55 49.4 44,4 40.0 36.1 32.6 29.5 20.0 9.2
50 45.0 40.5 36.5 33.0 29.8 27.0 18.5 8.7
45 40.5 36.5 33.0 29.8 27.0 24,5 16.9 8.2
40 36.1 32.6 29.4 26.7 24.2 22,0 15.4 7.7
35 31.6 28.6 25.9 23.5 21.4 19.5 13.8 7.2
30 272 24.6 22.4 20.4 18.6 17.0 12.2 6.7
25 22.7 20.7 18.9 17.3 15.8 14.6 10.7 6.2
22,65 20.5 18.7 17.1 15.7 14, 4 13.3 9.9 6.0
20 18.3 16.7 15.3 14,1 13.0 12.1 9.1 5.7
17,5 16.0 14.7 13.6 12.6 11.6 10.8 8.3 5.5
15 13.8 12.8 11.8 11.0 10,2 9.6 7.6 5.3
12.5 11.6 10.8 10.1 9.4 8.8 8.3 6.8 5.0
10 9.4 8.8 8.3 7.8 7.4 i1 6.0 4.8
7.5 7.1 6.8 6.5 6.3 6.0 5.8 5.2 4.5
5 4.9 4.8 4.8 4.7 4.6 4.8 4.4 4.3
b' = 0.977 5 - 0.705 ° = 0.498
b® = 0.890 b*° = 0.628 p*° = 0.312
b = 0,792 b*® = 0.559 b = 0.098




APPLICATION OF CURVE AND REDUCTION RATE

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

Y = bX(@ - 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 No. of

ADT Group Stations
2,000 or Less 10
2,000 - 3,000 11
3,000 - 5,000 15
5,000 - 10, 000 18
10,000 - Plus 15

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

0
One-Way DHV (%) Change 7
ADT firRup 1951 1960  10-Year  Annual
2,000 or Less 28.3 21.1 -7.2 -0.7
2,000 - 3,000 25.8 18.8 -7.0 -0.7
3,000 - 5,000 21.5 16.8 -4.7 -0.5
5,000 - 10,000 19.7 15.2 -4.5 -0.5
10 000 - Dlug 11,8 10,3 - 1.5 -0.15

av, vvy Fapivic)

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
ADT Group 1951 1960
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
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Figure 6. Ten-year DHV percent change vs ten-year population change of station munici-
pality.

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 localions used in this study. (Satisiactory 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-
lane 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 location, 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
DHYV 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
DHYV 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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Figure 7. Ten-year station DHV percent change vs ten-year population change of station
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. 1931 1960
D.H V. % || OF || SATISFACTORY CAPACITY TOLERABLE CAPACITY || SATISFACTORY CAPACITY || TOLERABLE CAPACITY
GROUP  ||STAS d
OVER| % |unoeR| % [lover] % |unoer]l % ||over| % |unper| % ||oveR| % |UNDER %
10% LESS 7 2 2 5 71 1 14 6 86 3 43 4 57 1 14 6 8
10%-15% || 21 6 2 15 7 3 4 18 86 9 43 |12 57 5 24 |16 76
15%-20% || 15 2 13 13 87 2 1B |13 87 2 13|13 87 1 7 |14 93
20%-25% || n 4 3% 7 4 0 - 1 100 4 3% 7 64 1 9 10 91
25%-20% || 5 2 40 3 60 1 20 4 80 2 40 3 60 1 2 4 80
0%-40% || 4 1 25 3 75 0 - 4 |[100 2 50 2 50 1 25 3 75
0%-5%|| 3 0 0 3 100 0 - 3 |10 1 33 2 67 0 - 3 |00
50 % PLUS 3 3 0o | o = 2 67 1 3 2 67 1 k] 1 33 2 67
TOTAL 9 20 2% | 7 9 13 | 60 87 25 36 | 44 64 11 16 | 58 34




