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Foreword

The eleven papers presented in this Research Record are con-
cerned with the traffic characteristics and the operational as-
pects of freeways. The information given will, therefore, be
of special interest to highway department personnel engaged in
freeway planning, design, and operations.

The first paper indicates how traffic volume and capacity
characteristics affect traffic operations and level of service on
freeways. Extensive studies of lane-use distribution are pre-
sented. The next paper uses mathematical traffic flow theory
to define peak hour traffic congestion and suggests employment
of variable speed-limit signs and ramp metering, whereas the
third paper providesuseful information for freeway control and
analyzes use of vehicular density as a freeway traffic control
element.

The fourth paper investigates capacityand traffic character-
istics for on-ramp and off-ramp operation and traffic distribu-
tions on freeway lanes nearby. Fatal accidents on California
freeways were analyzed and results presented in the next three
papers emphatically point out that only one-half as many people
lose their lives on freeways as compared to other roads. One
of the studies indicates the possibility further of significant ac-
cident reduction on freeways through increasing the number of
traffic lanes. Design features and accident frequency are cor-
related in one of the studies.

The next three papers offer information concerning planning
peak periodsurveillance and control ona Texas freeway; the ef-
fects of trucks on operating characteristics of multilane roads
and the relationships between number of trucks, speed, and
steepness and length of grade; and the operational efficiency,
relative safety and general adaptability of left-hand ramps based
on conclusions of a Chicago area study.

The last paper in this Record analyzes pedestrian accidents
on California freeways over a 5-year period. It was found,
among other things, that despite fencing and signing, about 13
percent of all total freeway accidents involve pedestrians.

Taken as a whole, research in this Record greatly increases
our knowledge of freeway characteristics and reinforces the
widely heldbelief that properly designed and operated freeways
are the safest highways of all.
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Freeway Level of Service as Influenced by
Volume and Capacity Characteristics

DONALD R. DREW and CHARLES J. KEESE,
Texas Transportation Institute, Texas A & M University, College Station

®AS APPLIED TO the traffic operation on a particular roadway, level of service
refers to the quality of the driving conditions afforded a motorist by a particular
facility. Factors which are involved in the level of service are (a) speed and travel
time, (b) traffic interruption, (c) freedom to maneuver, (d) safety, (e) driving comfort
and convenience, and (f) vehicular operational costs.

Each of the foregoing factors is somewhat related to all the others. The volume of
traffic using a facility affects all of the factors and, in general, the greater the volume,
the more adverse are the effects. As the ratio of the volume of traffic on a facility to
the volume of traffic the facility can accommodate approaches unity, congestion in-
creases., Congestion is a qualitative term, long used by the general public as well as
traffic engineers, which refers to what can quantitatively be defined as vehicular densi-
ty. The end result of an oversupply of vehicles is the formation of a queue of stopped
(or "crawling') vehicles at bottleneck locations (a '"breakdown' of the operation) such
that volumes momentarily drop to zero, leaving only congestion on the facility until a
clearout can be effected.

Traffic volumes are known to be continuously variable; even at very low hourly
volumes there will be infrequent, short-term occasions when a relatively large number
of vehicles will pass a given point, There also are regions on a facility which, due to
the geometry, inherently will tend to accommodate fewer vehicles. This implies that
bottlenecks do exist and thus the level of service on a given facility may vary even with
a ""constant" hourly volume, Bottlenecks may be fixed in space due to the aforemen-
tioned geometrical considerations of the facility and thus may be studied at the particu-
lar location. Such geometrical aspects as entrance and exit ramps have been studied
and evaluated as bottlenecks. It is possible also, however, that the random '""bunching"
of vehicles at any point in space may result in ""bottlenecking' due to the statistically
variable nature of streams of vehicles, in which case, the designers should be able to
predict such peaking characteristics in order to assure acceptable levels of service.

Basically, congestion will be the direct result of the nature of the "supply and
demand" on a facility. The supply, in terms of traffic engineering, has been referred
to as capacity; the demand placed on the facility is, as it implies, the number of motor-
ists who would seek to use the facility, and can be estimated by origin-and-destination
surveys if the times of the desired trips are obtained. It is often futile to measure
the flow of traffic on an existing facility with the objective of determining the demand
on that facility. About the only relationship between existing volumes and actual de-
mand which can be determined from such measurements is whether the demand is, in
fact, as large as the capacity during any significant length of time during a day. In
borderline instances, peaking occurring within a peak hour might show where capacity
is exceeded by demand for intervals of time less than one hour. Even this feature can-
not be exhibited by a traffic system which is so inadequate that it limits (or "meters')
the input of vehicles such that the volumes are less than the capacity of the particular
facility being studied.

If it is possible, in a given system, for more vehicles to enter than the facility
can handle, then congestion will result whenever the demand exceeds capacity and the
accompanying inefficiency results in fewer numbers of vehicles being accommodated

Paper sponsored by Committee on Highway Capacity.
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by the facility in a given period of time. It is theoretically true that there is some
maximum number of vehicles which can use a facility (1). This "possible capacity"

is the volume of traffic during the peak rate of flow that cannot be exceeded without
changing one or more of the conditions that prevail. From this value more restrictive
conditions of roadway and traffic conditions are imposed to describe the measure of
"level of service' that a given lane or roadway should provide. If the conditions are
associated with highways or streets to be constructed at a future date, it is defined as
design level of service. If the conditions express prevailing traffic flow conditions, it
is designated as operational level of service.

Various volume levels can cause various levels of operating conditions, or levels
of service. For any volume of vehicles using a particular facility, there is an associ-
ated level of service afforded these vehicles. It is possible that the input of vehicles
into a particular facility will be regulated such that traffic volumes will not exceed a
predetermined, suitable level of service volume, Such operational control procedures
are being investigated and seem to offer considerable promise.

Although the use of a design level of service volume has considerable appeal in that
it conforms to traditional engineering practice, the determination of such a volume,
relative to various levels of service, is complex. There are regions on a freeway
which are subject to more restrictive vehicular operation, such as in the vicinity of an
entrance ramp or exit ramp. Such regions should be considered when determining the
design volume of a facility and a knowledge of the operational characteristics and traf-
fic requirements at such locations is necessary for proper planning in order to avoid
future bottlenecks.

SCOPE

This report deals with two main topics which affect traffic operation, and thus the
level of service, on freeways. They are volume characteristics and capacity charac-
teristics. The capacity of a highway facility is a measure of its ability to accommodate
vehicular traffic. This ability depends, not only on the physical features of the road
itaelf hut alan an the traffiec demand and the interaction of vehicles in the traffic
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portant in the planning, design and operation of freeway facilities.

Freeway volume characteristics utilize some of the same parameters defined in the
more general subject of volume characteristics. First, the maximum observed vol-
umes on different types of highway facilities, not only provide an indication of the mag-
nitude of traffic demand, but also establish a lower limit of possible highway capacity,
The variations in volume for different time periods are explored for their effect in the
selection of representative design hourly volumes. These cyclic patterns include
monthly, daily, hourly and peak period variations. The distribution of vehicles by
direction and lane and the composition of traffic are important design considerations,
whereas the longitudinal distribution of vehicles has considerable practical significance
as our emphasis gradually shifts from freeway design to freeway operations and con-
trol.

Two main topics under volume characteristics are considered and developed. The
first is an analysis of such peak flow characteristics as peak rates of flow, correlation
with various parameters, and a comparison of peak 2-hr volumes with peak 1-hr vol-
umes. The second main topic under volume characteristics deals with studies of lane
distribution of vehicles on freeways with particular attention given to the effect of
entering and exiting vehicles on the lane use distributions,

The second section deals with freeway capacity characteristics, including a theore-
tical approach to providing a rational relationship between capacity and level of service,
It is significant that the first section deals with freeway demand and the second with
capacity. In the third section, applications are made of these demand and capacity
characteristics to freeway design and operations.



VOLUME CHARACTERISTICS
Peaking Characteristics

The need to consider the peak rates of flow within the peak hour has been recognized
for several years (2, 3, 4, 5) and has been given considerable attention by the HRB
Committee on Highway Capacity.

No matter what criteria are used for the design and operation of a freeway, it is
necessary to know what the traffic demand will be, Although no definite limits have
been established as yet for the factors affecting the level of service, there will have
to be some correlation between peak volume and level of service. An origin-destination
survey which denoted, to the nearest five minutes, when motorists would desire to be-
gin their trips, could yield valuable information about the true nature of the existing
demand on an urban transportation system., The peak demand periods, however, would
likely exceed the economical limits of any system which could be provided. In some
instances, depending on the data available, reasonable estimates can be made of future
peak-hour volumes. A peak-hour volume does not, however, necessarily imply that a
high rate of flow will exist for less than a full hour, more than an hour, or approxi-
mately one hour; it is simply an estimate of the maximum number of vehicles expected
on a facility during a full 60-min period. Due to the nature of the peak-hour demand
and the statistically variable nature of traffic, it is known that short-term rates of
flow within the peak hour are often quite variable.

The statistical variability of volumes of traffic is affected by the time period in-
volved. As the time period is reduced, the average number of vehicles for that time
period will reduce accordingly. For example, if the average hourly volume were
1,800 vph, the average minute volume would be 30 vpm and the average second volume
would be Y2 vps based on the hourly volume, The variability of smaller mean values is
greater than that of larger mean values when expressed as a percentage of the mean.
The narrowing of the confidence interval band for increasing mean values is character-
istic of not only the Poisson distribution, which closely approximates the distribution
of light volumes of traffic, but also the many other distributions which have been used
to approximate various actual traffic distributions. Even the normal distribution ex-
hibits these same characteristics although it is rarely used as an example of existing
traffic distributions. Thus, even without the occurrence of a change of volume within
a given peak hour, a short-term period within this hour has increased probability of
exceeding its mean by a given percent than does the whole hour.

For planning purposes, future volumes are presently estimated for the peak hour or
2-hr period. To relate such volumes into a design peak rate of flow, the factors which
affect this relationship must be established and evaluated.

Data from more than 200 freeway traffic studies were obtained from the Texas High-
way Department, Bureau of Public Roads (Ramp Capacity Studies), previous studies
conducted by the Texas Transportation Institute and specific studies conducted on this
project. The relationship between short-period traffic flow (5-min flow) to total hourly
flow was determined from these data.

Because the "'loading' of freeway in some instances is controlled by the capacity and
operation of the supporting street system and inadequate capacity also sometimes limits
"unloading" which results in impaired freeway operation, there was not sufficient
knowledge of each of the freeways, except those in Texas and a few other specific sites,
to permit consideration of these characteristics. It is possible that much better corre-
lations of the results would have been possible had all conditions been known. Those
freeways known to have good loading and unloading characteristics showed very good
correlation of the data.

Although many characteristics related to trip generation such as geographical and
time concentrations of trips, character of the freeway (radial, circumferential, etc.),
character of supporting street system, population, area served, and others perhaps
have marked effects on the peaking characteristics, it was possible from the data
available to study only the relationship of peaking to the population of the city or urban
area. The results are shown in Figure 1. These curves are based on the data for 132
peak periods from studies in 31 cities in 18 states. Congestion was not apparent in the
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Figure 3 shows the frequency distribution of the percent error involved in using Figure
1 to estimate the peak rates of flow, As can be noted, the errors are somewhat nor-
mally distributed.

A series of multiple regressions were run on available data in an effort to determine
the factors affecting the maximum rate of flow occuring in a peak hour. Consideration
was given to the following items: the physical size of the metropolitan area, the con-
centration of the central business district, the distance of the study site from the main
destination or generator (in general the central business district), the population of the
metropolitan area as measure of the complexity of the traffic system, and the actual
gize of the peak period itself, and whether the peak occurred in the morning or after-
noon. A few of the cities with multiple study sites indicated a definite relationship with
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the distance from the major generator, while others did not. It was disconcerting to
note that this relationship was often contradictory between studies. In the light of such
varying results, no relationship could be positively identified. The same was true of
most of the other factors.

Improved traffic assignment methods, involving comprehensive programs utilizing
large digital computers, are being used to develop predictions of urban traffic volumes
for a peak 2-hr period. To establish a relationship between 2-hr peak periods and 1-
hr peak periods, the data from the studies mentioned earlier were analyzed. Figure 4
shows the results obtained from 95 studies for which 2-hr peak volumes were available.
It can be noted that the peak-hour volume can be expected to lie between 55 and 60 per-
cent of the peak 2-hr volume.

By using the relationships shown in Figures 4 and 1, the design volume can be ob-
tained from the peak 2-hr volume. These design volumes will take into account the
peaking effect.

Lane Distribution Characteristics

Critical sections on the freeway often exist adjacent to ramps and, if a certain level
of service is to be assured the motorists, it is necessary to give close consideration to
such areas in the design of freeways. Because the merging problem directly involves
traffic in the outside lane and the entering ramp traffic, a study was made of the per-
cent of total freeway traffic using the outside lane, Only six-lane freeways were con-
sidered in this particular project.

A three-part research project was made involving data obtained from 49 study sites
located on 14 different six-lane freeways in 10 different states. First, empirical re-
lationships were developed which best fit the data of eight representative study sites.
Parameters which were found to be significant were freeway volume, entrance ramp
volume, upstream ramp volume, distance to upstream ramp, downstream exit ramp
volume, and distance to downstream exit ramp. Second, the relationships which were
developed were then used to test against all study sites for validity. The third step
was the development of a design procedure which was used for practical applications.
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Figure 5 shows the relationship between
the percent of the total freeway volume in
the outside lane and two of the parame-
ters—total freeway volume and entrance
ramp volume. The monographs shown in
Figures 6, 7 and 8 represent the relation-
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and distance to, an upstream exit ramp, a
downstream exit ramp, and an upstream
entrance ramp, respectively. Distances
are referenced to the ramp nose in each
case. A downstream entrance ramp was
considered to have no cffect on the pereent
of traffic in the outside lane.

The predicted percent in the outside
lane can have no less variability than the
ordinary or natural variability of the data
in general. The 90 percent confidence
limits for each of the freeway and ramp
volume grouns were calculated as follows:

Freeway Volume
(vph)

Natural Variability in
Outside Lane (%)

2, 000-3, 000 +8
3, 000-4, 000 +5
4,000-5, 000 £3
5,000-6, 000 +2

The "natural variability of the data was arbitrarily defined as the range within the

90 percent confidence interval.

The large natural variability at freeway volumes less
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Figure 8. Correction to percent in lane 1 due to entrance ramp
upstream.
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the predicted percentages in the outside lane was made for twelve 5-min volumes taken
from the 49 study sites (Table 1).

It is intended that the method presented here for six-lane freeways be extended to
include four- and eight-lane freeways. In an effort to determine general relationships
for four-, six- and eight-lane freeways similar to those shown for only six lanes in
Figure 8, data from 132 peak periods were analyzed. These data were the same as
those used in the peaking characteristics study and included more than 2,000 five-
minute volumes from 31 cities located in 18 states. Multiple regression techniques
were used to develop equations from these data and Figure 9 shows the families of
curves which were developed from the equations. A multiple correlation coefficient
squared, R®, is generally understood to represent that portion of the variability, or
variation, which is accounted for by the derived equations. The obtained R®s are as
follows: four-lane freeways, 0.51; six-lane freeways, 0.70; and eight-lane freeways,
0.48. It is interesting to note that, for the entire range of values shown in Figure 9,
the standard deviation was approximately 200 vph. Expressed as a percentage, how-
ever, at lower outside lane volumes of 1,000 vph, there would be a standard deviation
of 20 percent.

It is known that factors other than freeway volume and ramp volume affect the per-
cent of total freeway traffic in the outside lane. Further studies of those factors are
being made so that nomographs similar to those shown in Figures 6 to 8 can be pre-
pared.

As previously mentioned, there is an important relationship between trip length and
outside lane utilization. Drivers entering the freeway for only relatively short trips
could reasonably be expected to remain in the outside lane. In an attempt to evaluate
such relationships, a single study was conducted on the North Central Expressway in
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Dallas using the "lights-on'' study tech-
nique previously used by the New York
State Department of Public Works and the
Port of New York Authority (6).

Figure 10 shows a scheme of entrances,
exits, and observation points along the 2%
miles of the six-lane freeway study section.
Vehicles entering at the Mockingbird en-
trance ramp were advised by signs to
drive with their lights on for 20 minutes.
Policemen were standing near the signs
and would call motorists' attention to the
message by simply pointing to the signs.
Observers were located at strategic points
along the freeway, generally on the cross-
street overpass structures and at each
off-ramp.

As the vehicle entered the freeway, the
last four digits of the license number and
the vehicle type were recorded. Failure
to turn on headlights was noted to deter-
mine compliance ratios.

As the vehicle with headlights on moved
through the study area, the observer at
each point would record the license number,
vehicle type and the lane in which the vehi-
cle was traveling. Observers located at
each exit ramp recorded the license num-
ber of each vehicle with headlights on.
Each observer noted the end of each 5-min
period on the data sheet.

Freeway volumes were counted, by lanes, at two locations during the entire study
period of four hours. One volume count station was located at the beginning of the study

section and one at the end of the section.

Volumes were recorded in 5-min intervals,
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Figure 11, Lane use distribution by vehicles entering at Mockingbird ramp, distribution

1

by percent in each lane, 1,444 vehicles in sample.

During the 4-hr study period more than 1,800 vehicles entered on the Mockingbird
ramp and more than 1, 500 complied by turning on their headlights. About 1,100 of the
complying vehicles did not exit within the study area and about 400 vehicles were noted
to exit at one of the five exit points within the study section.

Regarding the study method, the following can be summarized:

1. The "lights-on'" study method was an effective means of studying the lane use
related to trip length on this particular freeway which had numerous major street
overpasses.

2. The presence of the signs, policemen, or observers had no noticeable effect on
the traffic flow.

3. Compliance 1
The sample size was much higher and
considered.

4. Proper design and location of signs is a big factor in obtaining high compliance
ratios,

5. A loudspeaker was not essential.

6. A policeman can be used to advantage to encourage motorists to observe the
signs.

7. Newspaper, radio, and television publicity can be beneficial, but is not necessary
for adequate compliance ratios.

Figure 11 depicts three-dimensionally how the vehicles entering at the Mockingbird
ramp were distributed over the three lanes as they traveled toward the central business
district. The dark portion at the bottom of the outside lane represents that portion of
those entering vehicles which exited within the study area. A large percentage of all
such exiting vehicles used only the outside lane and, as a result, those vehicles cannot
be noticed in the two inside lanes.

percent range were obtained by using this method.
less expensive to obtain than by other methods
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Figure 12, Outside lane use relationship with trip lengths.