TABLE 7
LOCATIONS WITH INCREASES IN ADT AND

A DECREASE IN DHV FACTORS

11

Garden State Parkway, 1952 1960
Clark, Union County
IBELE B ADT (1 way) 8,519 33, 673
LOCATIONS WITH DECREASES IN ADT AND DHV factor 20.3 12.4
A DECREASE IN DHV FACTORS DHV (1 way) 1,730 4,180
US 1, New Brunswick, 1951 1952 N.J. 4, Paramus, 1951 1960
Middlesex County i Bergen County
ADT (1 way) 21, 443 16, 105 ADT (1 way) 18,393 31,240
DHYV factor 11.0 10.4 DHV factor 11.8 9,3
DHV (1 way) 2,360 1, 670 DHV (1 way) 2,170 2,910
US 130, Pennsauken, 1951 1952 US 22, Hillside, 1950 1960
Camden County Union County
ADT (1 way) 11,953 9,432 ADT (1 way) 20, 580 31,511
DHV factor 11.6 9.6 DHV factor 12.0 10.1
DHV (1 way) 1, 390 910 DHV (1 way) 2,470 3,180
US 130, Bordentown, 1951 1952 US 206, Bordentown, 1951 1960
Burlington County Burlington
ADT (1 way) 10, 083 5,636 ADT (1 way) 7,221 10,953
DHV factor 12.1 9.5 DHYV factor 12.4 9.7
DHV (1 way) 1,220 540 DHV (1 way) 900 1, 060
US 130, E. Windsor, 1951 1952 US 46, Clifton, 1951 1960
Mercer County Passaic County
ADT (1 way) 8, 670 4,823 ADT (1 way) 12,424 21,976
DHV factor 12.4 10.1 DHYV factor 13.4 10.8
DHV (1 way) 1,080 490 DHYV (1 way) 1, 660 2,370
US 9, Pine Beach, 1954 1955 N.J. 3, Clifton 1951 1960
Ocean County Passaic County
ADT (1 way) 3,261 2,951 ADT (1 way) 17,259 30, 802
DHYV factor 20.1 17.2 DHYV factor 14.2 12,3
DHV (1 way) 660 510 DHV (1 way) 2,450 3,790
US 9, Freehold, 1953 1954 N.J. 69, Hopewell, 1951 1960
Monmouth County Mercer County
ADT (1 way) 4,391 3,901 ADT (1 way) 3,064 4,231
DHV factor 26.4 25.4 DHYV factor 15.2 10.9
DHV (1 way) 1, 160 990 DHV (1 way) 470 460
N.J. 35, Middletown, 1954 1955 N.J. 18, Madison, 1951 1960
Monmouth County Middlesex County
ADT (1 way) 9,429 9,307 ADT (1 way) 3,409 7, 362
DHYV factor 17.4 14.5 DHV factor 22.1 13.6
DHV (1 way) 1, 640 1,350 DHV (1 way) 750 1, 000
N.J. 35, Brielle, 1954 1955 US 46, Ledgewood, 1951 1960
Monmouth County Morris County
ADT (1 way) 6, 941 6,310 ADT (1 way) 8,010 12, 466
DHV factor 19.6 17.9 DHYV factor 27:4 17.1
DHV (1 way) 1, 360 1,130 DHV (1 way) 2,170 2, 130
N.J. 33 and 34, Wall 1954 1955 N.J. 23, Pequannock, 1951 1960
Monmouth County Morris County
ADT (1 way) 7,084 6,202 ADT (1 way) 5, 868 10, 634
DHV factor 27.4 24.5 DHV factor 32.4 19.7
DHV (1 way) 1,940 1,520 DHV (1 way) 1,900 2,090
N.J. 73, Voorhees, 1951 1960
Camden County
ADT (1 way) 3,007 6, 321
DHYV factor 49.6 29.6
DHV (1 way) 1,490 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 Trend No Change
DHV Locations Method Method
1951 - 1960 69 50 19
1953 - 1960 19 13 6
Total 88 63 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 populatior 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),
the 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

"Highway Capacity Manuel." U.S. Dept. of Commerce, Part VIII, 140-42 (1950).
"Policy on Geometric Design Rural Highways." AASHO, p. 56 (1954).
Walker, W.P., "Trends in the 30th-Hour Factor." HRB Bull. 167, 75-83 (1957).
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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 ractor 50%.

What will it be in 20 yr?

l. Under 50% point on curve the year 15 is located.
2+ 15 +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 L.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 each class is divided by the AADT for the station and per-
centages are computed for use as ordinates on the final graph. These ordinates are
plotted against abscissas derived from an array of the accumulated hours from the 13th
to the 8, 736th hour.

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



Traffic Operation at Two Interchanges in
California

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 freeways. 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 the 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 traffic 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 not 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
Freeway, where there are almost no trucks), despite the undesirable operation, capac-
ity of the 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 stay in the auxiliary lane a longer
period of time, thus permitting merging at a flatter angle and higher speed. )

Paper sponsored by Committee on Highway Capacity.
1l
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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 through
(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-min 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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Figere 1. Whipple &ve., Interchange, Dayshore Fresway.
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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 15 to 20 mph. Lane 1 speeds 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
vehicles enter lane 1 within 100 ft of the nose.

Comparison of Before and After Studies. —Traffic demand during the after study was
slightly 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).

4. Indications are that actual capacity may be increased. The highest rate-of-flow
for 5 min was as follows: weaving—after study = 2, 088 vph, before study = 1, 920 vph;
on-ramp—after = 1,308 vph, before = 1,164 vph. Also during the after study there
were instantantaneous periods (about 30 sec) which had higher rates-of-flow than were
recorded during the before study (Table 2).



23

TABLE 1
RAMP VEHICLES STOPPING PRIOR TO MERGING?

5 —Minb Before After

Periad Veh/Hr¢  Veh/Hrd Sece Veh/Hr¢  Veh/Hrd  Sec®
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 - - i
1,440 1,080 12 - - .

7:40-1T:45 - “l - 1,800 1,440 9
-- = B2 1,080 1,080 7

7:45-T: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 - o A
7:55-8:00 720 360 7 2,160 1,440 11
1,080 1,080 9 = i -

720 1,080 11 g - s

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

Lane 1

i = e . . B
/ @ “ Vehicle stopping before entering lane 1 —~
/////f’—v Time X = time vehicle reaches nose ‘—‘\‘\\\

“Defined as any ramp vehicle which comes to a complete stop for at least 3 or L sec (or
moves less than 5 ft +) after reaching nose and before entering lane 1; stop is caused
by hesitancy to merge and not influenced by preceding vehicle on ramp.
Total no. of periods: before, 15; after, 10.

ate of flew in lane 1 for 10 sec preceding X.
Rate of flow in lane 1 for 10 sec after X.
Slapsed 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

G

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 (=14 SEC) PERIODS?

Before After
5-Min Veh/Hr Time Veh/Hr Time
Periad 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 - - - - --
7:256-7:30 160 980 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
i = == = e 140 1,300 1,150 2,450P 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 a7
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

R e ——,
= <

Counts made at this point

4Tn 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 S 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
interchange, are completed,

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 leaving the freeway prior to the merge of the loop on-ramp
traffic. As long as the crossroad 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 Bayshore
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. I 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 is 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) 4 o0 Ramp Veh. Entering Lane 1 Within: £ On-Ramp Veh, %ot
Lane 3 Lane 1 Weave — =
Period  (regiam) 12" 2 mnry O ON o ot Lane 1 7, . S s > Lane:l
on o €L 100 Pt 150FL 200 Ft 250 Ft 300 Ft <19 MPH <24 MPH <24 MPH
(4) Before, NB TRAFFIC (Wed. AM, 6/21/61)
120 55 2§ 45 @8 38 50 3o 44 is 41 oy v b0 b 1y 2
138 94 10 58 42 130 27 41 48 21 49 64 76 88 24 36 0
130 95 28 64 Ol 155 21 34 43 18 39 60 5 89 16 64 18
150 98 20 59 8§ 154 23 39 37 27 57 o7 81 90 36 45 10
129 88 10 62 07 169 23 36 47 25 45 55 4 88 39 54 7
172 104 22 67 8% 160 22 38 42 20 33 56 82 87 38 45 13
102 83 1T 65 B9 154 18 42 45 21 4 68 78 87 61 5 0
137 86 20 80 61 147 24 41 49 24 49 7 89 92 34 44 0
102 76 19 64 B2 116 31 42 51 16 33 54 i 88 10 11 2
99 82 21 43 68 111 29 42 44 12 37 49 7 82 20 23 2
97 75 16 38 68 104 32 44 51 13 49 66 '17 89 5 13 0
95 7% 15 39 b8 97 32 45 49 14 46 59 88 91 3 12 0
Total 1,471 1,052 226 684 941 1,625
(b) After, NB TRAFFIC (Wed. AM, 9/13/61)
7:10- 138 99 33 44 90 134 31 40 48 12 30 39 a9 63 3 3 0
7:10 132 12 26 56 90 146 22 31 47 20 45 49 61 65 35 65 2
7:10- 162 118 11 49109 158 20 35 43 25 39 55 59 73 a5 63 a
7:10-" 148 15 16 63 107 170 22 34 36 21 33 a2 52 67 40 59 4
7:10-" 156 100 16 79 92 171 15 31 43 20 33 48 60 75 74 90 20
7:10-7 149 92 10 79 95 174 19 31 34 18 33 49 60 69 9 76 22
7:10 147 92 13 83 91 174 17 26 28 3 33 35 42 53 64 85 35
7:10 143 92 16 78 67 145 20 31 29 15 28 33 45 55 15 64 22
7:10 123 85 13 57 61 118 27 39 43 9 24 33 53 60 9 31 0
7:55- 82 72 15 62 63 125 25 37 33 7 19 33 51 67 23 39 0
8:00 96 73 20 42 64 106 27 39 42 7 20 26 3 57 14 24 6
8:05- 106 7 22 35 64 99 27 40 43 13 30 36 a 68 7 2 0