The total volume of traffic on the freeway has an effect on the lane usage of entering
traffic. As the total volume increases, entering vehicles are more restricted to the
outside lane and motorists view a temporary lane change less worthwhile in view of the
fact that another lane-change opportunity must be found to return to the outside lane
prior to exiting. Figure 12 shows the relationship between trip length and the percent
of the entering traffic in the outside lane. The upper portion of Figure 12 pertains to
only light total freeway traffic volumes of less than 3, 000 vehicles per hour, one way.
The lower portion of Figure 12 corresponds to conditions of moderate to heavy total
freeway traffic volumes of more than 3,000 vehicles per hour, one way. Although the
observation points are widely spaced, it would seem that the restrictive effect of the
higher volumes is noticeable.

Figure 12 indicates that "ordinary" or "equitable" lane use distribution is only
attained by those vehicles traveling several miles on the freeway. Those vehicles
traveling less than three miles cannot be expected to reach that "steady-state' lane
distribution which is characteristic of "through' vehicles,
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It must be pointed out that this is the result of a single study. It is expected that
this study will provide a basis for further work of a similar nature.

CAPACITY CHARACTERISTICS
Theoretical Approach to the Capacity-Level of Service Concept

Both capacity and level of service are functions of the physical features of the high-
way facility and the interaction of vehicles in the traffic stream. The distinction is
this: A given lane or roadway may provide a wide range of levels of service, but only
one possible capacity. The various levels for any specific roadway are a function of
the volume and composition of traffic. A given lane or roadway designed for a given
level of service as a specified volume will operate at many different levels of service
as the flow varies during an hour, and as the volume varies during different hours of
the day, days of the week, periods of the year, and during different years with traffic
growth. In other words, fluctuations in demand do not cause fluctuations in capacity,
but do effect changes in the quality of operation afforded the motorist. In a very general
way then highway planning, design and operalional problems become a case of whether
a certain roadway (capacity) can handle the projected or measured demand (volume) at
an acceptable level of service (speed, etc.). Because of both observed and theoretical
speed-volume relationships on freeway facilities, which are considered later, it is
possible to anticipate to some degree just what level of service can be expected for a
given demand-capacity ratio. The obvious weakness lies in the fact that most of the
qualitative factors affecting level of service cannot be related directly to traffic volume.

Greater dependency on motor vehicle transportation has brought about a need for
greater efficiency in traffic facilities. The motorist is no longer satisfied to be "out
of the mud." 1In fact, fewer and fewer folks remember the days of unpaved roads. The
freeway is an outgrowth of the demand for highways providing higher levels of service.
The place that motor vehicle transportation plays in our society demands dependable
service be provided by traffic facilities and the popularity or attraction to the freeway
illustrates this point. It is verv important that the engineer clearlv understands the

e me s msetea At At a ARV A AV AAL MAAMAL A UMAAMIA WA MQUIsA W VAMLLA LALAVALAILY WA G LN ALILY  Add

terms of volume accommodated. He evaluates efficiency in terms of his trip—the
service to him. He evaluates the operating conditions of speed, travel time, traffic
interruptions, freedom to maneuver, safety, driving comfort and convenience, oper-
ating costs, etc, The level of service is a term which denotes the different operating
conditions that occur on a given lane or roadway when accommodating various traffic
volumes.

Receul conlributions (7) to traffic flow theory regard traffic as a one-dimensional
compressible fluid with a concentration, k, and a fluid velocity, u. The conservation
of vehicles is explained by the following equation of continuity:

8_K+6Ku=0 )

t AV
oX

w

If it is assumed that drivers adjust their speed in accordance with the traffic conditions
about them as expressed by the general expression kN ak/ax, the acceleration of the
traffic stream becomes

du _ 22k
mrak A U o )

Solving Egs. 1 and 2 for u = f (k), and making use of q = ku yields the following gener-
alized equation of state for a traffic stream

K ) (n+1)/2

q = kug 1-(@ ,n> -1 (3)
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where uf is the free speed and kj is the jam concentration. The exponent, n, provides
some flexibility in fitting a theoretical flow concentration curve to a particular highway
®).

The speed of waves carrying continuous changes of flow through the stream of vehi-
cles is given by the derivative of the q - k equation in Eq. 3

(n+1)/2
wmur |12 (E)PE sy @

The concentration, ky,, at which flow is a maximum is obtained by setting Eq. 4 equal
to zero and solving for k:

Ko = [(n+3)/2] -2/(n+1) kj, n>-1 (5)

Repeating for dq/du = 0 gives the speed, upy, at which flow is a maximum
Uy = [(n+1)/(n+3)] uf, n>-1 (6)

It therefore follows that the maximum traffic flow obtainable on a roadbed (capacity) is
dm = KEmUm (m

It has been hypothesized (9) that discontinuities in traffic flow are propagated in a
manner similar to "shock waves' in the theory of compressible fluids. The speed of
a shock wave, U, is given by the slope of the chord joining the two points of the flow-
concentration curve which represent the conditions ahead of and behind the shock wave

U = (g2 - @)/ (ks -ki) (8)

Application of the mean value theorem suggests that the speed of the shock wave is ap-
proximately the mean of the speeds of the waves running into it from either side

U = 1/2(q"1+q"2) (9)

where q', is given in Eq. 4.

The very strong analogy between traffic flow and fluid flow suggests that the condi-
tions of continuity of momentum and energy should be fulfilled at the surface of a traffic
shock wave, just as the equations of dynamic compatibility must be fulfilled in fluid
dynamics. Multiplying Eq. 1 by u and Eq. 2 by k, then adding the two equations, we
obtain

2
2, n+2 L)
akw) g (ku +s n+2 (10)
at dX

Eq. 10 is the law of conservation of momentum in the differential form as applied to
traffic flow. Comparing Eqs. 1 and 10 with the classical forms in hydrodynamics, we
can complete the analogy between the fluid and traffic quantities. This correspondence
is illustrated in Table 2.

Kinetic energy, ku®, is the energy of motion of the traffic stream. The measure of
the jerkiness of the driving in this stream is given by the standard deviation of the ac-
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TABLE 2
CORRESPONDENCE BETWEEN PHYSICAL SYSTEMS

Factor Hydrodynamic System Traffic System
Variables Mass .densny, p Concentration, k
Velocity, v Speed, u
Momentum, pv Flow, ku

Shock wave velocity, U Shock wave velocity, U
Kinetic energy, pv 2/2 Kinetic energy, ku 2/2
Internal energy, € Acceleration noise, o

Parameters

celeration or acceleration noise, o, The units of both parameters are those of acceler-
ation. Energy, as expressed in these two quantities, is consistent with the level of
service concept previously defined. Thus, the kinetic energy of the stream fulfills the
first level of service factor (speed and travel time), whereas internal energy (acceler-
ation noise) measures such level of service factors as traffic interruption and freedom
to maneuver, and to some degree safety, comfort and operation costs.

Utilizing energy, rather than momentum, as the criteria for optimization depends on
finding those values of k and u that maximize the kinetic energy of the traffic stream,
E, and minimize the internal energy or lost energy, o. Division of Eq. 3 by k, squar-
ing the term and then multiplying by k yields

X (n+1)/2 @ (n+1)
E = ku 1-2(;3) +(T§) , n>-1 (11)
Ky = (n+2)-2/(n+1) kj, n>-1 (12)
Wiy = [’(H‘I—*l’)/’(n"*'*z')*]*Uf, n>-1 13)—
and
A = k'mu'm (14)

Dividing Eqs. 5, 6 and 7 by Eqs. 12, 13, and 14, respectively, we get

[ 1 2/m+1)

i"_ﬁl 2(n+2
v B w
_li’n_1=n+2 e (16)
u'y n+3
and
(n+3)/(n+1)
qfn — 22/(n+1) (n+2) n>-1 (17)

Tm (n+3) ’
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It is apparent that k%, < km and u’y, > um which, from the point of view of the
motorist, suggests that energy is a better criteria for defining optimum operation.
Of course, this is accomplished by a sacrifice in traffic flow, since q'py < dm.

Traffic engineers have long been faced with the dilemma of relating possible capacity
to level of service quantitatively. Much of the difficulty can be attributed to the fact
that capacity is expressed in the units of volume, whereas the term level of service is
highly subjective in nature. Volume is a logical measure of efficiency from the point
of view of the engineer, whereas motion in the form of speed and the magnitude and
frequency of speed changes is an important measure of level of service from the point
of view of the individual driver.

The momentum-kinetic energy analogy seems to apply. If a moving mass strikes a
stationary object without rebounding, as when the descending block of a pile driver
strikes the pile, the resulting motion of the latter depends on the momentum of the
block and not upon its kinetic energy. Therefore, if a fixed amount of energy is avail-
able, it is more effective to use a heavy mass moving at a relatively low speed than a
lighter mass moving at a high speed. The momentum of the slow-moving heavy mass
after falling a short distance is greater than that of a small rapidly moving mass which
has been lifted higher by the expenditure of the same amount of energy.

Replacing mass in the previous discussion with traffic density, it is seen that efforts
to measure efficiency in terms of momentum (traffic ""throughput'') must necessarily be
achieved with a high traffic stream density and a low traffic stream speed. This is ob-
viously not consistent with the level of service concept. However, because energy is a
scalar quantity, the energy of a system such as a traffic stream is equal to the sum of
the energies of its constituent particles and will be a maximum ‘when internal friction
caused by vehicular interaction is a minimum. Inasmuch as this internal friction re-
flects some compromise on the individual driver's freedom to maneuver, his comfort,
and his safety, the energy concept includes most of the qualitative ingredients defined
in level of service. Moreover, the energy concept affords the engineer the opportunity
to treat level of service quantitatively.

If Eqs. 3 and 11 are expressed in terms of speed only, and then normalized, they
become (for the special case of n = 1)

w0 -6)] .
a6 @]

The curves of Eqs. 18 and 19 are plotted in Figure 13. The right side of the graph is
the well known volume-speed relationship normalized so that the abscissa is the ratio
of flow to capacity and the ordinate the ratio of speed to free speed. Because division
of the abscissa by the ordinate

and

9 . uw _ ku . u _ k (20)

it is apparent that the slope of any ray is one-fourth the normalized traffic density.
The optimum density rays, using both the momentum and energy criteria, are plotted.

The left side of the graph shows the relationship between the kinetic energy and
speed of the traffic stream. Division of the abscissa by the ordinate

sy e g (21)
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gives the flow-capacity ratio. Thus, the maximum abscissa gives maximum kinetic
energy (located at u'y, = 2/3 ug) , while the maximum slope gives the maximum momen-
tum or flow (located at upy, = 1/2 uf).

The relationship between capacity and level of service is so fundamental to such
practical aspects of traffic engineering as planning, design and operations, it is im-
portant that the distinction between these terms be appreciated. This can best be ac-
complished by a quantitative relationship, based on the energy-momentum analogy, as
expressed in the following definitions:

Possible capacity is the maximum number of vehicles that can be handled by a partic-
ular roadway component under prevailing conditions. It is that product of the density
and speed that maximizes the momentum of the traffic stream.

Level of Service refers to the quality of driving conditions afforded a motorist by a
particular facility as reflected by (a)speed and travel time, (b)traffic interruption, (c)
freedom to maneuver, (d)safety, (e) driving comfort and convenience, and (f) vehicular
operating costs. Seven levels of service are described. (See Fig. 13.)

Level of Service A describes a free flow accompanied by low volumes, low densi-
ties, and high speeds which are controlled by the driver desires and physical road-
way conditions (free speed). Although the variance in speeds is high, there is no
restriction in maneuverability due to the presence of other vehicles, and drivers
can maintain their desired speeds with little or no delay. This is the service ex-
pected in rural locations.

Level of Service B, C, and Ddescribes the zone of stable flow. The upper limit
is set by the zone of free flow, whereas the lower limit is defined by the optimum
density, k', and optimum speed u’ ms, based on maximizing the kinetic energy of
the traffic stream. The conditions at u‘y, and k', are acceptable for urban design
practice. The divisions associated between levels B-C and C-D are arbitrary.

Level of Service E; & E:describesthe zones of unstable flow. Zone E, is set
between the optimum conditions described by the energy and momentum criteria.

In thls zon qmall increase in vnlume is accompamod by both a 1arge decrease in

.., oIt ey oe 1

» ' ] 1 ' 1 v - ‘ sl fmly o~ e

a traffic density greater than ky,, yet with a vehicular tlow greater than q ,,. 'I'his
type of operation cannot persist and leads inevitably to congestion.
Level of Service F describes a forced flow condition at low speeds and very high
internal friction. Volumes are below capacity and storage areas consisting of
1t At an lnﬁ atnwaosa MIoan

queues of vehicles form. Normal operation is not achieved until the storage queue
is-dissipated.

Measurements and Relationships

The primary characteristics of traffic movement are concerned with speed, density
and volume. These three fundamental characteristics are dependent on the geometric
design of the roadway and the operational requirements of the traffic stream. Interest
in these characteristics is manifest in the need for establishing representative possible
and practical capacities for freeway sections.

While any set of speed observations may be influenced by such items as demand,
capacity, design, weather and controls, it is not generally appreciated that the location
at which measurements are made has a great deal to do with the adequate description
of operating conditions. For example, traffic data taken just beyond an entrance ramp
may reflect smooth and uniform operation when actually the traffic behind the ramp may
be operating under stop-and-go conditions. Because congestion at one point may cause
congestion for a great distance back along the freeway, a survey made at a "'point" be-
hind this critical ramp area will reflect poor conditions (low speed and relatively low
volume) without a direct association with the cause of the congestion being possible.

Motion picture study procedures provide the advaniage of having a view of a reason-
ably long section of freeway and reasonably precise measurements of numerous traffic
characteristics such as speed, volume and density. However, even with the view of a
section of freeway 1,000 to 2,000 feet in length, it is often difficult to determine accu-
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Figure 13. Quantitative approach to level of service-capacity relationship wusing
energy-momentum analogy.

rately the cause of congestion. Congestion at one study area may actually be caused
by conditions existing at a point farther along the freeway. Although the motion picture
provides some possibilities of continually examining conditions throughout a section for
possible influencing factors, the section studied from a single camera location is not
always long enough to reveal whether congestion and "stoppages' are caused by condi-
tions within the study area or by conditions ahead.

Two methods which have been successfully utilized and that do not rely on point
survey data for describing flow characteristics are television camera surveillance and
aerial photography. Pursuant to this research, two types of aerial photography have
been studied (10): (1) strip photography where two continuous pictures are taken simul-
taneously over the entire study section, and (2) time-lapse photography where individual
overlapping pictures are taken at short intervals of time. Time-lapse photography
seems to be more suited for speed and density measurements, and can provide multiple
speeds for each vehicle from which acceleration can be calculated. Of course, the
shortcomings of the aerial approach, though distinct from the point survey approach,
are nevertheless significant in that it is essentially an '"instant" survey.

By careful design of a freeway study, either '"point" or "instant" surveys can be
used to give continuous coverage in both time and space. This two-dimensional inter-
pretation is indispensable because all traffic characteristics vary in both time and
space. "Contour maps'" provide a means of illustrating these two-dimensional varia-
tions in the characteristics. These maps are drawn by using time as the ordinate, and
distance along the freeway as the abscissa, If aerial photography is used (the "instant"
survey approach), flight runs must be made at periodic intervals (about 10 minutes),
and the speeds are averaged at about 600-ft intervals giving about 8.5 points per mile
per 10 minutes. Interpolating in both time and space and connecting points of equal
speed yield a speed contour map. Obviously, the same contour map could be obtained
by interpolating between ""point'" surveys spaced at 600-ft intervals. Figure 14 illus-
trates speed contours for total inbound traffic on the Gulf Freeway, Houston, obtained
from the aerial photographic survey method.
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In addition to providing a continuous record of speed for an entire facility for a sus-
tained period such as the peak hour, the contour map affords the opportunity to isolate
critical locations and periods and then to study them in more detail. Consider, for
example, the Telephone Interchange Entrance Ramp located at Station 150 + 00 (Fig.
14). The profile of section A-A is plotted in Figure 15. A speed-flow relation,
obtained solely from contour maps, is illustrated. A profile plotted from section B-B’
in Figure 14 is plotted in Figure 16. This profile illustrates the performance of the
entire facility at 7:25 a.m., as reflected by speeds.

Although profiles at either a point or at an instance may have some conceptual appeal
to the engineer in evaluating freeway operations, the level of service concept previously
discussed is based on the driving conditions afforded an individual motorist as reflected,
for example, by his speed. Section C-C in Figure 14 indicates the path of a hypotheti-
cal motorist traversing the freeway starting from the Reveille Interchange at 7:05 and
arriving at the downtown distribution system at 7:15. This profile is also plotted in
Figure 16.

It is generally accepted that the largest number of vehicles that can pass a given
point in one lane of a multilane highway, under ideal conditions, is between 1, 900 and
2,200 veh/hr. This represents an average maximum volume per lane sustained during
the period of one hour. Figures 17, 18, 19 and 20 illustrate volume contours for the
three inbound lanes on the Gulf Freeway, Houston, as well as the three-lane total for
inbound traffic. It is evident that higher rates of flow exist for specific lanes or for
short periods of time. Although the capacity of a freeway under ideal conditions is con-
sidered to be 2,000 veh/lane/hr, only in situations where the peak period demand ex-
tends very nearly for the entire hour will this capacity value be realized.

To illustrate the speed-density-volume relationship over shorter sections of freeway,
the 14 graphs of Figure 21 were plotted for the inbound shoulder lane. Each graph rep-
resents the average conditions encountered throughout the study hour for the 2, 000-ft
length of freeway directly above the graph. The graphs' ordinate is speed in miles per
hour and the upper abscissa is volume in vehicles per hour, while the lower abscissa
is density in vehicles per mile. The numbers from 1 to 6 refer to the times of the 6
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Figure 21, Observed speed-volume-density relationships (lane 1) in time and space.

flight runs, thus giving a chronological plot of data. The speed-density relationship
is shown by a dotted line; the speed-volume relationship is shown by a solid line.

the interval within the Reveille Interchange, the range in average speeds varies from
45 to 5 mph over the study hour. At the other end of the freeway, however, average
speeds remain at from 40 mph to 35 mph during the same period. The range of aver-
age speeds plainly decreases throughout the morning peak hour as one travels toward
the CBD on the facility.

The volume-speed relationship is more difficult to explain. Decreases in speed do
not always accompany increases in flow. However, several of the graphs exhibit a
characteristic parabolic loop resulting from the decrease of speed at excessive flows.
Keese, Pinnell and McCasland (2) explain that as peak flows build up, the average speed
drops and generally does not recover to the original relationship with volume until the
peak flow or demand has passed. Ryan and Breuning (11) utilize the concept of critical
vs noncritical flow, with the dividing point being the maximum flow. They report that

e | S I A Y e T

all three relations among speed, voluine and densily are linear within the noncritical
flow region (before congestion sets in), May, etal, (12) define 3 zones which may be
described as constant speed, constant volume and constant rate of change of volume
with density. In zone 1, the speed of the vehicle is determined by the facility itself and
the volume matches the demand. Zone 2 represents impending poor operations; average
speed drops but the flow rates may be sustained at a high level. In zone 3 both speed
and volume rates decrease, which in itself may serve as a definition of congestion.

The analysis of highway traffic is more than the making of measurements and collec-
tion of facts. Although this exploration of the true nature and characteristics of free-
way traffic is the necessary beginning in providing new ways of improving performance,
the freeway traffic phenomena are so complex that a collection of bare data tells us a
little more than we already know. Earlier in this article, a hydrodynamic model was
explained. An important aspect of this model is the momentum-energy analogy which
is summarized in Figure 13. These concepts yield several parameters which provide
the means of organizing and interpreting the traffic characteristics collected.
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Figure 22. Verification of energy-momentum analogy.

Using Figure 22 as a model, volume vs speed and (volume % speed) vs volume data
were plotted for lane 3 of the Gulf Freeway, inbound traffic, during the peak hour.
The constants for a curve of the form

o[ (2)

was calculated by fitting a regression line to speed-density data taken from aerial
photographs. Values of free speed, ug, and jam density, kj, are 60.3 mph and 133.1
vpm. Thus, the equation of the curve in the q - u plane becomes

q = 133.1u - 2.214? (23)
The equation for the "energy''-speed relationship is
qu = 133.1u® - 2.214° (24)

It can be observed that the curves provide excellent estimates of the points plotted,
and verify the theoretical approach to the capacity-level of service concept suggested
by the momentum-energy analogy of the hydrodynamic model of traffic flow.

The hydrodynamic model, so useful in describing the level of service-capacity con-
cept, can be extended to aid in the explanation of a bottleneck (9). A bottleneck is a
stretch of roadway with a flow capacity less than the road ahead (Fig. 23). The upper
q - k curve in Figure 23 is for the roadway ahead of the bottleneck, and the lower one
refers to the bottleneck itself. When the traffic volume reaches the capacity of the
bottleneck, the velocity in the bottleneck, u,, is less than ahead of the bottleneck, us.
However, this difference in speed is not significant in urban area capacity problems
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Figure 23, Traffic flow in a bottleneck.

and should not be used as a criterion for determining acceptable operation. But, any
further increase in demand (volume) accumulates as a queue in advance of the bottle-
neck, and the traffic conditions in this region shift from those expressed by point 3
in Figure 23 to those expressed by point 2 (density changes from ks to kz).

When a bottleneck is operating at capacity, the speed of traffic is independent of the
geometric conditions in the upstream section. Because congestion may last much
longer (Fig. 24) than that interval in which demand exceeds capacity, it is important
that nrecantinna ha taken o nrevent thia A atinulated rate-of-flow for a 5-min neriod

UESLEIEL, LIS IS LLUUSLLIALEU VY UIE UEDIEIL CULVED L TLALLUYE ICVCL UL DTL VILE W a v-uaau
rate of flow (Fig. 25). Thus, a service volume of 1,800 has a probability of 0.50 of
guaranteeing ''stable flow" during the peak 5-min period. On the other hand, there is

a 50 percent chance of "unstable flow' occurring; and a 2.5 percent chance of "forced
flow." Of course, forced flow is congestion, and unstable flow can lead to congestion,
due to the statistical variability of the vehicle headways. It is interesting to note that a
relatively small reduction of 100 in the service volume, to a flow of 1,700 vph, greatly
increases the probability of maintaining stable flow. These curves represent an attempt
to put such a decision in the hands of highway administrators and designers. After this
choice is made, the service volume to be used for design for the peak hour would be
obtained from Figure 1, depending on the population of the city. (See Table 3.)

Figure 25 was obtained by determining the probability of getting observed rates of
flow greater than the predicted values utilizing the data shown in Figures 2 and 3 and
assuming the errors are normally distributed. The first four columns in Table 3 are
taken directly from Figure 25; the last four columns utilize the peaking relationships
expressed in Figure 1.

APPLICATIONS
Freeway Design

Highway design is an engineering function—not a handbook problem. The engineer
is faced with the problem of predicting traffic demands in future years and providing
facilities that will accommodate that traffic under a selected set of operating conditions
or levels of service. Too often highway design has been accomplished by adopting a
set of handbook "standards" which when coupled with traffic "guestimates' have re-
sulted in the construction of many seriously inadequate facilities.
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Figure 24. Relation between demand, capacity and congestion.

Traffic prediction, traffic operation and design have now developed to the point
where it is possible for engineering (the application of science) to produce rather reli-
able results.

A freeway is not built for some date 20 years in the future. It must go to work the
first day and serve efficiently all through its expected life. And, if history is not
changed, many will be serving for quite a number of years beyond the "design' year.

The freeway is only one facility in a network of system of streets and highways. It
has its place, but the system as a whole must be made to function efficiently. The day
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TABLE 3
FREEWAY CAPACITY WITH CONFIDENCE LIMITS

Approx. Probabilities of

Peak 5-Min Flow Various Types of Flow

Freeway Design Service Volume
by Population of Metropolitan Area

(vph) in Peak 5-Min (total hourly vol/lane)
Stable  Unstable  Forced 100,000 500,000 1,000,000 5,000,000

1,500 1.00 0.00 0.00 1,100 1,200 1,300 1,300
1,600 0.98 0.02 0.00 1, 200 1,300 1,300 1,400
1,700 0.85 0.15 0.00 1,300 1,400 1,400 1,500
1,800 0.50 0.48 0.02 1,400 1,500 1,500 1, 600
1,900 0.15 0.69 0.16 1,500 1,600 1,600 1,700
2,000 0.03 0.47 0.50 1,500 1, 600 1,700 1,800

1
SEE FIGURE | FOR RELATIONSHIP
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Figure 25. Design curves relating level

of service to flows during the peak 5-min.

has gone when a freeway can be designed
within the confines of two parallel right-
of-way lines. Likewise, the day has gone
when only the 20-yr "complete system"
can be considered when designing a par-
tienlar facility, Traffic projections and
designs must be made on partial or incom-
plete systems if desirable service is to be
obtained in the years before the whole
system is completed, With the modern
tools available, the designer should have
at his disposal an accurate estimate of

tmntfin Anvrmand fAavr annh atacre af ramnla-

Engineering and management must be
coupled in the selection of a level of serv-
ice for design that is best adapted to the
specific need. Economics and other fac-
tors will continue to play a major part in
facility programming and even in design,
but realistic projected service analysis
will lead to more realistic priority pro-
gramming.

The largest number of vehicles that
can pass a given point in one lane of a
multilane highway, under ideal conditions,
is between 1, 900 and 2, 200 vph. This
represents an average maximum volume
per lane sustained during the period of
one hour. Studies have found higher vol-
umes for specific lanes or for short time

periods. Where at least two lanes are provided for movement in one direction, and
disregarding dislribulion by lanes, Lhe capacily of a freeway under ideal conditions is
considered to be 2, 000 veh/lane/hr, as explained earlier in this report.

Where conditions are less than ideal because of reduced widths, sight distance,
grades and commercial vehicles, etc., the capacity will be somewhat lower.
Moskowitz and Newman (5) suggest some correction value to be used when these con-

ditions are anticipated.

When the traffic volume equals the capacity of a freeway, operating conditions are
poor. Speeds are low, with frequent stops and high delay. In order for the highway to
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TABLE 4
LEVELS OF SERVICE AS ESTABLISHED BY ENERGY-MOMENTUM CONCEPT

Level of Zone Limits2d
Service Description
Zone Upper Lower
A—free flow Speeds are controlled by driver ug 0.9 uf, 0.35qp

desires and physical roadway
conditions; type of service ex-
pected in rural locations.
B, C & D- Flow concentration, speed ™. 0.9 uf, 0.35 qp, uis '
stable flow Conditions at u’y; and k', are
acceptable for urban design
practice; divisions between
B-C and C-D are arbitrary.
E,—unstable A small increase in demand u'm, A'm Ups 9m
flow (flow) is accompanied by a large
decrease in speed leading to
high densities and internal fric-
tion which contribute to insta-

bility.
E:—unstable This type of high density opera- Uy 9m 0.5u 'm, q ,m
flow tion cannot persist and leads
inevitably to congestion,
F—forced flow Flows are below capacity and 0.5u ,m’ q Im 0

storage areas consisting of
queues of vehicles form.
Normal operation is not
achieved until the storage
queue is dissipated.

aSee Figure 13.

provide an acceptable level of service to the road user, it is necessary that the service
volume be lower than the capacity of the roadway.

The level of service approach establishing levels of operation from free flow to
capacity which is being considered by the HRB Committee on Highway Capacity is de-
signed to allow the engineers and administrators to provide the highest level of service
economically feasible. The momentum-energy analogy derived in the previous section
is an effort to explain the capacity-level of service relationship rationally and quanti-
tatively (Table 4). It must be recognized that highway traffic represents a stochastic
phenomenon., Therefore, any highway facility, designed to accommodate traffic, must
be designed with the realization that from time to time demand will exceed capacity.
The organization of Table 3 is useful in that it provides the designer with confidence
limits in determining the number of main lanes needed on a freeway.

After the detérmination of the number of freeway lanes, the operating conditions at
critical locations of the freeway must be investigated for the effect on capacity and
level of service. Unless some designated level of service is met at every point on the
freeway, bottlenecks will occur and traffic operation will break down. Critical loca-
tions on a freeway are manifest by either sudden increases in traffic demand, the crea-
tion of intervehicular conflicts within the traffic stream, or a combination of both. An
entrance ramp is an example of the first type of critical location, whereas exit ramps
and grades can cause intervehicular conflicts.

It is interesting to note that a distinction can be made between the terms "critical
location" and "'bottleneck." A bottleneck is a section of roadway with a capacity lower
than the adjacent upstream section. Thus, the volume input can exceed the capacity of
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the bottleneck, and the roadway upstream becomes a storage area whose level of serv-
ice and rate of flow are governed by the capacity and operating conditions through the
bottleneck. If traffic backed up at a bottleneck is required to stop, the capacity of the
bottleneck becomes a function of vehicular departure headways from a stopped condi-
tion. Strictly speaking then, not all "critical locations' are ''bottlenecks'; a bottleneck
is only one form of critical location. The most important consideration is that opera-
tion in critical sections never drops below the adopted level of service. Often, this

can be effected by not allowing the demand on the facility to exceed the bottleneck capac-
ities.

As traffic operations deteriorate, vehicles tend to form platoons. In general,
""platooning' is a function of the number of slow vehicles and the speed of slow vehicles,
When an upgrade is introduced, speeds are reduced and platoon lengths increase. Ac-
cident potential and capacity mitigating lane change maneuvers are a direct result.

The percentage of trucks in the stream, as well as the steepness and length of grade,
will determine just how adverse this effect may be.

One possible solution to maintaining a level of service on the grade equal to a level
grade, would be to add a climbing lane whenever the passenger car volume and speed
varies below the adopted level of service, This, of course, is not always feasible on
an urban freeway facility where lane reductions present severe operational problems.
The policy of restricting trucks to the outside lane (predicated on the theory that if all
trucks are traveling on the outside lane, then vehicles on the remaining lanes can main-
tain the operation levels achieved on level grade) ignores the fact that vehicles in the
outside lane will not accept the same level of service as trucks and will attempt to
change lanes. It is impossible for adjacent lanes to operate at drastically different
levels of service. This influence of the operation of one lane on the operation of another
is a well-established speed characteristic and is sometimes called "speed sympathy."
Thus, the most acceptable solution to the problem of operating on freeway upgrades is
to see that demand volumes never exceed the adopted level of service.

The traffic demand on a freeway can only change at entrance or exit ramps. Two of
the most critical points on a freeway will be upstream irom an exit ramp and down-

described at an upgrade, but can be much more severe where there is a back-up from
the exit ramp onto the main roadway proper. Many exit ramp problems could be
avoided by providing for the speed reduction on the ramp rather than on the shoulder
lane of the freeway. Even where long parallel deceleration lanes are provided, they

are not used because of the unnatural maneuver involved. Unfortunately, the close
spacing of interchanges and use of frontage roads favor the use of short slip-type ramps,
Where a high exit volume slip ramp is used, definite consideration should be given to
placing yield signs on the frontage roads, thus preventing back-up from the exit ramp
onto the freeway.,

Entrance ramps may create two potential conflicts with the maintenance of the
adopted level of service of a roadway section. First, the additional ramp traffic may
cause operational changes in the outside lane at the merge. This condition, of course,
will be aggravated by any adverse geometrics, such as high angie of entry, steep
grades, and poor sight distance. Second, the additional ramp volume may change the
operating conditions across the entire roadway downstream from the on-ramp. This
is particularly true where there is a downstream bottleneck.

There are three basic procedures employed in determining the capacity of entrance
ramps, One method is based on preventing the total freeway volume upstream from the
ramp plus the entrance ramp volume from exceeding the capacity of a downstream
bottleneck., A second method takes into consideration the distribution of freeway vol-
umes per lane (discussed in the first section of this paper and also treated extensively
by Hess (13)) and then limits the ramp volume to the merging capacity (assumed here
to be equal to the service volume selected in Table 3) less the upstream volume in the
outside lane. The third method states that the ramp capacity is limited by the number
of gaps in the shoulder lane which are greater than the critical gap for acceptance (8).
It is believed that the second method (Figs. 5 to Y) is the most practical in designing a
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Figure 26. Determination of minimum length of weaving section to meet design level of
service.

new facility. The first method is predicated on knowing the capacity of bottlenecks—
something that is not known in the case of a new facility. Research concerning the
third method is now underway; the advantage of this approach is that it recognizes that
ramp capacity and operation must be affected by the geometrics of the ramps.

The last ""critical location' to be considered is the weaving section. Weaving sec-
tions often simplify the layout of interchanges and result in right-of-way and constru-
tion economy. The capacity of a weaving section is dependent on its length, number of
lanes, running speed and relative volumes of individual movements. When large vol-
ume weaving movements occur during peak hours, approaching the possible capacity of
the section, probably results are traffic stream friction, reduced speeds of operation,
and a lower level of service. This can sometimes be avoided by the use of additional
structures to separate ramps, reversing the order of ramps so as to place the critical
weaving volumes on frontage roads, and the use of collector-distributor roads in con-
junction with cloverleaf interchanges,

Weaving sections should be designed, checked and adjusted so that their capacity is
greater than the service volume used as the basis for design. This is consistent with
the level of service concept used in determining the number of main lanes and checking
the merging capacities at entrance ramps. The determination of minimum length of
weaving section to meet the controlling level of service is illustrated in Figure 26.
These relationships were obtained by considering the outside lane use relation with
trip length (Figs. 11 and 12). Referring to Figure 26, the maximum number of vehicles
at an exit, R, cannot exceed Q - R;, plus the number of entrance ramp vehicles that
change lanes within the merging section.

Figure 27 illustrates four steps to be followed in the design of a freeway system, as
follows:
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Figure 28,

Step 1—Determine the peak hour volumes through the application of the peak hour
and directional distribution factors to the assigned daily traffic volumes. In an actual
problem the PM peak would also be checked.

Step 2—Determine interchange requirements. It is important that this be done before
freeway main lane requirements be investigated, because the number of ramps depends
on the choice of interchange. Thus, a cloverleaf interchange and a directional inter-
change may have one or two entrance ramps and one or two exit ramps in each direction;
whereas diamond interchanges have one entrance ramp and one exit ramp in each direc-
tion, If the interchange is to be signalized, a capacity check is made to see if the
planned facilities will handle the traffic with reasonable cycle lengths (Figs. 28 and 29)
(14). Should a facility be apparently underdesigned, additional approach lanes may be
added or a higher type facility be substituted in its place.

Step 3—The number of main lanes depends on what service volume value is chosen
as the design capacity. The freeway design service volumes in Table 3 enable the de-
signer to judge what level of service can be expected for a given service volume based
on the probability of obtaining various types of flow conditions during the peak 5-min
period. For the purposes of this example a service volume of 1, 700 vph is chosen,
The operating conditions at critical locations must be checked to insure that the desig-
nated level of service is met at every point on the freeway. The critical sections con-
sidered in this paper are merging and weaving sections. Figures 5 to 9 provide the
basis for determining if the merging capacities at entrance ramps are exceeded, where
the merging capacity is defined as the service volume chosen in Table 3. Thus, since
a total hourly volume of 1,700 vph is used as the basis for determining the number of
lanes, then 1, 700 vph would represent the merging capacity in this procedure. Figure
26 provides the basis for determining if weaving sections on the freeway meet the
designated level of service.

Step 4—Alternate designs should always be considered. In Figure 27, one alterna-
tive is illustrated by merely reversing the order of entrance and exit ramps, resulting
in 3 lanes in each direction instead of 4 lanes.

The level of service should be "in harmony' along the stretch of freeway being con-
sidered. Because operational problems at one point are reflected along the freeway
for a distance depending on the volume-capacity relationship, it is not practical to
consider a lower level of service at one or more critical points, rather the level of
service selected for design should be met or exceeded at the critical or bottleneck
points. This concept is referred to as balanced design and it is a must for freeways.
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Freeway Operations

The freeway motorist expects to have his needs anticipated and fulfilled to a much
higher degree than on conventional roads. This expectation can sometimes be fulfilled
by the application of capacity considerations to rational geometric design. More often
than not, however, actual traffic and travel patterns differ from the projected values
making constant freeway operational attention after construction a must.

Congestion occurs on a freeway section when the demand exceeds the capacity of
that section for some period of time. Bottlenecks can be caused by changes in the
freeway alignment (horizontal or vertical) or reductions in the freeway section (rednc-
tion of number of lanes, reduction in lane widths, the presence of an entrance ramp,
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etc.). Accidents, disabled vehicles and maintenance or law enforcement operations
can also cause temporary bottlenecks by reducing the effective capacity or level of
service provided.