Total 1,582 1,137 211 727 993 1,720
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mum of 1,164 vph, These latter increases are believed to represent, to a certain
extent, an actual increase in capacity.

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 and 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 30 to 50 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 0 to 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 order 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 large 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-
ing 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 inthe outbound direction. The Franklinon-ramp is near the summitofa 5.1 percent
gradeabout 1,200 ftlong. The grade of the study sectionitself isbetween1.2and 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 the geometric design of the section can change the capacity of that section,
e.g., a section of roadway on a 3 percent grade with 0 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-
jectors were used side by side so that vehicles could be visually identified at adjacent
locations. Color film 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

a ion 20 ¢ On-Ramp
gpﬁl 20p, 1'9931 AY Lodatioy L At-Lgeation 2 . Zf'h atz ) On-Ramp Veh Trucks & Buses at Location 1
-Min Peris Avg. Avg. ocation 2 in: Identified (%)
Starting Buses 2-Axle 3 or More Total
Veh  Speed Veh  Speed Ll Lz L3
3:05 L1 81 38 L1 65 40 56 36 8 90 0 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 L1 88 40 L1 18 38 17 52 31 80 1 12 20 33
L2 131 35 L2 132 48
L3 163 42 L3 173 41
Hamp 26 Total 382
Total 418 25 Cahuenga
off-ramp
3:45 L1 K 35 L1 i 39 59 30 11 97 0 [ 11 17
L2 152 40 L2 146 42
L3 173 41 L3 181 39
Ramp 29 . e
— Total 404
Total 431 35 Cahuenga
off-ramp
3:50 L1 83 22 L1 99 30 53 37 10 8 o ] L 12
L2 147 23 L2 146 36
L3 157 26 L3 163 34
Ramp 40 —
— Total 408
Total 427 26
3:55 L1 110 26 L1 100 33 57 39 4 87 1 T 8 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 L1 101 38 57 30 13 89 2 1} ] 20
L2 145 23 L2 141 41
L3 156 28 L3 180 37
Ramp 29 N
e Total 422
Total 423 31
4:05 L1 89 22 L1 90 33 42 42 16 80 1 9 9 19
L2 155 27 L2 150 38
L3 163 31 L8 178 36
Ramp 56 e
—_— Total 418
Total 463 27
4:10 L1 106 21 L1 101 33 54 39 7 81 1 14 11 26
L2 146 27 L2 158 35
L3 161 21 L3 165 35
Ramp 38 —
= Total 424
Total 451 21
418 Li 108 is Li 113 32 66 28 6 87 0 ] 4 a8
L2 160 21 L2 150 30
L3 161 27 L3 166 28
Ramp 39 -—
_— Total 429
Total 468 29 Cahuenga
off-ramp
4:20° L1 57 37 L1 110 38 61 33 6 80 [ 11 L] 17
L2 143 39 L2 163 37
L3 151 41 L3 168 34
Ramp 49 —_
— Total 431
Total 400 23
4:25°¢ L1 65 38 L1 80 45 59 34 7 77 2 ] ] 12
L2 152 43 L2 150 45
L3 169 43 L3 178 38
Ramp 40 e
— Total 408
Total 426 12
4:30¢ L1 17 42 L1 90 41 58 34 8 80 1 T 1 12
L2 137 45 L2 143 45
L3 152 44 L3 157 41
Ramp 53 —
—_ Total 390
Total 419 13



SUMMARY OF DATA,

TABLE 4

FRANKLIN ON-RAMP TO HOLLYWOOD FREEWAY (Cont'd.)

5 a . b 4 On-Ramp
April 20, 1961 AtsLiocationst Etifocution]e Veh at Trucks & Buses at Location 1
5-Min Period Location 2 in: ~ On-Ramp Veh
Starting Veh sA\;g‘.i Veh sAvg(.i : Ioentitied () Buses 2-Axle 3 or More Total
LB € pee Ll L2 13
4:35 L1 92 30 L1 91 23 58 36 6 80 0 11 10 21
L2 158 36 L2 164 33
L3 182 32 L3 184 34
Ramp 48 —_
s Total 439
Total 480 18
4:40 L1 101 25 L1 112 34 71 26 3 ki ] 4 7 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 L1 110 35 68 24 8 86 2 2 8 10
L2 152 31 L2 155 35
L3 154 32 L3 167 35
Ramp 46 —_
—_ Total 432
Total 448 19
4:50 L1 110 22 L1 121 32 64 29 7 90 1 4 4 f
L2 156 22 L2 161 32
L3 170 29 L3 176 31
Ramp 67 e
— Total 458
Total 503 20
4:55 L1 119 16 L1 118 30 56 38 6 81 1 8 4 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 L1 95 11 L1 118 29 70 28 2 92 2 5 B 15
L2 154 18 L2 160 31
L3 156 25 L3 164 30
Ramp 64 E—
—_— Total 442
Total 469 19
5:05 L1 93 12 16 113 31 50 33 8 82 1 2 3 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 T 82 ] 2 § 10
L2 144 18 L2 160 33
L3 142 24 L3 162 31
Ramp 76 _
—_— Total 437
Total 452 15
5:15 L1 a3 12 L1 120 30 60 31 9 85 a 5 5 10
L2 144 18 L2 160 31
L3 146 21 L3 161 32
Ramp 85 —_—
S— Total 441
Total 458 17
5:20 L1 91 11 Li 113 29 61 30 9 85 2 2 6 10
L2 136 17 L2 152 35
L3 155 22 L3 168 31
Ramp 68 —
—_— Total 439
Total 450 14
5:25 L1 93 17 L1 99 30 63 28 9 91 1 2 10 13
L2 134 18 L2 146 32
L3 142 20 L3 158 33
Ramp 54 =—
— Total 403
Total 423 15

2Location 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
haM-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.

Hourly Rale: 4:30-5:00 P.M. 000+=4/19/6l (000) = 4/20/61

} ! B

—» T (1,940) 1890 (2,020) 2,080
—» (1,800} 1,790 (1,860) 1,920
—s  (i,190) 1,270 11,2801 1,310
; 760 2y
\O) {(5.540)* 273
e * 90
ad 5510 15,370) .
5,590
FRANKLIN ON-RAMP CAHUENGA BLVD.
OFF-RAMP
Hourly Rate: 5:00-5:30 P.M. \j(CAHUENGA BLVD.
—» (1,770} 1,820 B (1,840) 2,030
—»  (1,700) 1,670 (1,870) 1,860
—»  (1,090) 1,180 (1,370) 1,440
80 D)
220 : t(s.sao)* 23
v 5,450 {5,3801% /0
5,540 N

* Counts were made simultaneously of both locations.
Tolals should be approximately the same.

Figure 10. Peak hour traffic volume, Hollywood Freeway study.
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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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Figure 11. Distribution of Franklin ramp traffic.
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Figure 12. Distribution of Franklin ramp traffic.

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. I 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
Franklin 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-ramp). 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 Capacity . —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 locations with higher standard ramps. For
example, at a combined volume rate of 1,800 vph (including 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 than 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 the other 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-min period containing a
slight stoppage during a 5-min period at near capacity flow. (The 5-minperiodis prior to
the peak and the full demand is able to reachthis point; in other words, the freeway vehicles
have not previously been stopped at any point upstream of the merge.) Although the
paths inthe 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
them or not. Thus, as lhey shift, problems 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.

entering downstream could 1, 650 pass the entering point.

flow rate was still 2, 000 vph.

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

Only because another 350 were

At Cahuenga Boulevard the

Once traffic moved

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 aid 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-

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.

m
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The possible capacity is the maximum number of vehicles that
can pass over a given section of roadway in one direction during
one hour under specified traffic conditions.