Freeway design does not always eliminate the need for sound traffic regulation. A
reasonably homogeneous traffic stream, particularly with respect to speed, is essen-
tial for efficient freeway operations. Pedestrians, bicycles, animals and animal-
drawn vehicles are excluded from freeways. Motor scooters, non-highway (farm and
construction) vehicles and processions, such as funerals, are also generally prohibited
from the freeway. Towed vehicles, wide loads or other vehicle combinations such as
trailers drawn by passenger vehicles which impede the normal movement of traffic may
be barred during the peak traffic hours or during inclement weather,

Minimum speed limits are being, increasingly used and have been found of great
benefit, particularly on high-volume sections. The effect of this type of control is to
reduce the number of major accident potential lane change maneuvers. The effects of
slow-moving vehicles on both capacity and accident experience are so pronounced that
a greater use of minimum limits appears probable. There is a need to eliminate all
vehicles incapable of compatible freeway operation.

Increasing attention has been given to the possibility of and need for using variable
speed control on urban freeway sections as a means of easing the accordion effects in
a traffic stream as congestion develops. Drastic speed variations might be dampened
by automatically adjusted speed message signs in advance of bottlenecks.

A properly designed entrance ramp with provision for adequate acceleration should
allow the entering driver adequate distance to select a gap and enter the outside lane of
the freeway at the speed of traffic in the lane. These merging areas operate best when
there is a mutual adjustment between vehicles from both approaches. "Yield" signs
impose rather drastic speed restrictions under the laws of a number of states thus
causing operational problems, and are no longer mandatory on the Interstate system.
It is generally felt that any speed restriction or arbitrary assignment of right-of-way
should be avoided unless inadequacies in the design make it imperative.

It is generally agreed that one key to significant progress in operation of urban
freeways lies in improved surveillance technique. In its most basic form, urban free-
way surveillance is limited to moving police patrols. Recently, helicopters have been
used for freeway surveillance in Los Angeles and other communities. Efficient opera-
tion of high density freeways is, however, more than knowing the locations of stranded
vehicles; it may require closing or metering entrance ramps, or excluding certain
classes of vehicles during short peak periods. Therefore, what is needed is a reliable,
all-weather source of surveillance information with no excessive time lag.

Experimentation with closed circuit television as a surveillance tool was initiated
on the John C. Lodge Freeway in Detroit. This offers the possibility of seeing a long
area of highway in a short or instantaneous period of time, made possible by spacing
cameras along the freeway so that a complete picture can be obtained of the entire
section of roadway. Evaluation of the freeway operation depends mostly on the visual
interpretation of the observers. However, many traffic people believe that this is not
enough. The Chicago Surveillance Research Project, for example, is predicated on
the assumption that trained observers offered no uniform objectivity. In other words,
if an expressway is operating well, this quality can be detected by observing operating
characteristics. When the characteristics drop below a predetermined level, action
may be taken.

A traffic surveillance system should involve the continuous sampling of basic traffic
characteristics for interpretation by established control parameters, in order to pro-
vide a quantitative knowledge of operating conditions necessary for immediate rational
control and future design. The control logic of a surveillance system, or any system,
is that combination of techniques and devices employed to regulate the operation of
that system. The analysis shows what information is needed and where it will be ob-
tained. Then, and only then, can the conception and design of the processing and
analyzing equipment necessary to convert data into operational decisions and design
warrants be described.

In research conducted during the past year by the Texas Transportation Institute on
the Gulf Freeway Surveillance Project, the application of many control parameters to
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the description and eventual control of freeway congestion was explored. Figures 30
and 31 illustrate the operation of the 3 inbound lanes of some six miles of the facility
during the morning peak hour as obtained from time-lapse aerial photographic studies.
Four control parameters, derived in the previous section, are superimposed on the
contour maps: (1) the speed at possible capacity, up; (2) the density at possible capac-
ity, km; (3) the speed at the optimum service volume, u‘y; and (4) the density at the
optimum service volume, k. These parameters afford a rational, quantitative means
for describing the level of operation on the facility: stable flow, unstable flow and
forced flow.

Figure 32 illustrates continuous profiles of the possible capacity, qp,, and the opti-
mum service volume, q'm, which were derived by applying the momentum-energy
analogy to speed-density data taken from aerials of the facility. Thus, if stable flow
is to be maintained on the facility, demand must be kept below the optimum service
volume, Use of possible capacity as a basis for ramp metering or control places
operation of the facility in the unstable zone of operation, and provides absolutely no
safety factor against breakdowns due to statistical variability in demand.

Efforts to measure freeway operational efficiency in terms of traffic "throughput"
(momentum) are obviously inconsistent with the level of service (energy) concept, be-
cause maximum throughput must necessarily be achieved with a high traffic stream
density, a low traffic stream speed, and a level of operation typified by "unstable
flow." On the other hand, the optimum service volume provides for speeds 33 percent
higher, densities 33 percent lower, a level of operation typified by ''stable flow," and
with only a 10 percent reduction in flow. Actually, because there is less probability of
attaining "'forced flow" (congested flow inevitably accompanied by complete breakdown),
the "throughput'" from day to day might very well be higher because of less frequent
breakdowns.
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SUMMARY

Traffic operation and geometric design are essentially systematic attempts to re-
solve a demand-capacity relationship for a given facility in a manner that will provide
an acceptable level of service to the motorist. This report deals with urban freeway
volume (demand) and capacity characteristics, and their application to freeway design
and operation.

An important volume characteristic which is discussed is the distribution of demand
during the peak hour. Peak rates of flow within the peak hour exceed the average hourly
rate of flow on urban freeways. It is important that the peak hourly volume presently
used as a criterionfor designbe expanded to accommodate the higher rates of flow which
exist over shorter intervals within the peak hour. This is true because a condition in
which the demand exceeds the capacity can extend congestion for a much longer time
than just the duration of the peak flow period (see Fig. 24). In Figure 1 this variation
has been related to the size of the city, thus affording a means of estimating the highest
5-min rate of flow during the peak hour on a facility.

Another vital volume characteristic considered is the lane use distribution of vehi-
cles on freeways. The outside lane of a freeway will, on the average, have a lower
volume than the other lanes. The most important factors influencing the percent of the
total freeway traffic in the outside lane immediately upstream from an entrance ramp
are the total freeway volume and entrance ramp volume (see Figs. 5 and 9). Other
factors are the sequencing of entrance and exit ramps, their spacing, and their vol-
umes. (See the nomographs illustrated in Figs. 6, 7 and 8.)

A second aspect of lane use distribution discussed is the relationship between trip
length and outside lane utilization obtained through the use of a "lights-on'" study tech-
nique (Figs. 10, 11 and 12). This relationship was useful in establishing the minimum
length of freeway weaving sections based on entrance and exit ramp volumes (see Fig.
26).

The second section of this report deals with freeway capacity characteristics. A
theoretical approach to providing a rational relationship between capacity and level of
service is formulated utilizing a hvdrodvnamic model and based on an energy-momentum
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Design Service Volumes (Table 3) to be used in determining freeway main lane require-
ments. Fundamental volume-speed-density relationships (Fig. 21) and their measure-
ments (Figs. 14, 15 and 16) on urban freeways are discussed. The importance of the
contour format as a means of presenting a complete picture of performance over long
sections of freeway and extended intervals of time is also described in this section.

It is significant that the first section of the body of the report deals with freeway
demand and the second section with capacity. In the third section, applications are
made of these demand and capacity characteristics to freeway operations (Figs. 30,

31 and 32) and to freeway design (Figs. 26, 27, 28 and 29), featuring a step-by-step
design procedure.
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Discussion

ADOLF D. MAY, JR., Director, Expressway Surveillance Project, Illinois Division
of Highways—This paper contributes significantly to the existing knowledge in freeway
capacity and operations. The following discussion concentrates on three aspects of
the paper: (1) linear speed density relationships, (2) density as an indication of levels
of service, and (3) effect of levels of service on fuel economy.

The concepts of maximizing kinetic energy or traffic stream momentum as pre-
sented in Figure 13 are based on linear speed-density relationships, and because of
the importance of these concepts some confirmation of the linearity of the speed-density
relationship seems appropriate to mention in this discussion. Data obtained by the
Chicago Area Surveillance Project has been analyzed (15) in order to evaluate the line-
arity of 1-min average speed and density observations, and the results are shown in
Figure 33. Table 5 is a summary comparing the characteristics of the linear speed-
density relationship obtained by the authors and the discussor.

The only significant difference between the two sets of data was that Drew-Keese's
jam concentration was higher, and therefore the maximum flow was higher. The r?
value of 0.88 indicates a rather strong linear speed-density relationship in that 88 per-
cent of the variation in speed can be explained by density using a linear relationship.
The o value of 4.4 indicates that 95 percent of the observed minute speed measure-
ments will lie within + 8.8 mph of the speeds obtained by the equation. The new data
introduced support the use of the linear speed-density relationship, although there are
indications that well-selected nonlinear equations might provide even a higher correla-
tion,
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TABLE 5
Characteristics Drew-Keese Data Discussor's Data
Equation: o 603 | 1~ = 61.1 [1 g
: K > 133.1) * ; 117, 7
Mean free-flow speed (uf) 60.3 61.1
Jam concentration (kj) 133.1 117.7
Optimum speed (Uy,) 30.2 30.6
Optimum density (Ky,) 66.6 58.8
Maximum flow (Q,) 2, 006 1,798
Correlation coefficient (r) 0.97 0.94
Coefficient of determination (r)? 0.95 0.88
Std. dev. of regression (o) 3.2 4.4
TABLE 6

Level of Service Zone Limits

g Upper Lower
A Kj/10 (13, 12) 0

B, C, D Kj/3 (44, 39) Kj/10 (18, 12)
E, Kj/2 (67, 59) K;/3 (44, 39)
E; 2Kj/3 (39, 13) Kj/2 (67, 59)

r o ——t

Table 4 of the Drew-Keese paper presents the levels of service as established by
the energy-momentum concept. The authors use the combination of speed and volume
to establish limits for the various levels of service. The consideration of this concept
as a guide for operating a freeway surveillance and control system, and the authors
comment in their introduction that congestion can quantitatively be defined in terms of
vehicular density, led the discussor to investigate the use of density as the parameter
to establish limits for the various levels of service for operating sections of freeways
(see Fig. 34). The resulting density values for the various levels of service are
shown in Table 6. The normalized limits in terms of kj are given as well as the actual
density levels in vehicles per lane-mile based on Drew-Keese's data and the discussor's
data.

For the two sets of data, a lane density of approximately 40 veh/mi is the limit
between stable flow (levels of service B, C and D) and unstable flow (level of service
E;), and is the optimum density based on maximizing kinetic energy. A lane density
of approximately 60 veh/mi is the limit between the two levels of service (E; and E-)
which represent unstable flow, and is the optimum density based on maximizing traffic
stream momentum. A lane density of approximately 80 veh/mi is the limit between
unstable flow (level of service Ez) and forced flow (level of service F). It is interesting
to note that a density of 40 veh/mi (15 percent occupancy) is currently used as the con-
trol parameter level for initiating ramp metering on the Eisenhower Expressway. If
density continues to increase, the metering rate is reduced until at a density level of 67
veh/mi (25 percent occupancy) the most restrictive ramp metering rate is selected.

In the introduction the authors indicated that vehicular operational cost is one of the
factors influencing level of service. In a recent study (16) on a 3.13-mi section of lhe



41

70
X _X_ Drew-Keese Equation: Speed = 60.3 - /;_ Density
60 R x 133.1
\ 0

\ \ . —-2%Chicago Equation: Speed=61./— /;_ l::_;’;’z j
g 50 Pia ;’,‘:. 4
o 1 5 (FEE
s RERES 0 S tHST I

40 : T AR _.(:.
g TR
.g ;-:"\x.
g XN
! % o\ B & ?!\\
3 L §3§;'~;\L X
] % A LTI N
% 1 OtHendleNERN .

. 87 -.'. ::E:{x . .x
10 K \‘:\ 1
Gl "\\
™~
7 S 5

O 0o 20 30 40 50 60 70 8 90 (00 MO /20 130 140
Density - vehicles per mile.

Figure 33. Speed-density relationship.

Y 8
L ""3 */2
I

—

Normalized Volume q/q,

Figure 34. Levels of service related to density.



42

22
y =0.8/8x - 0.00944x%
<
20
o
I
g ? Qb% -
N b .\ -
] /8 it
T S I O e
1% d [ TR AN
' i | RE2 \ .
_ A 2 ) e \
’ I N a1
S /4 Wi - b 0,
(XY | | \
iy / | ' |
E 1 I |
3 12 1 ! |
lL . | 1 T
| ! :
! ’ |
10 | | |
o 5 /0o 5 20 25 30 35 40 45 50 55 60 65

Speed —miles per hour

Leval of Service F |_L:nlaf5‘orw'u E |(.tnf of.s‘"w'u5| Levelof Service B,C,D |_L:nl of Service A
I= il T
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of fuel economy to speed versus speed. The resulting equation was

Fuel economy _  g1g - 0,00944 (speed)
Speed

and an r? value of 0.92 was obtained. The above equation was transformed into a fuel
economy versus speed equation

Fuel economy = 0.818 (speed) - 0.00944 (speed)®

and is shown in Figure 35. The highest fuel economy was obtained at a speed of 43.4
mph, and fuel economies greater than 17.0 mpg were obtained at speeds between 34,6
and 52.1 mph.

Using the density levels calculated in the earlier portion of this discussion, and the
linear speed-density equation, the levels of service were determined and are shown in
Figure 35. It can be seen that better fuel economy is obtained at the optimized speed
based on the kinetic energy concept than the optimized speed based on the momentum
concept. This would seem to further support the kinetic energy concept.

In summary, this discussion of the paper: (1) supports the authors' use of a linear
speed-density relationship as a basis for the kinetic energy and momentum concepts,
(2) indicates that the kinetic energy and momentum concepts can be used as guides for
operating existing expressways, and (3) presents evidence that fuel economy is higher
when kinetic energy is maximized than when momentum is maximized.
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KARL MOSKOWITZ, Assgistant Traffic Engineer, California Division of Highways,
Sacramento—The authors have made a significant contribution, not only by introducing
a new concept, the "energy analogy,' but in collecting and collating a great deal of
previous work done by them and others.

Each mile of a freeway flowing at a rate of 5,400 vph (one direction) at 15 mph is
providing 5, 400 vehicle-miles of transportation per hour, and each mile of another
freeway flowing at a rate of 5,400 vph at 50 mph is also providing 5, 400 vehicle-miles
of transportation per hour. The quantity of service seems to be the same, yet the
quality is obviously different, and if a person wants to describe quality in terms of
volume (or flow) he cannot do it.

The product of flow and speed suggested by the authors may be helpful in providing
a number that would overcome this anomaly, but until people get used to it, the useful-
ness might be limited. Some of us might still find it aids our understanding to use
more than one parameter to describe flow; i.e., to keep flow and speed separate.

Drew and Keese reproduce in Figure 24 (b) a graph that this reviewer has found very
useful in understanding the relation of flow and delay at (and upstream of) a bottleneck,
which is a very common occurrence on freeways and all other traffic facilities, includ-
ing nonmotor vehicle facilities. Many investigators get involved with speed-volume
curves (such as the right-hand side of Fig. 22), or flow-concentration curves (such as
Fig. 23), which are based on observations that may or may not be upstream of a bottle-
neck (the points on the curves representing higher speeds are seldom upstream of
bottlenecks), and they do not always realize that inferences drawn from the speed-vol-
ume curve or ¢ - kcurve may not be compatible with the facts as shown in Figure 24 (b).

One of the most useful things about Figure 24 (b) (reproduced herein with added notes
and dimensions as Figure 36) is that it shows flow as a rate (i.e., a mathematical
slope) which is time-related, instead of as a point which is not time-related. Since by
definition flow is a rate (i.e., n/t where n is number of vehicles and t is time), Figure
36 is much easier for an engineer to understand. Engineers have great difficulty dis-
cerning the slope of a point, or the meaning of a slope represented by a point on a
curve, or worse yet, a point which might
be anywhere within an envelope repre-
sented by a curve.

Figure 36 represents cars going
through a bottleneck as a function of time
during a peak period. The slope of the
upper curve at any point is the arrival
rate and the slope of the lower curve is
the service rate, or the actual flow, It
can be seen that at ty, the arrival rate
begins to exceed the service rate. This
might be 4:45 p.m. in a city like Sacra-
mento, Calif., and many other cities in
this country, At tp, which might be 5:15
p.m., the arrival rate is equal to the
service rate, and from typ until tg, the
arrival rate is less than the service rate.
Figure 36. Relation between flow and At tg, which might be 5:45 p.m., the

delay. congestion is over.
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Some of our colleagues in the traffic assignment field use speed-volume curves,
such as Figure 22 in Drew and Keese, to predict journey times as a function of de-
mand. Yet it can be seen that the delay to an individual vehicle, x; in Figure 36, is
much greater at to (when vehicle j goes through the bottleneck) than it is at ty, or at
any other time of day between ty and tp, although the predicted demand is less at t¢
than it is at any time between t; and tp. Using a speed-volume curve, a person would
imply that the speed was close to 0, at t3 + At, just after the queue begins to form, be-
cause the volume/capacity ratio at ty + At is very high and is considerably greater than
1,0, whereas in fact the delay is very small, as can be seen by looking at the graph.
The same person might infer that subsequent to tp, speed would be very high because
the demand/capacity ratio is less than 1, and yet a glance at Figure 36 shows that the
jth vehicle, arriving at ty,, suffers the greatest delay of any vehicle in the universe we
are here concerned with.

The actual flow rate stays nearly constant from ty to tq, but the journey time of any
individual vehicle varies considerably, and the queue length (y;) also varies. The spot
speed immediately upstream of the bottleneck will be variable, from 0 up, on a
moment-to-moment basis, and this is what Drew and Keese as well as other investi-
gators call "forced flow." The spot speed in the bottleneck or downstream of it will
be more uniform during time and will vary depending on how far downstream the ob-
servation is made, because cars will generally be accelerating. If the bottleneck is a
merging area on a freeway, the volume or flow upstream of the bottleneck is less than
the volume in the bottleneck by the amount added at the ramp; i.e., the ramp volume
plus the freeway volume is equal to the downstream volume.

A third axis, namely distance, can be added to Figure 36 and the resulting graph
would be a surface that truly portrays traffic flow in a single file, because speed would
show. The slopce of this surface in one plane would be flow (this is the plane shown in
Figure 36); in the second plane would be speed and in the third plane, density. An ex-
amination of this surface during periods of forced flow would show that speed-volume-
density relationships are far too complex to describe on a rate vs rate graph (i.e.,

flow vg concenlration or flow vs speed).

But the loss of time, or delay, owing to this speed reduction is so small in comparison
with the delay that occurs when the arrival rate exceeds capacity, that it really is not
very important to know much about in urban freeway operational problems. The reduc-
tion in level of service, or subjective reactions of drivers, in this range is related
more to nervous tension and necessity for continuous concentration on the driving task
than-it-istospeedor-delay.

J., W, HESS, U, S, Bureau of Public Roads—This report deals with volume charact
istics and capacity characteristics which affect traffic operation, and thus the level of
service, on freeways. Applications of the developed design tools are given. I am very
impressed by the comprehensiveness and thoroughness of this report. The Texas
Transportation Institute engineers working on the HPR "level of service' project in
Texas have turned out 2 remarkable quantity and quality of research in this past year.

I understand the material in this report has been under development for several years.
The subject of peaking is studied as related to the population of the city or urban
area. For instance, the level of service D for a 6-lane freeway has a maximum 5-min
volume rate of 5,250 when the design is for 4,800 vph for a city of 5 million metropoli-

tan area population. A higher maximum 5-min rate would be found in other cities of
smaller population (for instance, a 5, 600-vph rate for a city of 1, 000,000). My own
studies have shown the importance of population in high volume merging. The popula-
tion of a large city represents a steadier demand, greater driver experience, and
more aggressive driver behavior. The latter should not he misconstrued as meaning
drivers in large cities are more rude. I feel that they are actually more polite in free-
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way driving because they do not insist on their right-of-way and will help open a gap in
the stream at merging areas.

Perhaps the indications are that smaller cities should design at a higher level of
service because of greater peaking rates and poorer traffic performance. An alterna-
tive is to use lower-service volumes. Traffic performance should improve as the free-
way systems are developed, but peaking will probably not change much.

The authors had trouble relating factors which might have an effect on the maximum
rate of flow occurring in a peak hour. Such factors were physical size of the metropoli-
tan area, distance of the study site from the CBD or principal traffic generator, the
actual size of the peak period, itself, etc. Other engineers who have tackeled this sub-
ject have encountered the same trouble. Perhaps, the main reason for the lack of cor-
relation is the incompleteness of traffic studies as far as a simultaneous study of traf-
fic movement over the complete area of influence.

The design charts presented for use in determining lane 1 volumes at entrance ramp
locations gave answers very similar to those obtained by my own nomographs. The
only differences of any size were at successive on-ramps for 6-lane freeways where
the authors' lane 1 volumes are 150-200 vph lower, and lane 1 volumes on 8-lane free-
ways where my volumes are lower. I have one specific question—does + 8 percent
connote + 8 percentage points or + 8 percent?

I was especially interested in the results of the "lights on'' study because our weav-
ing study crew made four such studies in Detroit in September 1963. The authors'
study instructed the drivers to keep their lights on for 20 minutes, whereas our studies
instructed drivers to keep their lights on for 2 miles. Does this mean that there is
more congestion in Texas or do Texans tend to be "clockwatchers?'" Seriously, we
were studying the same thing—the lane usage of ramp vehicles downstream after merg-
ing. Our manpower allowed only a distance of 5, 000-6,000 feet downstream for study
purposes, whereas in the authors' study the distance was over 10, 000 feet. The curves
were very similar, with the authors' study curve falling along the same line as our up-
permost curve. One difference in the respective studies is that the authors' results
showed more vehicles remaining in lane 1 (after merging) at volumes above 3, 000 vph,
whereas our results showed less staying in lane 1 at the higher volume rates. Although
it is more difficult to vacate lane 1 at higher volume rates, it also appears to be more
desirable if the driver has the motivation of improving his position in the traffic stream,
Northwestern University has recently done some similar work for left-hand ramps,
both entrance and exit. The study method used by them utilized a series of time-lapse
cameras mounted on overpasses. All of this information is very important in determin-
ing the operation to be expected for a given design, and it may well give us our best
traffic evaluation for interchange spacing. Lane usage by prospective off-ramp vehicles
upstream from their exit ramp is a vital cog still missing in this evaluation of inter-
change effects. I can also see an important use of this information in simulation of the
traffic stream,

In the "Capacity Characteristics' section of the report, the following can be quoted—
"Both capacity and level of service are functions of the physical features of the highway
facility and the interaction of vehicles in the traffic stream. The distinction is this:

A given lane or roadway may provide a wide range of levels of service, but only one

possible capacity...." I wonder about the ""one possible capacity.' I believe that the
interaction of vehicles can change, and with it, the possible capacity, for instance, at
a ramp merging area where the ratio of lane 1 to the ramp might change considerably.

The energy-momentum analogy developed in this report to provide a quantitative
approach to the level of service-capacity relationship should be studied by everyone
interested in the developments behind the new Capacity Manual approach. This is not
to say that the analogy led to the Capacity Manual approach—only that it helps explain
some of the speed-volume-density relationships.

The last part of this section on "Capacity Characteristics' presents a very interest-
ing ""Probabilities of Types of Flow'" table. It would be especially useful if eventually
these probabilities could be related to the design standards or features of the freeway.
The actual freeway design, especially at a bottleneck area, as well as the metropolitan
population which is used should be a strong factor.
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In the "Applications' section of this report, the authors discuss critical sections
along the freeway such as merging and weaving areas. Though no procedures are
given in this report, intervehicular conflict upstream from an exit ramp is also men-
tioned as a problem. Ramp vehicles tend to decelerate on the through freeway lane
and this is a section of vehicle concentration. This problem is being considered in the
new Highway Capacity Manual by the assignment of a service volume level to the lane 1
immediately upstream of the exit ramp. It is interesting to note that in the report's
design problem of a length of freeway, application of the exit ramp equations points up
at least three locations where the 1, 700-vph service volume is exceeded, if only
slightly. However, service volumes for diverges could logically be slightly higher
than those for merges.

The ""Graph for Determination of Minimum Length of Weaving Section to Meet the
Design Level of Service' could be very useful, I note, by the slope of the weaving
distance lines, that entrance ramp volumes are considered more critical than exit
ramp volumes—this lends credence to my belief that lane 1 volume upstream from an
exit ramp should have a higher service volume (perhaps 100 vph) than a merge.

Finally, the authors mention the gap acceptance method of evaluating entrance ramp
capacity. I certainly agree that more research is needed in this area to cover, for in-
stance, aside from geometrics, the effect of intensity of light, inclement weather,
driver experience, etc. The measurement of gap arrivals and the metering of ramp
vehicles to fill these gaps is to become of more importance. In this vein, we can no
longer ignore freeway operation during more or less adverse conditions of weather,

I guess we literally will have to get our feet wet in the near future if we are to take an
all-conditions approach to freeway operation.

DONALD R. DREW and CHARLES J. KEESE, Closure—The authors are appreciative

nf tha averallant vawricawe hv M A N Mawvw Mnr Wanl Maclrawrto and Mw  Tacanh W

LICS dld Operation (May), Iireeway capaclty UVOSKOWLlz), and ramp capacity (Hess),
because these gentlemen have made particularly important contributions in these re-
spective areas.

It is encouraging to note that Dr. May's data based on lane occupancy tend to sub-
stantiate the model developed in this paper, and that the optimum speed based on fuel
consumption is in agreement with-the energy-momentum-concept for defining level-of
service. Vehicular operating cost is one of the factors considered in the level of serv-
ice concept. The fuel data were collected by Donald G. Capelle for use in his Doctoral
Dissertation at Texas A & M University. His studies were conducted on the Eisenhower
Expressway in cooperation with Dr. May and will be reported in detail at a later date,

We concur with Mr. Moskowitz regarding the utility of the relationship between flow
and delay illustrated in Figure 36 reproduced, in pari, in our Figure 24, However, the
addition of the top half of Figure 24 serves to dramatize the fact that the duration of
congestion can be appreciably longer than the duration in which demand exceeds capac-
ity.

It is felt that the ramp capacity analyses conducted by Mr. Hess substantiate the
proccdurc developed in this paper which was based on several highly selective locations.
Mr. Hess has analyzed a great deal more data covering numerous diverse types of

—-facilities-and-conditions;—The-fact-that-hisfindings-generally substantiate the theoreti=———
cal approach and practical application developed in this paper indicates that this com-
plex operational characteristic can be analyzed and used with reasonable confidence in
the solution of freeway design and operation problems.

These reviews lend support to the philosophy that the level of service concept (or
quality of traffic service) can be quantified for use in design of new facilities and in the
application of control measures to improve operation on existing facilities.

The authors again express appreciation to Messrs., Ginn, Haynes, Jones and
Lipscomb who conducted the individual studies and to the various members of the staff
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of the Texas Transportation Institute who contributed to these studies. Gratitude is
also expressed for the contribution of each member of the HRB Committee on Highway
Capacity and particularly to May, Moskowitz and Hess for their reviews.



Deterministic Aspects of Freeway
Operations and Control
DONALD R. DREW, Associate Research Engineer, Texas Transportation Institute

¢ AMONG the important problems arising from the population explosion is that of con-
gestion. Although this overcrowding manifests itself in virtually every aspect of modern
life, nowhere is it as dramatically exhibited as on our streets and highways. The most
vigorous attempt to eliminate traffic congestion was the development of the freeway, a
concept based on (a) the reduction of vehicle-to-vehicle conflicts, (b) elimination of
vehicle-to-pedestrian conflicts, and (c) elimination of delay-producing traffic control
devices. Still, practically all major cities are troubled with severe peak hour conges-
tion on newly completed freeways.

Previous studies have shown that a relatively small increase in traffic demand on an
already heavily loaded expressway can have a very detrimental effect on the operating
conditions for all traffic on the facility. Speeds and volumes are reduced, densities and
travel times are increased, and the highway immediately loses much of its efficiency.
Theoretically, it seems desirable to either ration or completely deny access to the free-
way at certain locations.

The automatic evaluation of freeway traffic flow will be a vital element ol any future
control system. Research must be directed toward the evaluation of the use of surveil-
lance and sensing equipment, and the simultaneous investigation of those characteristics
of traffic flow related to freeway congestion which can be determined and treated by

P

such equipment. The complexities and manifestations of freeway traffic congestion are

comfort. These factors are influenced by such additional variables as traffic demand,
traffic composition, lane occupancy, highway geometrics and the drivers' desired
speeds. Before it can be decided just what level of efficiency is economically feasible,
or stated another way, how much congestion should be tolerated during peak periods,
congestion must be defined quantitatively in terms of known and measurable parameters
of traffic flow theory.

In recent years, a number of descriptive theories of vehicular traffic have been put
forward. These theories are based on mathematical models of two basic types: deter-
ministic and stochastic. Included in the first category are the continuous flow models
and individual vehicle models which describe the macroscopic and microscopic proper-
ties, respectively, of the traffic flow phenomena. Included in the second group are the
probability distribution hypotheses and queueing theory.

GENERALIZATION OF DETERMINISTIC MODELS OF TRAFFIC FLOW

If vehicular traffic is assumed to behave as a one-dimensional compressible fluid
of concentration (density), k, and fluid velocity, u, then the conservation of vehicles
is explained by

:—f+—(—lak“ =0 (1)

3%

Taking the derivative of the product in the second term yields

Paper sponsored by Committee on Freeway Operations.
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3k  udk  kau _
b e o =0 (2)

It is well established in the theory of traffic flow that vehicular velocity varies inversely
with the concentration of vehicles,

u = f (k) (3)
As a consequence of Eq. 3,
du _3dusx du .
3k oxok dk  ° (4)

Solving for 3 u/3 x from Eq. 4 and substituting in Eq. 2, one obtains the following equation
of continuity for single-lane vehicular traffic flow,

2k 140k _
at+[u+ku]ax—0 (5)

Now, if it is assumed that a driver adjusts his velocity at any instant in accordance
with the traffic conditions about him as expressed by k3 k/3 x, the acceleration of the
traffic stream at a given place and time becomes

du _ 2.5 3k
dat - ¢ K 3xX (6)
Taking the total derivative of u = f (x, t) gives
du _dudx sudt
dt ~ax dt "ot dt (7

where dx/dt = u and dt/dt = 1, Substituting Eq. 7 in Eq. 6 yields

3k

au ou 2;n X _
axu+at+Ckax_0 (8)
From Eq. 4, it is equally apparent that
du _ s3k
3t T 3t ©)

By solving for 3u/3k from Eq. 4 and substituting in Eq. 8, substituting for Eq. 9 in
Eq. 8, then dividing through by u’, Eq. 8 becomes

2k cak“]a_k_
at+[u+—u—1-- ax—O (10)

which is the generalized equation of motion. The nontrivial solution of Eqs. 5 and 10
is obtained by equating the quantities within the brackets,

(u/)z _ Czk(n- 1) (11)
Finally, because of the inverse relation between velocity and concentration,

u’ = -ck(n- 1)/2 (12)
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Greenberg (1) has solved Eq. 12 for n = -1 obtaining

u=cln (kj/k) (13)

The solution of Eq. 12 for n > -1 is as follows:

u=(n_+i1)k(n+1)/2+cl,n>-1 (14)

where the constant of integration is to be evaluated by the boundary conditions inherent
in the vehicular velocity-concentration relationship. Thus, since no movement is
possible at jam concentration, kj,

Cy = (n2+c1) ki +/2 5 18
and

Similarly, the implication exists that a driver is permitted his free speed, uf, only
when there are no other vehicles on the highway (k = 0). Therefore,

uf=<nzTc1)kj(“”)/2,n>-1 (an

and the constant of proportionality takes on the following physical significance:

¢c=—F——75, N > -1 \10)
2k (n+1)/2°

Substitution of Eq. 18 in Eq. 16 yields the generalized equations of state,

(n+ 1)/2
u=uf|:1-(T{k;) ' ],n>-1 (19
(n+1)/2
q = ku = kuf [1_(1{%)11** ],n>-1 (20)

Differentiation of Eq. 20 with respect to k equated to zero gives the optimum concen-
tration, kmy, which is that concentration yielding the maximum flow of vehicles:

(n+1)/2
dgq 1-(n+3) k
dk ;k;(n+ 1)/2 up=g
k= [m+3)/2] 7@ Vg 0> (21)

Substituting Eq. 21 in Eq. 19, one obtains the optimum velocity,
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Figure 1. Solution of generalized equation of traffic motion, Su + 2xn ok =0, for N =
dt ox
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m n+3 y

The maximum flow of vehicles of which the highway lane is capable (capacity) is ob-
tained from the product of Eqs. 21 and 22

- (n+1) . - (23)
m [(1/2)2/(n+1)(n+3)[2/(n+1)]+1]Ufk],n

Some special cases of Eqs. 19 through 23 have proven to be of significance.
Greenshields'(2) linear model is obtainable by setting n = 1, and Drew (3) has dis-
cussed the case for n = 0. These cases, as well as Greenberg's model, are summar-
ized in Figure 1 and Table 1.

Typical of some of the car-following laws that have been proposed are those that ex-
press the performance of a vehicle in terms of its velocity and position with respect to
the vehicle immediately preceding it,
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TABLE 1
COMPARISON OF MACROSCOPIC MODELS OF TRAFFIC FLOW

Element General (n > -1) E’Eﬁ oze?tli)al P(E:l ra=b%l)ic %;\inzealr)
- du o2 3k du  c®ak _ du | 22k _ du 2, 2k _
Eq. of motion dt+cknax— dt+kax_0 dt+cax'0 dt+ckax--0
Constant of 1
proportionality ¢ = [(n + l)uf] /2K (n+1)/2 um ug/ 2k 4 ug/kj
ey +172 (ki) k Y% K
Eq. = (k =L (k) e
q. of state q = kuy [1 (kj) kupy, In & kur [ 1 (kj) kug | 1 k]-
Optimum
concentration k., = [ (n + 3)/2] -2/ + 1) ki kj/e 4kj/9 kj/Z
Optimum
speed Uy = [0+ 1)/(n+3)|u c ug/3 ug/2
m f f. f.
Capacity q @D uly L k; : k; 1 ug ki
m = e Um%j o7 UK Pl o
(1/2)2/(n+ 1)(n+3)[2/(n+ DI+l e 1 27 417

wes gea[mt @GPl i) [-2]

B +Th =alk .10 -% O - @®-x01™™ (24)

Eq. 24 states that the acceleration of a car, Xj, at a delayed time, ‘I', 1S directly pro-
portional to the relative speed of the car, %j, with respect to the one ahead, Xj -1, and
inversely proportional to the headway of thecar,xj -1 - xi. Since the right side of

Eq. 1 is of the form dy/y™, integration of Eq. 24 yields

3t+T)=alnlxj-1(@) -%x{)+C, m=1 (25)

and

-m + 1

X% (t+T) = (-m+1) "alxj-1() - x(t)] + Cz, m>1 (26)

The constants of integration are evaluated by observing that the velocity of a car ap-
proaches zero as its headway approaches the effective length of each car, L;

Ci=alhL (27

G = ~LaaD™ oL 2% msi (28)

Substituting for C: and Cz, Egs. 25 and 26 become

X%i(t+T)=alnL ' [x5.1@) -%(t], m=1 (29)
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TABLE 2
COMPARISON OF MICROSCOPIC MODELS OF TRAFFIC FLOW

Element General (m > 1) m=1 m= 3/2 m =2
ald-q1 - %) e alki-1 - % -
Eq. of motion ¥ = s Bl in ¥ = ——————=-—a(xi 1- %) Xj = el ,,1) = i B8 *B
(xi-1 - x{) (-1 - xp) (xi-1 - %)% (xi-1 - x1)
Constant of - (m=1) y,
proportionality — a = (m-1)ugk Uy v/ 2l "* ug/kg
-1 ’ 7
- K\ (ﬁ) E)* k
Eq. of state q = kuy [1-(1!]') ] kupy, In \ ¢ kug | 1 - K kug | 1 - kj
Macroscopic
counterpart
(see Table 1) n=2m -3 n=-1 n=0 n =41

% (t+T) = (m-l)_laiL-(m-l) - [x .1 @® -xi(t)]'(m'l)i,m>1 (30)

Eq. 29 is due to Gazis, Herman and Potts (4) who showed that the traffic equation of
state could be derived from the microscopic car-following law just as the gas equation
of state can be derived from the microscopic law of molecular interaction. Since the
space headway is the reciprocal of concentration, k, Egs. 29 and 30 become

u=aln (kj/k) (31)
and
u=(m-1)'1a(kjm'1-km'1),m>1 (32)

The constant of proportionality is evaluated at u = uf and k = 0, giving

a= ]({_mm_-_l)f uf, m >1 (33)
j

Special cases of Eq. 32, as well as the relationship of the macroscopic parameters c
and n to the microscopic parameters a and m are given in Table 2.