Design capacity is the number of vehicles 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 determined by trip purpese, type and location of the
facility, the cost of vehicle operation, and by the cost of build-
ing, maintaining and operating the highway.

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

RURAL FREEWAYS

On rural freeways, where most trips are long, the traffic volume during the design
hour should be low enough to provide a reasonable 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 traffic 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 traffic 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 FREEWAYS®

Hr. Vol. —One Direction

No. of Lanes One Direction

No Trucks 5% Trucks
2 2,000 1,700
3 3,500 3,000
4 5,000 4,400

AVery high level of service.
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The values given in Table 1 are not capacity volumes.' 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 quality 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 % mi), the right lane will be pre-empted by trucks,
and if it is desired to maintain a quality of flow on the grade equal to the quality on the
level, it is necessary 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 greater 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 % 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 7,200 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.? Some drivers in the total stream will accept lesser
headways and these drivers lend Lo drive in the lefi-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

1The Highway Capacity Committee used the following to describe Table 1: "(This table)
may be used as a guide for determining ths traffic 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 conflict is not unreasonable, even for long trips."

?Observations of extreme rates-of-flow exceeding this value have frequently been made,
but rates higher than 2,000 vph canuot be considered dependable. The rate of 2,000 is
capacity in the same sense that 4,000 psi is the compressive strength of a given concrete
mix, even though the batch might produce individual cylinders varying from 3,500 to L,500
psl 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, andaccepting 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 LanesP 3 LanesP 4 Lanesb 5 Lanes®

Lane . e

1.1 1.2 1.3 1.1 1,2 1.3 1,1 1.2 1,3 1,1 1.2

PHF PHF PHF PHF PHF PHF PHF PHF PHF PHF PHF
1 (rt.) 1,400 1,300 1,200 1,400 1,300 1,100 1.300 1,200 1,100 1,200 1,100
2 1,800 1,700 1,500 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 — - - - - - 1,800 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

a
Queues will not develop and delay will be negligibles
YOne 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.

Furithermore, when a botileneck 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.
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ny = No. of cars being delayed at time ty, which 1s
desired arrival time of nth car (nth car will
arrive at upstream end of queue before this).

t,, = Delay suffered by nth car.

n, = No. of cars delayed during entire period that
queue exists.

Area between two curves = total delay 1n vehicle-minutes.

T = Total length of time that congestion lasts. Note
that t,, 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 vehlcle
may be as little as 5 or 10 minutes.

If the average space headway 1n the queue 1s d, speed of
nth car 1s a function of d, ny, and tn. Note that speed
is dependent on capacity, not the other way around.

Figure 1. Relation between capacity and delay.

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 section.

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 reanlt in satisfactory 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 éxpected. 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-
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cause there are 1,200 in the right lane already.’ But if an auxiliary lane is provided
between the two ramps, then the off-ramp vehicles can move to the right before on-
ramp vehicles 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.

SThe fact that only 600 can be sbsorbed efficiently does not mean that only 600 will get

on the freeway. With a demand of 1,200, the difference of 600 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 queulng and stop-and-go operation in adjacent lanes. This type of operation re~
sults 1n 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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ment with}n L,000 ft (percentages are not necessarily distributions under free flow or
light ramp traffic, but under pressure of high volumes in right lanes).
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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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out less, ramp traffic should be considered as thru traffic.

Figure 7. Percentage of ramp traffic in right lane (percentages are not necessarily
distributions under free flow or light ramp traffic, but under pressure of high volumes
in right lanes).
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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-
stream 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.

It 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 movedto Li;. 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 L; 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 ramp 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: Lithru = 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, will be 300 (L, 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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CASE T  Single lane on-and off-ramps with auxiliary lane
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Example
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* Minimum % in right lane cannot be less lhan % of thru troffic
in right lane as determined from Fig6.
NOTE: These percentages are not necessarily the distributions under free flow or light ramp

traffic, but under pressure of high volumes in the right lanes at the point being
considered

Figure 9. Percentage distribution of on- and off-ramp traffic in right lane and aux-
iliary lane (calculated from Figs. 7 and 8).
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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."

It 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-

cussed above) is 1,500 + -g%g— (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
ELielEn iy pelshvslr amnll s a0) Then Sesmme e presinsame panld be dnlagatag,
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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