APPLICATION OF DETERMINISTIC MODELS

The applicability of these deterministic models to freeway traffic was tested on the
Gulf Freeway in Houston, Texas (Fig. 2). Time-lapse aerial photography with a 60
percent overlap was utilized to insure a given point on the freeway appearing on three
consecutive photos (Fig. 3). Six flight runs were made in the direction of the traffic
being studied, inbound during the morning peak. Since a given vehicle appeared on at
least three consecutive photos, individual vehicular speeds, accelerations, and space
headways were measured. The observations were compared (on a lane basis) to the
three macroscopic models in Table 1 and the three microscopic models in Table 2.

Regression analyses based on the macroscopic hypotheses of Eqs. 13 and 19 (n= 0
and n = +1) are summarized in Table 3. Statistical tests were, in general, highly sig-
nificant on each of the three freeway lanes, as well as on the total traffic on all three
lanes. The microscopic analyses, however, were inconclusive. A constant of propor-
tionality, a, was calculated for every freeway vehicle based on its performance and
position with respect to the vehicle in front of it. The physical significance of a is indi-
cated in Table 2 for the three microscopic models tested. The values obtained were
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REGRESSION ANALYSES OF EQUATIONS OF STATE (3 LANE TOTAL)

TABLE 3
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u=a - bk u=a - bk Ink = a - bu
Station
b a t b a b a

306-288 0.129 52.8 T. 52 3.32 71.0 0.044 6.20
299-281 0.115 50.9 32.16#* 3.14 69.2 0.050 6.35
292-274 0.112 52.0 18, 37##* 3.20 72.0 0.047 6.41
286-268 0.132 54.3 40. 60%** 3.47 74.6 0.046 6.35
280-262 0.131 53.3 30.60%* 3.34 72.2 0.048 6.38
273-255 0.142 55.3 13.49%+* 3.74 78.1 0.041 6.26
267-249 0.141 56.0 11,87** 3.89 81.3 0.038 6.25
261-243 0,102 46.7 4,98## 2.09 54.4 0.069 6.77
254-236 0.143 58.0 7. 7793 4.03 84.8 0.035 6.20
248-230 0.173 66.1 20, TT## 4.66 95.5 0.032 6.18
241-223 0.175 64.6 11, 53## 4.56 92.6 0.032 6.15
235-217 0.181 63.0 10.93%#* 4,67 91.9 0.032 6.09
229-211 0.167 59.7 4,85%* 4,32 86.6 0.032 6.06
223-205 0.182 64.5 15, 84#* 4.91 96.5 0.030 6.08
216-198 0.205 67.8 10. 00%#* 5.33 101.5 0.028 6.00
210-192 0.176 62.3 g.82n# 4.45 89.2 0.035 6.17
204-186 0.190 65.5 19, 03#* 4.86 95.4 0.032 6.12
197-179 0.176 64.3 14, 32#+ 4,55 92.6 0.033 6.20
190-172 0.197 66.4 T.99## 5.11 99.0 0.028 6.04
183-166 0.200 65.9 4, 97H* 5.01 97.0 0.027 5.97
176-158 0.181 63.2 T.12%= 4.57 91.8 0.032 6.16
169-151 0.179 63.0 11, 14%* 4.31 88.5 0.036 6.28
162-144 0.154 60.0 8.78%** 3.59 79.7 0.043 6.51
155-137 0.157 60.1 4.18*% 3.78 82.3 0.034 6.23
148-130 0.167 61.3 6. 06¥*+ 4.03 85.1 0.035 6.25
141-123 0.158 61.2 5.03#* 3.68 82.2 0.038 6.41
134-118 0.140 58.3 4,00% 3.18 76.0 0.042 6.50
128-110 0.145 58.1 3.60% 3.19 75.4 0.041 6.44
121-103 0.051 45.6 0.90 1.08 51.2 0.029 5.91
115-97 0.153 57.8 3.93* 3.14 73.7 0.049 6.71
108-90 0.222 66.4 4.85%* 4.75 91.7 0.034 6.12
101-83 0.194 64.8 2.67 4.14 86.8 0.028 5.94
95-77 0.165 61.9 1.65 3.35 8.7 0.023 5.67
89-71 0.176 64.0 1.47 3.79 84.2 0.021 5.62
82-64 0.126 58.0 2.87% 2.75 2.7 0.048 6.81
76-58 0.121 58.0 3.16% 2.67 1.7 0.053 6.99
69-51 0.127 57.7 2,73* 2.98 74.8 0.043 6.62
63-45 0.114 55.7 2,80% 2.67 71.1 0.049 6.86
56-38 0.110 55.5 1.95 2.48 69.1 0.039 6. 51
50-32 0.131 57.6 3.T9%* 2.88 73.1 0.051 6.91
44-26 0.122 54,2 3.37#* 2,62 67.9 0.053 6.88
37-19 0.137 54,2 4.60%* 2.96 69.8 0.053 6.75
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extremely variable; approximately one-eighth of the values were negative indicating
that, even under conditions of heavy traffic, the opportunity for changing lanes reduces
a driver's necessity to respond to the performance of the car in front of him.

Essential to the development of freeway control techniques is the determination of
suitable control parameters. Among the many techniques for controlling freeway traf-
fic, ramp metering at entrance ramps and changeable advisory speed limit signs lo-
cated on the freeway itself offer the most promise. Capacity, q,,, and optimum
speed, uy, represent two ideal control parameters. Figures 4 and 5 show continuous
speed and capacity profiles for the outside lane of the 6-mi stretch of the Gulf Freeway.
Free speeds, uf, are also shown in Figure 4 for the linear and parabolic models (uf = «
for the exponential model).

Because control of vehicles entering the freeway, as against control of vehicles
already on the freeway, offers a more positive means of preventing congestion, con-
siderable emphasis is being placed on the technique of ramp metering. Entrance ramp
metering may be oriented to either the freeway capacity or freeway demand. A capac-
ity-oriented ramp control system restricts the volume rate on the entrance ramps to
prevent the flow rates at downstream bottlenecks from exceeding the capacities of the
bottlenecks. Figure 5 shows a capacity profile for traffic on all three inbound lanes of
the Gulf Freeway. Bottleneck sections along with their respective control capacities
are evident.
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Some Considerations of Vehicular Density on
Urban Freeways

JOHN J. HAYNES, Professor and Head, Civil Engineering Department,
Arlington State College, Arlington, Texas

eA WIDESPREAD urban freeway problem is that of the overcrowding or congestion
which results from the peak traffic demands. Work traffic is customarily associated
with the peak demand so that for a short time each weekday morning and afternoon
many urban freeway sections offer a poor level of service to the motorists.

Although control of freeway traffic is, in itself, an anomaly, it has become in-
creasingly apparent that some regulation or control of the traffic during such critical
periods is necessary. Investigations are being made of the effect of metering or re-
stricting input to freeways, and speed advisory signs for the traffic on the freeways
are being used and evaluated,

Whatever the control action may be, there is a need for practical, reliable, and
efficient information which will actuate or initiate the control measure or measures.
Control systems will consist of an input sensor component which will supply the nec-
essary information, a logic component which will translate input information into a
course of action, and a control component which will enforce the chosen course of
action, An iterative series of the foregoing phases will continuously sample, decide,
and act throughout a period when control may be necessary.

Surveillance systems combine the first and part of the second components of a con-
trol system, These systems can be thought of as preludes to control systems. A
television surveillance system uses television cameras and pictures as the sensor
component and human beings as the logic component. Traffic stream element detector
systems are also used as surveillance devices. Electronic vehicle and speed detectors
are used in typical element detector systems as the sensing components, and analog
electrical circuitry is used as a part of the logic component,

Although traffic stream element surveillance systems have the obvious limitation
of not showing all of the traffic situation, they can be better adapted to an automatic
control system. Until the present time, only the time-based elements of the traffic
stream have been utilized, or sensed, by these element systems, i.e., volume (veh/hr)
and/or speed (mph). It is possible with some of the systems to measure the percent
occupancy which is related to density but is a point-obtained value and must be based
on a time interval,

In the general traffic stream equation, g = kv, ¢ is the flow (or volume) in vehicles
per unit of time, v is the space-mean-speed of the vehicles in the traffic stream in
distance per unit of time, and k is the concentration (or density) of vehicles in a length
of roadway in vehicles per unit of length, If any two of these three traffic stream
elements are known, the third is uniquely determined. Density, or concentration,
has generally been considered the dependent element because the other two elements
have been the measured elements. There is, however, no single dependent element
but only a relationship between the elements, It is helpful in visualizing the basic
traffic stream equation to consider the surface representing the equation plotted on
mutually perpendicular axes (Fig, 1). The locus of all possible points is a surface
which is infinite in extent; however, there are practical limitations which have been
rather well established by many previous studies,

Congestion is a qualitative term which is used in traffic engineering to indicate a
condition of traffic and traffic movement. Density is the quantitative measure of con-
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gestion and, thus, should be the most desirable element to use in freeway operation
control, High volumes of traffic or high average speeds are not objectionable from an
operational standpoint. Actually, high volumes and speeds are desirable in them-
selves, but it is known that sustained high volumes can lead to lower speeds and,
hence, high densities or concentrations of vehicles on the roadway, which are unde-
sirable, Unfortunately, continuous densities have not been directly measurable, Vol-
umes and speeds have been measured for many years by a variety of means.

Some of the factors influencing the interrelationship of density, volume, and speed
are the methods of measuring each, Density is, by its very nature, a space element
of the tratfic stream; volume is a time-point (nonspatial) element; speeds are some-
times point elements (spot speeds or instantaneous speeds) or are sometimes based
on travel times over a finite, short distance (space-mean-speeds). Sensing devices
have been used to determine speeds and volumes at a point (1) (or over a very limited
length of roadway), and densities have been rapidly approximated at short time in-
tervals, by electronic means, on the basis of such point information, This process,
in effect, extrapolates speed and volume information obtained at a point to density
over a distance of up to 1 mi. Density fluctuates continuously and becomes critically
high in certain spaces on a freeway in connection with the creation of bottlenecks,
Investigations by Keese, Pinnell, and McCasland (2) have shown that traffic in the
near vicinity of entrance ramps becomes congested enough to reduce speeds as much
as 50 percent or more during regular peak flow periods, From the fundamental
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relationship, volume is equal to density times speed, it is obvious that if a given vol-
ume of vehicles slows down, the density must increase, resulting in more congestion,

It would be desirable to sense density directly over a given length of roadway.
From a control standpoint, it is hypothesized that density sensing offers greater
promise than the current methods of computing density on the basis of speed and vol-
ume information,

If by some satisfactory means density were sensed, there would remain the problem
of determining the proper locations of sensors, the required lengths of roadway to be
sensed for density, and the critical density values to be used for the controlled opera-~
tion of freeway traffic, The characteristics of density must be carefully studied by
themselves before density is used as a control element, Because density has been
the dependent or calculated element heretofore, little has been developed which would
enable the study of the basic nature of density,

SCOPE

This report includes parts of a general study of the various aspects of vehicular
density for use in the control of freeway traffic (3). Density is considered singly as
a possible control element of a freeway operational system. This study provides in-
formation which may be useful for freeway control methods,

The scope of this report specifically involves principal study areas described as
follows:

1, The principal features of existing methods used to measure or estimate densityare
reviewed, There are two basic methods involved, One is a process in which density
is estimated on the basis of speeds and volumes sensed at a point, The other method,
which is not yet operational, involves the actual measurement of the density, or con-
centration of vehicles in a space. The undesirable features and limitations of existing
equipment are listed, and the general features which are desirable in density sensors
are described,

2, Results of aerial photography studies of the Gulf Freeway in Houston, Texas,
are utilized to show how density may be related to volume as well as to certain geo-
metric features of the freeway facility.

3, A field study method is described which yields continuous values of vehicular
concentration on certain sections of a freeway. The results of several of these density-
trap studies are analyzed for the purpose of determining the variability and frequency
distributions of freeway concentration and relating the length of sensing sections to the
variability of concentration,

4, The analysis of the data demonstrates a means of establishing optimum, or
critical, freeway concentration values and provides a means of identifying critical,
or bottleneck, sections at a freeway which exhibit recurring high densities.

DEFINITION OF TERMS

Bottleneck—a section which has a smaller capacity for accommodating vehicles than
adjacent sections upstream or downstream,

Concentration—accumulation, or number, of vehicles within a section or roadway less
than 1 mi long,

Congested Operation—operation at densities, or concentrations, greater than critical
density,

Critical Density--density at which maximum flow rate, or volume, occurs,

Density—number of vehicles within a 1-mi length of roadway.

Density Trap—a section of roadway for which the input and output volumes are measured
synchronously.

Light-Volume Operation—uncongested traffic operation involving volumes less than
maximum and densities less than critical,

Rate of Flow—number of vehicles passing a given point on a roadway in a period of
time less than 1 hr,
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Section Length—length of roadway under consideration for vehicular concentration,

Sensing—automatic detection of some aspect of traffic flow.

Space-Mean-Speed—mean, or average, speed of vehicles within a given space of
roadway.

Time-Mean-Speed—mean, or average, speed of the vehicles passing a given point
during some period of time,

Volume—number of vehicles passing a given point on a roadway in a 1-hr period,

DENSITY SENSING EQUIPMENT

There are presently several different firms which supply electronic density com-
puters. Actually, the systems available at the present time are capable of measuring
both speeds and volumes, and density is computed on the basis of these values.

The computers utilized in density computations usually generate analog functions
which may be recorded as analog data, displayed on output meters, or used in connec-
tion with control systems. The input information necessary for density computation by
a computer requires time to accumulate. The passage of a number of vehicles or the
time passage of several seconds or minutes is necessary for the traffic stream to
generate data to be evaluated.

The electronic circuitry involved in existing traffic surveillance analog computers
is beyond the scope of this study. It is possible, according to some of the manufac-
turers, to modify or adjust the output of such systems for a wide variety of purposes.
A preselected time period has been mentioned as a necessary constant for computing
volumes and average speeds. In many instances, manutacturers will offer several
different time intervals which may be used,

An altogether different type of density sensing is being developed in England by the
Road Research Laboratories. Charlesworth, Head of the Traffic Section of the labo-
ratories, replied to this author's inquiry about the actual sensing of vehicles in a
space, rather than computing the concentration on the basis of speed and volume. In
the renlv it was stated that there had been a development of a system which *meas-
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to its detector loop and has been used to determine when the "level of traffic" in a
traffic circle exceeded a critical value. It was further stated that this instrument
would be commercially available in the "near future,"

The detector loop referred to in connection with the instrumentation is a known and
utilized device in this country. Vehicle presence detectors which operate with loops
installed just below the pavement surface are used at tollgates, traffic signals, ete,

These vehicle detectors, however, are used only to detect the presence or absence
of a single vehicle adjacent to (just above) the loop. The output is a two-step function
only, indicating that an event is or is not occurring. The development of the loop
detectors to indicate the number of vehicles adjacent to a large loop (1,000 ft or more
in perimeter) would involve an analog function output which would be indicative of the
number of vehicles. In this sense, the Road Research Laboratory is developing a true
density (or concentration) sensor rather than a density computer,

Present Limitations

The density (or occupancy) computers now available involve the limitations of point
sensing and time lag which are not actually limitations of the density element but are
imposed by the means now utilized in the computer-sensor scheme, As stated earlier,
density is not presently sensed by available equipment; it is computed on the basis of
volume and speeds, both of which are time-dependent elements of the traffic stream
and must be measured at a point on a facility. The information obtained at a point is
then extended such that, assuming unchanging conditions exist downstream from the
point, a density or concentration of vehicles is estimated on the basis of a required,
preselected time interval.

Density is a function of vehicles and roadway length only; time is nol a dimension of
this element, Density exists continucusly at all instants in time, It is the one element
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present conditions at all other adjacent Figure 3. Undesirable scheme utilizing

points. Density is more nearly related difference of wounting sums.

to congestion and it should be sensed

directly in order to measure congestion

accurately., The devices now in use only predict, with limiting assumptions, what the

density might be downstream, and only then after an arbitrary time period of counting,
It would seem that improved methods are forthcoming and that true density sensing

will be done in the future,

Some Desirable Features

Economy is a feature to be desired in a density sensing device, Methods are now
possible which are too costly to consider, To utilize density as an element of control
information, it must be economically feasible to sense it. A determination of the
economic justification of density sensing or the benefit-cost ratio of traffic surveil-
lance systems is perhaps difficult at the present time, It is presumed that in the
developmental stages, some research and traffic surveying systems are not immedi-
ately economical but may result in long-term savings in terms of lives, dollars, time,
and information. It remains, however, to develop an economical means of sensing
density.

The systems developed should, of course, be density sensors (or concentration
sensors ) and not concentration computers or estimators. Such systems should be
highly reliable, As in any automated device, it is desirable to incorporate "fail Safe"
features or positive indications when the system is out of order.

The scheme of operation of a density sensor should be such that the failure of one
component or sub-part will not create an accumulative error in the output of the sys-
tem. Schemes involving a continuous counting routine are typical of those which
accumulate an error if one counting element fails. More specifically, it is more
desirable to feed the continuous output of a gridwork of vehicle detectors into one total
output, such as that shown in Figure 2, than to deduct periodically the out-detector
sums from the in-detector sums in an arrangement similar to that shown in Figure 3.
The failure of one sensor in the gridwork scheme would cause a small nonaccumulative
error in the output, whereas the failure of one sensor in the scheme of counting shown
in Figure 3 would result in an ever-increasing error. An additional feature of the
desirable system shown in Figure 2 is that it requires no starting technique. It would
yield continuously, from the time the sensors were activated, the concentration of



64

_ +
Oicillater T q % V (Output)

A Figure 5, Transmission line circuitry
o scheme.

Voltage ——

Distance -%nng o Transmisson Line ——————n
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transmission line. vehicles within the section, The undesirable
scheme shown in Figure 3 requires some
special starting technique for the deter-
mination of the number of vehicles in the
section at the time the counting begins.

It is highly desirable that the density sensors be unaffected by the speed of the
vehicle, Some vehicle detector loops and radar detectors will not operate if the vehi-
cular speeds are less than 5 mph, Detector loops may cease to detect the presence of
a stopped vehicle after a short period of time. The system should sense vehicles at
high speeds as well as those which have stopped.

If vehicles could be sensed according to lanes, the system would have more utility,
It might also be desirable to let the influence of large trucks be represented in the
output of the system.

A system should be durable and easily installed and maintained, The utility of a
density sensing device would be increased if a wide range of roadway lengths could be
sensed,

In a very limited experimentation program undertaken at Arlington State College,
certain studies concerning the development of density sensors were made, Attempts

properties ot the low-trequency lield resulted 1n unreliapte detections pecause the Iiux
was not controlled, or confined, to a desired region. The use of magnetometers was

considered; however, a review of the cost of such a system revealed that this method

would be too expensive to investigate in this study. The method of sensing impedance

shifts of a transmission line placed along the centerline of a lane was investigated and
was promising in a revised application.

A system which appears to be feasible because of its economy, reliability, and
simple circuitry is one in which equally spaced, short transmission lines are placed
at right angles to the centerline of a lane. An oscillator supplies energy to the trans-
mission line and a standing wave pattern is set up adjacent to the line, Figure 4
illustrates the relationship between the voltage and the distance along the line.

In the absence of any vehicle adjacent to the transmission line, a voltage detector
fixed at point A (Fig, 4) would read some small minimum voltage, The presence of a
vehicle near the line causes a shift in the standing wave pattern which would result in
an increase in voltage at point A, The direction of the wave shift is of no concern
because the wave pattern is symmetrical and a small shift in either direction would
result in the same voltage increase,

A schematic diagram of a transmission line circuit is shown in Figure 5, The line

“itself is comprised of simply two ordinary parallel witres, An oscillator isused which
operates in the 100 megacycles per second range and is rather inexpensive, costing
about $20. The rectifier serves as an envelope detector and the output voltage is
largely d. c.

Multiple detectors may he incorpnrated into a sensing system similar to that shown
in Figure 2, The voltage outputs of each detector system can be combined to operate
a voltmeter which could be calibrated to read in vehicles rather than volts.
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AERIAL PHOTOGRAPHY STUDY METHODS
The Houston Aerial Photography Study

In September 1962, aerial photography studies were made of a 5-mi section on the
Gulf Freeway (US 75) which extended from the edge of the central business district in
Houston southeast to the Reveille Interchange, where Texas 225 and 36 intersect the
freeway. Two methods of aerial photography, time-lapse and continuous-strip, were
incorporated in these studies under the direction of the Texas Transportation Institute,

Figure 6. Typical time-lapse photographs.

Figure 7. Typical continuous-strip photograph.
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in cooperation with the Texas Highway Department and the U. S, Bureau of Public
Roads.

There were two principal objectives of the aerial photography study of the Gulf
Freeway. The two aerial photographic methods were to be compared for their appli-
cability to aerial traffic surveys; also, considerable information concerning the opera-
tional characteristics of the freeway was expected, The work was contracted to two
aerial photography firms, each utilizing a Cessna 195 fixed-wing aircraft. Each com-
pany began flights at about 6:30 a. m. and continued until about 8:00 a, m. The two
planes were required to be separated by at least a 2-min interval. The time-lapse
plane was required to make nine runs and the strip-film plane was required to make
as many runs as possible and, to repeat its schedule of runs from 6:30 a. m, until
8:00 a. m, on a morning as soon thereafter as practicable, This arrangement resulted
in the nine time-lapse runs and a total of 22 continuous-strip film runs, The planes
were requested to fly only one outbound run on the first filming day and the strip-film
plane was requested to repeat this procedure on its second filming day.

During the filming runs, ground observers made volume counts at several points
along the 5-mi section of freeway, Several control vehicles were specially marked on
the roof and made runs in and out continuously during the filming sequences for which
they recorded their travel times. No communication between the ground stations and
the airplanes was provided for, There was a synchronization of watches Y hr before
the start of the filming flights.

Each of the 22 strip-film runs was developed and furnished as positive film trans-
parencies at a scale of about 1 in, to 300 ft, The nine time-lapse film runs were
developed and printed at a scale of 1 in. to 100 ft. Figures 6 and 7 illustrate, to a
reduced scale, these furnished photographic types.

Data Reduction

McCasland (é ), in reporting on the data reduction techniques used on the Houston
aerial photography study, emphasized that it was decided that each method and each
run would be subjected to as complete a reduction of data as possible, Had it been
desired onlv to analvze the films for a particular characteristic, such as density, the
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could be utilized for many different types of analysis.

Density-Volume Relationship
Since it is the volume which ideally should be kept as high as possible, the relation-

ship between volume and density should be-well-established-if-density-is-to-be-used-as

a control element, Each freeway may exhibit a different characteristic volume-density
relationship, It is furthermore likely that different sections along a freeway will have
their particular volume-density characteristics. Factors which can influence this
relationship are not only the geometric features of the freeway such as lane widths,
grades, median widths, shoulder widths, curvature, sight distance, and entrance and
exit ramps, but also such features as the posted speed limits, size of the metropolitan
area, and distance from the central business district,

Any specific section of a particular freeway facility can be studied for the volume-
density relationship, The continuous-strip aerial photography described earlier was
utilized to make a study of this type, A test section was selected such that no entrance
or exit was possible within the section, but all vehicles entering at one end exited at
the other end or stopped within the section,

The number of vehicles within the test section was obtained for each of the 22 dii-
ferent flights. The speeds of the vehicles were averaged (space-mean-speeds) and
the volumes were then computed on the basis of the density and the speeds, Table 1
gives the results of the 22 runs,

The 22 points obtained in this study are plotted in Figure 8, which shows the vol-
ume-density relationship for this particular study section, A curvilinear regression,
using a second degree parabolic relationship, yielded the equation of best fit:
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TABLE 1

CONTINUOUS-STRIP AERIAL. PHOTOGRAPHY
DENSITY STUDY TABULATION

Vehicular Concentration

(per 2,000 ft) Space-
Run Density Mean-  Vol.
Lane ILane Lane Total Speed
1 2 3
1 4 5 8 17 44,9 53.6 2,407
2 7 10 9 26 68. 6 38.3 2,627
3 9 11 6 26 68. 6 51.5 3,533
4 8 10 11 29 76.6 50.5 3,868
5 14 22 18 54 142.6 46.9 6,688
6 13 18 14 45 118.8 43.3 5,144
T 11 19 18 48 126.7 43.0 5,448
8 15 24 17 56 147.8 41.17 6,163
9 14 21 20 55 145, 2 38.6 5,605
10 12 14 15 41 108. 2 45.1 4,880
11 9 11 15 35 92.4 49.1 4,537
12 8 14 12 34 89.8 48.17 4,373
13 9 14 10 33 87.1 50, 2 4,372
14 9 14 11 34 89.8 52.9 4,750
15 10 15 13 38 100.3 47.1 4,724
16 15 20 17 52 137.3 43.1 5,918
17 14 21 23 58 153.1 33.2 5,083
18 12 20 15 47 124.1 40.2 4,989
19 13 14 15 42 110.9 39.8 4,414
20 16 18 19 53 139.9 40.8 5,708
21 15 20 19 54 142.6 43.2 6,160
22 15 19 18 52 137.3 40.9 5,616
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Figure 8. Volume-density relationship ob- Figure 9. Estimated vs actual volumes ob-
tained in continuous-strip aerial photog- tained in continuous-strip aerial photog-
raphy. raphy study.
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V = 75D - 0,205D® - 812 (1)

in which V is three-lane volume (veh/hr) and D is three-lane density (veh/mi), This
regression analysis placed no restrictions on the constant term; thus, when the density
in this equation is zero, the volume is -812, The true relationship is such that vol-
ume is zero when density is zero. The equation, however, is the best second degree
curve fit for the points shown, all of which are in the range of 2,500 to 6,500 veh/hr,

The volumes as predicted by Eq. 1 were computed for each of the 22 densities
obtained in this study and plotted vs the volumes obtained in the study (Fig. 9). The
coefficient of correlation for these points is 0,906 and R-square is 0.82, or it could
be said that the second degree equation accounts for about 82 percent of the variation
in actual volume,

If the parabolic expression is differentiated with respect to density, dv/dD = 75 -
0,41D and dV/dD = 0, then D = 75/0. 41 = 183, which is the density associated with the
maximum volume. The maximum volume would then be V = 75(183) - 0. 205(183)* -
812 = 13,725 - 6,865 - 812 = 6,048 veh/hr for three lanes.

DENSITY TRAP STUDY METHOD

Because of the expense of aerial photography methods of studying freeway traffic
flow characteristics and because only a few instantaneous states of density were
available from such studies, another study procedure had to be developed to provide
more, and preferably continuous, density information. Economy and mobility were
important factors in the development of this procedure. It is emphasized that the
study method developed was not basically a method to be developed for automatic
density sensing; some desirable features of automatic density sensing have already
been discussed. This procedure involved a means of obtaining a continuous record
from which actual densities, or more correctly, vehicular concentrations within a
section of the freeway were derived after a data reduction of the record.

The density trap involves a selected length or section of roadway. The upstream
end of the lanes of one-direction traffic constitutes the beginning of the trap or the in
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entrance or exit points within the trap. The number of vehicles, k, in the trap at
any time, t, can be expressed as:

t t
k=k,+ % I(T) - 3 o(T) (2)
T=t, T=t,
where kg is the number of vehicles in the trap at some beginning time tg, I(T) is the
number of vehicles passing in as a function of time, and O(T) is the number of vehicles
passing out as a function of time,
Several practical problems exist when attempts are made to put this principle into

110l 11an: (o) tho vahinlas muar ho T r nnoyrnta
taluse: (a) the vehicles must be gountedvery ageurately e

ng will be thereafter reflected in the concentration, k; (b) since the number

-

ny orrar modo
(S

.8
¢

5
3 8
B

va tha gam

Fh

+im
Lifii

o

aTro a o
1V LT Saiuv

base,
a ™
d

o nftawr hoos . e
ime after beginning; (¢) the num

’ s 41 =4
the beginning time or lapsed t <}
» Ko rap at a beginning time, t,, is not readily determinable; and
d) the record of such values as k, I(T), and O(T) is continuously changing in time

nd requires some dependable recording scheme,

P ~0 WO
=
=
.
o
(o]
—+

Description of Method

As a matter of expediency, it was decided to count the vehicles manually. Adequate
numbers of personnel were available with experience in counting traffic, and it was
felt that automatic vehicle counters were not economically justified. The installation
of the counters would have also been time consuming and they would not have had the
mobility of human observers. It was realized that a method of checking would have to
be developed, regardless of whether automatic or manual counters were used.
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Figure 10, Wiring scheme for density-trap apparatus.

To obtain 2 common time base and to synchronize properly all in and out counts, it
was decided that each observer, or traffic counter, would operate an electrical switch
wired to an electrical counter mounted on a centrally located counter board, All
counters for both the in and out points were mounted on the same counter board, thus
could be observed simultaneously at any instant in time, Figure 10 shows a wiring
scheme for the density-trap method.

To ascertain accurately the number of vehicles, K,, in the trap at some beginning
time, ty, a span of pace cars were required to maneuver such that they were abreast
of each other when traveling through the trap, thus preventing any vehicles from passing
them or their passing any vehicles.

The pace cars were the first cars counted by every observer; therefore, when the
out points began counting, the difference between the total in and the total out was the
actual concentration of vehicles within the trap.

A check on the accuracy of the counting was provided by having the pace cars pass
through the section a second time to end the count, The pace cars passed through the
section abreast and were the last vehicles counted by every observer. The final totals
of the vehicles in and the vehicles out were identical if no mistakes had been made in
counting,

The data were recorded by photographing the counter board with a 16-mm moving
picture camera at a rate of 10 frames per second, This system provided a continuous
record of the density-trap studies, each of which lasted from about 6 to 18 min, The
reaction time of the observers was found to vary about 0.2 sec. To determine this
variation, several observers were required to actuate their counting switches for the
same vehicles passing a given point, This variation in counting could have been over-
come by using automatic vehicle counters; however, for the purposes of this study of
vehicular densities, manual counting was considered sufficiently accurate, The
camera speed of 10 frames per second was deemed sufficiently fast, consistent with
the variation in manual counting accuracy,

The counters were mounted flush with a small plywood board which comprised the
face of a folding-leg frame, An electric clock from an automobile was mounted on the
face of the panel and was operated by a 12-volt dry-cell battery. The clock provided
a record of the time of day and, by observing the second hand, an accurate check was
made of the number of frames per second taken by the moving picture camera. The
camera was equipped with a 1,200-ft film magazine and an electric drive, The power
for the camera drive motor was provided by a portable, gasoline-powered generator.
Figure 11 shows the camera in position for filming the counter board during a study
at the Gulf Freeway in Houston,

Radio communication between the pace car drivers, the filming station, and the
counter stations was provided, Ideally, there would be a total of four transceivers for
such a study: one in a pace car, one at each counting station, and one at the filming
station, Each transmitter should have a range of several miles to insure communication
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Figure 11. Filming station for density-trap study.
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Figure 12. Manual count station at edge of freeway.

Figure 13. Manual count station adjacent to bridge.
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with the pace car which might be required to travel considerable distances from the
trap section, Field telephones could be utilized between the ground stations and, thus
a minimum of two radios would suffice. Figure 12 shows a group of three observers
and a supervisor standing in position just off the shoulder of the freeway, In some
instances, it was necessary to make counts at a location on a bridge where the side-
walk was too narrow to accommodate the observers safely, In such cases, use was
made of a hydraulic lift platform, as shown in Figure 13, The Texas Highway Depart-
ment and some city traffic departments utilize such trucks in the maintenance of signs
and traffic signals.

The moving picture films, after being developed, were analyzed on a 16-mm time-
motion projector. These projectors are equipped with frame counters and can be
advanced so that the film can be studied frame by frame. In the data reduction of the
film, it was necessary to record each counter actuation and the associated frame
number, Clock times were recorded every 1,000 frames, or approximately every
100 sec, to confirm the filming speed. The counters rotated half way toward the next
digit on contact closure and completed the rotation when the contact was broken,
Attention was given to recording the precise frame number of the initial contact closure,

An added feature of the density-trap method was incorporated during the studies
made in early 1964 in order to obtain the travel times of several vehicles through the
trap section, Two additional counters were used for this purpose and were also mounted
on the counter board. Additional circuits with switches were provided similar to the
counting circuits for each of the two additional counters. The observers using these
counters were stationed at each end of the trap section near the volume count observers
and were provided with communication with one another, Either field telephones or
portable radios could be used for this purpose. The observer stationed at the in point
selected a "'floating' vehicle and actuated his switch when the vehicle entered the trap
section, He then described the vehicle to the other observer at the out point, who, in
turn, actuated his counter when the described vehicle exited the trap, The filmed
record of these two counters provided sufficient information to calculate the speeds
of these vehicles through the trap.

It should be pointed out that the trip times through the trap were not necessary, but
were obtained as a possible source of verification of speeds calculated from the vol-
ume and density information obtained in the study.

A total of six density-trap study runs were made in Houston on Wednesday morning,
Nov, 27, 1963, The study site was selected on the Gulf Freeway in the region of
Station No. 100, The inbound lanes of the facility have no entrance or exit ramps for
a distance of about 1,800 ft at this particular location (Figs. 6 and 7)., The out count
station was set up at Station 86 + 50 and the in count stations were set up at three
different points to vary the trap length. In point stations at 92 + 30, 95 + 40, and 102 +
80 provided trap lengths of 580, 890, and 1,630 ft, respectively., Personnel from the
Texas Transportation Institute and the Texas Highway Department were utilized in
making the Houston studies, The run numbers and lengths of trap sections and the
difference in the final in and out counts obtained are given in Table 2, Only runs 1, 4,
and 5, which tallied exactly, were reduced frame by frame for complete analysis.

The film reduction, frame by frame, required two persons about 42 hr of moving
projector time and about 84 man-hours,

No serious congestion occurred during any of the six study runs, Information con-
cerning volumes of traffic associated with high densities was desired,

A new study site for congested conditions was sought which would provide vantage
points for observers from which they could make accurate counts without calling atten-
tion to themselves, The North Central Expressway in Dallas is a partly depressed
facility; that is, it passes under many of the major streets. The embankments in the
regions of overpassing major streets or the overpassing structures themselves provide
positions from which observers can accurately count traffic from less obvious positions.
At the Haskell St. overpass, the North Central Expressway provides a section about
1, 200 ft long with no entrance or exit ramps, This section of expressway was observed
to congest rather heavily each day on the outbound lanes during the afternoon peak.

On Friday afternoon, Feb., 7, 1964, personnel from the Texas Transportation Institute

3
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and Arlington State College made a study at the Haskell St, location on the North Cen-
tral Expressway. The study involved two runs, hereafter referred to as runs 7 and 8,
Run 8 involved a difference of 9 vehicles in the in and out count and was not analyzed
Run 7 was made at about 5:00 p. m. and had a duration of 6 min.

The trap length was 900 ft and the total vehicles counted was 459, at both the in and

frame by frame,

TABLE 2

SUMMARY OF DENSITY-TRAP STUDY METHOD
RUNS IN HOUSTON

. Run Trap
Run Time : Total Total Count
Re, fam) Coanon Lemstl Sow wepowt  Hevor
(min) (ft)

1 7:40 15 580 1,268 1,268 0

2 8:30 12 890 749 746 3

3 9:15 12 1,630 476 477 1

4 10:45 12 1,630 499 499 0

5 11:10 11 890 466 466 0

6 11:40 11 580 419 421 2

out stations.

Density Data Concept

ANATLYSIS OF DENSITY DATA

Volume, when reduced to its most elemental form based on time gaps between
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might be represented as shown in Figure 14. Although the shortest term volume rates
in and out may be quite variable, the density of vehicles within the section will be less
variable if there is an average of over two vehicles in the trap. The volume out is not
If an average travel time through the trap were At,
there would be similarity between the two volumes if the origin of the volume were
-~ shifted an amount equal to A t.As the trap length increases; this similarity between —
volumes tends to diminish. The longer the trap length, the less variable the density
This is comparable to a longer counting period for volumes entering (and
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TABLE 3

DENSITY-TRAP STUDY METHOD
TRAVEL TIME AND SPACE-
MEAN-SPEED TABULATION

Run Avg, Travel Time Avg. Speed
No. (hr) (mph)

1 0.00300 36.6

4 0.00680 45,4

5 0.00357 47,2

7 0.01070 15.9
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Density-Volume Relationship

The density-trap study method provided
considerable data suitable for establishing
the relationship between density and vol-
ume, The approach in this analysis in-
volved the assumption that a short-term
rate of flow in immediately preceding any
specific concentration should be compared
to that concentration, Furthermore, the
short-term rate of flow out immediately
succeeding any particular concentration
was compared to that concentration, The
basis for this concept is illustrated in
Figure 14. The time involved in the rates
of flow was based on the approximate

average travel time through the trap. The average travel times through the trap were
either measured, as described earlier, or obtained from the time required for the

pace cards to traverse the trap at the beginning and end of any run. Since a rate of
flow was being computed which involved dividing the number of vehicles observed during
the time period by that time period, the precise time interval to be used was not of
absolute importance as long as the time interval was generally about the average travel
time for the trap. The time intervals used for the various runs analyzed are given in

Table 3.

A computer program was written to determine the rates of flow in and out for each
concentration obtained in runs 1, 4, 5, and 7 and the rates of flow were extended to
volumes, in vehicles per hour, and the concentrations were expanded to density, in

vehicles per mile,
sulted in the equation

V = 65.5D - 0,179D* - 80

A curvilinear regression involving a second degree parabola re-

(3)

Only every twentieth value of density and the corresponding value of volume is shown

in Figure 15,
practical.

The large number of obtained points renders plotting every point im-

When Eq. 3 is solved for the maximum volume, by differentiating and setting
dv/dD = 0, the maximum volume is 5,930 veh/hr for three lanes and the optimum
density associated with this maximum volume is 183 veh/mi for three lanes.
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Volume-density relationship obtained from density-trap studies.
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The differential of this equation, dV/dD = 65.5 - 0. 358 D, represents the slope of
the volume-density curve at any point and when density is zero, the slope is 65, 5,
The slope at zero density is what might be termed the "free-flowing' speed of the
section of freeway since the slope is volume, in miles per hour, divided by density,
in vehicles per mile, which is equal to the space-mean-speed in miles per hour, To
be completely correct, the curve should pass through the origin; however, this curve
comes considerably closer to the origin than the one developed in the continuous-strip
aerial photography study.

The true shape of the volume-density curve past the maximum volume point is dif-
ficult to ascertain, The volumes associated with extremely congested traffic condi-
tions are known to be quite small and the density reaches its maximum value when the
stream of vehicles has been halted in a bumper-to-bumper stoppage. For the purposes
of this study, it is not necessary to determine this branch of the curve; the maximum
volume and its associated density is the limit of importance in using density as an
element of control. It is believed that the density-trap method, however, might be a
useful study procedure for determining the congested, or right, branch of this curve,

Variability of Concentration

Although density is, by current usage, defined as the number of vehicles in a 1-mi
length of roadway, concentration is taken to mean the number of vehicles in a length
of roadway less than 1 mi long. The two important factors affecting the variability of
concentration are the length of section involved and the volume of traiffic,

A simulation of freeway traffic with an IBM 709 digital computer (3) indicated that
distributions of concentrations could be approximated rather closely by the Poisson
distribution, particularly for light to medium volumes of traffic, This simulation
indicated that the mean concentration was directly proportional to the length of section
involved for any given volume., The simulation furthermore indicated that the vari-
ability of concentration was inversely proportional to the length of section involved for
any given volume. Specifically, the standard deviation of concentrations was related

L
o1 = ‘/it:' 02 (4)

where 0, is the standard deviation of the concentrations observed in a length of section

Ly, and oz is the standard deviation of the concentrations observed in a length of sec-

tion Lz. The lengths of sections investigated ranged from 500 to 2, 000 ft.

The standard deviations were observed in the simulation program to be a function of
volume; however, for a section length of 1, 000 ft, o ranged between 3 and 4 veh for
all volumes, The actual validity of these simulated variations was established rather
well by the field studies.

The frequency distributions of concentrations obtained from the density-trap field
studies were calculated on a time basis, The frequency, in other words, refers to
that portion of the time that a particular concentration was observed, Figure 16 shows
the frequency distributions for runs 1, 4, 5, and 7, and the Poisson distribution with
the same mean value is superimposed on each plot. Runs 4 and 5, as previously
stated, involved moderate to light volumes of traffic and it is seen that the concentra-
tion distributions are quite similar to Poisson distributions. The standard deviations
of these two runs are approximately equal to the square root of the mean, which would
be the case for a Poisson distribution. Run 1 involved high volume flow, or generally
optimum volume of flow. The distribution of density for this run is observed to be
significantly less variable than the corresponding Poisson distribution, Run 7 involved
congested flow conditions with volumes less than optimum, The standard deviation
obtained in this run was considerably less than would have been obtained with a Poisson
distribution.

It should be pointcd out that there was no control of volume in these field studies
and only the lengths of traps were varied, The durations of the runs were compara-
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Figure 16. Concentration distributions obtained from density-trap studies.
TABLE 4 tively short, however, and it is unlikely
STANDARD DEVIATIONS OBTAINED that a general change in the volume oc-
. cured during any specific run. The
IV DENSITY=THAP STUDIES lengths of the traps had an obvious effect
on the mean value of concentration for
Hu No, 9m 01,00  Approx. Vol. any similar volume conditions. For ex-
1 9 24 2.94 5. 050 ample, the mean concentration value,
4 473 3' 7 9’ 550 considering moderate to light volumes
5 3' 79 3' 94 Py 650 of traffic, of a trap length of 1,630 ft in
" 2' 8 2' 88 4 300 run 4 was 15, 67 veh, as compared to a
" . 5

mean of 8,72 in a trap length of 890 ft in
run 5, The standard deviation of the con-
centrations in run 4 was approximately
equal to the square root of the ratio of the trap length used in run 4 to the trap length
used in run 5 times the standard deviation of concentrations in run 5, or

04 =VL-E: Os (5)

This would appear to be a fairly reliable relationship between the lengths of sections
involved and the variability of concentrations for light and medium volumes., For the
greatest volumes as well as for the congested flow conditions, the variability of con-
centration was observed to be considerably less than for the light to moderate vol-
umes. It might be pointed out, however, that for runs 1 and 7, the relationship

on ‘/E o (6)
Ly

did happen to be very nearly correct.




76

The standard deviations obtained in these four field studies were all calculated for
an arbitrary trap length of 1,000 ft by using the relationship

01,000 = 1,400 Om (7)
Lim
These values, along with the approximate volumes, are given in Table 4. The values
in these studies indicate that the standard deviation of concentrations observed in a
1,000-ft section of three lanes of freeway will be about 3 for high volume flow and
also for congested lower volumes and, for light to moderate tratfic flow conditions,
will be about 4. That is, the standard deviation of concentrationsobservedina 1,000-ft
section was found to be about 4 for lower concentrations and 3 or less for medium to
high concentrations.

SELECTION OF LENGTHS AND LOCATIONS FOR DENSITY SENSING
Locations of Critical or Bottleneck Sections

Aerial photogrammetry studies of traffic flow characteristics have been analyzed
for density contours by May, Athol, Parker,and Rudden (5). In such an analysis, the
concentrations of vehicles along the roadway are obtained for successive time intervals
of about 5 min. A contour is obtained by plotting the densities ona chart withthe station
numbering (100-ft stations) as an abscissa and time of day as ordinate. Studies made
during peak traffic flow periods will show the position, or station numbering, of high-
density locations and the time of day the high densities exist. The duration of high
density, or congested conditions, can be determined by noting the vertical height (time)
of any particular density contour at a particular location along the freeway. If studies
made on several different days have similar locations of high-density conditions, it is
reasonably certain that the particular locations are critical or bottleneck sections.

The aerial photogrammetry studies made on the Gull Freeway in the [all of 1962
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the morning peak flow toward the city of Houston results in several locations of high-
density flow. Figure 17 shows the results of the three-lane density contour for the
Gulf Freeway from 6:45 to 7:45 a. m. A line sketch of the freeway, frontage roads,
entrance ramps, and exit ramps is shown above the contours.

It can be seen that in the region of Station 285 + 00 extremely high densities did
occur. A three-lane density of over 420 veh/mi corresponds to almost a complete
stoppage of vehicles, or, at best, a stop-and-go or crawling-speed condition. The
merging of two state highways with the Gulf Freeway at this location presents a serious
problem on the facility., Subsequent studies made on the Gulf Freeway indicate that
the critical sections shown on this density contour generally tend to appear at the same
locations more or less regularly.

This study procedure appears to provide a useful basis for the selection of density
sensing locations. The contours also seem to indicate that lengths of 1,000 ft or less
might suffice for density sensing trap lengths,

Considerations of Density Sensing Section Lengths

The volume-density relationship obtained from field studies of a section of the Gulf
Freeway indicated that the density associated with the maximum flow rate was about
180 veh/mi for three lanes. The concentration in a section 1,000 ft long corresponding
to this optimum density would be about 34 veh. The variability of concentration in a
1, 000-ft section indicated that the standard deviation of concentration would be about
three vehicles for moderately heavy or heavy volumes and that the distribution of con-
centrations would be approximately normal. A standard deviation which is only 9 per-
cent of the mean concentration indicates the high degree of reliability which is inherent
in sensing concentration (or density), and, as it has been pointed out, this sensing can
be continuous, thus affording instantaneous indications of the traffic flow condition.

It may not be economically feasible or even necessary to sense density continuously
along a freeway facility, A density contour analysis would seem to provide a basis for
the selection of sections to be sensed. There is an indication that the standard deviation
of the concentration, for any specific volume of traffic, is related to the length of section

being sensed by Eq. 4:
\/E
gy = — Q02
L2
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As the length of a sensing section increases, the concentration of vehicles increases
proportionally. The standard deviation increases in proportion to the square root of the
section length; thus, the ratio of the standard deviation to the mean decreases as the
length of section increases. Figure 18 shows this relationship. It would appear that
little increase in confidence would result from sections longer than 1, 500 ft and that
acceptable sensing reliability may be possible with sections as short as 500 ft.

CONCLUSIONS AND RECOMMENDA TIONS

This study of vehicular density has singled out the one element of the traffic stream
which, because of the difficulty of measuring it directly, has been largely relegated to
be the dependent variable in the expression q = k v. By focusing attention on this
element, this study offers these conclusions, subject to the recommendations which
follow,

Conclusions

1. Density, or concentration, is an independent element of the traffic stream which
is subject to direct measurement, is feasible to sense directly and is most directly
related to the congestion of traffic. The q-k-v surface, as shown in Figure 1, is a
useful concept in considering the relationship between speed, volume, and density,

2. Reasonably close agreement was found between the maximum or optimum density
and theoretical optimum densities. It is possible, with field studies, to establish the
optimum density, associated with a maximum volume, for particular sections of a
freeway, and these optimum densities may not be the same for all sections along a
freeway.

3. Frequency distributions of densities were found to be closely approximated by
the Poisson distribution, or a random spacing of the vehicles, for light and medium
volume conditions, or uncongested conditions; the distribution of densities was found
to be considerably less variable, however, for heavy volume or congested flow condi~
tions, These relationships agree with several theoretical considerations of traffic

which was approximated rather well by a parabolic relationship for the light traffic
volumes up through the maximum volumes of flow.

5. The mean concentration was also proportional to the length of the section con-
sidered,

6. The variance of the concentrations was approximately proportional to the length
of the section involved. Thus, the standard deviation was approximately proportional
to the square root of the section length, For any particular volume, an increase in
section length will result in a standard deviation of concentration which is a smaller
percentage of the mean concentration,

7. Density sensing systems can offer the unique advantage of having continuous and
instantaneous values for use in the control of freeway traffic systems and will not
depend on some time interval for counting and averaging before a new output is available
for control purposes,

8. It is possible to develop a density sensing system utilizing high-frequency,trans-
mission-line type sensors which make use of voltage shifts caused by vehicles adjacent
to the sensors,

9. Aerial photography methods of studying traffic characteristics can be utilized
to determine volume-density relationships; such methods are useful in obtaining the
density contours for a facility. The density contours can be used to identify the
regular bottleneck sections which recur daily,

10. The density-trap method of study offers advantages in studying the continuously
variable nature of density and the relationship between density and speed and volume,

Recommendations

An actual density sensing system needs to be developed and produced for evaluation.
Such a system should have a continuous output proportional to the sum of the vehicles
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in the section at any instant and should not be based on the result of a subtraction
process or data processing which subtracts a downstream count from an upstream
count, A proper system would not involve a cumulative or increasing error if a par-
ticular sensor in the system failed, but would continue to give an output in error only
by the amount attributed to the faulty sensor,

A density sensing system which has been properly evaluated should be installedata sec-
tion or sections on a freeway which have been previously selected as critical locations
by the density contour method of analysis. The system should then be studied as an
operational control system, The critical values of density predetermined from traffic
studies should be corrected for any observed inaccuracies. It will be necessary to
consider the entire freeway system in establishing critical densities for control to
insure a balanced or optimum operation of the system,

Studies should be made to determine what minimum portion of the total length of
controlled freeway should be sensed for density to obtain the required degree of reli-
ability for operational control. A combination of volume sensing and density sensing
could be considered in the determination of the minimum proportion of freeway to be
sensed for density. Although density sensing can be useful in freeway operation con-
trol, a lengthy freeway section probably should have volume sensing used in combina-
tion with density sensing over certain lengths of the total section. A very long section
sensed for only density would not present information concerning the bunching of
vehicles within the sensed section; volume information would be useful in combination
with density information in this respect,

Little has been done to relate the nature of one-lane traffic flow characteristics to
multiple-lane flow characteristics, It is possible to sense density by lane as well as
by total of all lanes, Relationships between individual lane densities and total densities
should be established by further studies.

The density-trap method of studying traffic could be improved. Automatic vehicle
counters could perhaps be utilized to replace the manual counters, The entire system
could be operated wireless, or by radio, rather than by multi-wire cable and the voice
communication could then be incorporated into the radio counters. In special locations
where closed circuit television surveillance systems are in operation, it is possible
to make density-trap studies by viewing the monitors, This study method offers direct
information concerning concentration, volume rate, and speed and is a useful study
procedure for determining the relationships between these basic elements of a traffic
stream. The process of data reduction from the motion picture film is rather tedious.
Improvements could be made in this process, particularly if the records were made
on punched tape rather than motion picture film. A machine reduction of the informa-
tion would then be possible,

The congested portion of the volume-density relationship should be investigated
further, The density-trap method should prove to be a useful procedure for such
studies, The right branch, or congested portion, of the volume-density relationship
should be less influenced by the geometrical features of the roadway or the geographic
location of the way drivers space themselves at slow speeds in congested conditions,
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Ramp-Freeway Terminal Operation as Related to
Freeway Lane Volume Distribution and
Adjacent Ramp Influence

JOSEPH W. HESS, Highway Research Engineer, U. S. Bureau of Public Roads

This report is a continuation of the report '"Capacities and
Characteristics of Ramp-Freeway Connections, ' contained in
Highway Research Record No. 27. It terminates the analysis
of the data collected during the nationwide Freeway Ramp Ca-
pacity Study, a project sponsored jointly by the Highway Re-
search Board and the Bureau of Public Roads. It also contains
an analysis of considerable data collected in a 1963 nationwide
study of weaving areas by a crew of Bureau of Public Roads'
junior engineers.

The emphasis in this report is on equations for determining
traffic volumesin land 1, the right-hand freeway lane, at merg-
ing and diverging sections along the freeway. The mainpremise
is that if the lane 1 volume can be kept at an acceptable level,
the freeway as a whole will be operating free-flow. The equa-
tions take into account freeway volume, ramp volume, and traf-
fic action on adjacent ramps which have an effect on the lane
volume at the ramp under consideration. Once the lane 1 vol-
ume is determined upstream from an on-ramp, itispossibleto
determine the allowable ramp volume which incombination with
the lane 1 volume will meet a specified service volume for the
merge. At off-ramps, the lane 1 volume is that calculated up-
stream from the exit point, before divergence takes place.
Thus, it is possible to forecast when overloading will occur on
a section immediately upstream from an exit ramp, given cer-
tain freeway and exit ramp volumes.

Seventeen nomographs, derived from the equations, are in-
troduced to provide a fast graphical solution to design and op-
erational problems. Volumes ranging from below practical ca-
pacity up to possible capacity can be handled. This makes pos-
sible the solution of problems at different levels of service at
the administrator's or designer's discretion.

Auxiliary lane usage betweenon- and off-ramps is discussed
and a method of capacity analysis is illustrated with a sample
problem. Curves are used to give the cumulative percentage
of ramp vehicles on and off the auxiliary lane, related to the
distance traversed.

Two-lane on-ramp operationis analyzed from the standpoint
of the multiple merges taking place. Two-lane off-ramps are
analyzed to show the ramp lane volume distribution and the di-
verging volume movement which takes place as off-ramp ve-
hiclesleave the main traffic stream atthe ramp nose. The con-
tribution of the deceleration lane to capacity and smooth opera-
tion is stressed.

Paper sponsored by Committee on Highway Capacity.
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While data on major fork operation were very sparse, one
equation was derived to enable forecasting of lane volume dis-
tributions upstream from a diverging major fork where three
lane split into two, two-lane roadways.

Finally, preliminary results are given of on-ramp vehicle
freeway lane usage studies made in Detroit on the 6-lane Edsel
Ford Expressway. On-ramp vehicles were traced downstream
arfter merging by means of the "lights on'' technique. Analysis
indicates that a stabilization of lane usage percentages occurs
at approximately 6, 000 feet downstream from the on-ramp nose,
with 20 percent of the ramp vehicles in lane 3 at this point, 40
percent in lane 2 and 40 percent in lane 1.

*MUCH OF THIS REPORT is based on findings of the nationwide Freeway Ramp Ca-
pacity Study sponsored jointly by the Highway Research Board and the Bureau of Public
Roads. The initial concept of a freeway ramp capacity was developed jointly in August
1958, by the late O. K. Normann, Chairman, HRB Committee on Highway Capacity and
by its Subcommittee on Ramps, under Leo G. Wilkie. Field work was begun by the
States starting in July 1960. The last of the collected data was received by the Bureau's
Traffic Research Branch in December 1963.

Considerable data used in the analysis contained herein were collected in late 1963
by a group of junior engineers on a selected assignment in the Bureau of Public Roads'
training program. Their task was primarily to study weaving sections as part of the
Urban Weaving Area Capacity Study of the Bureau's Traffic Research Branch. This
group, under direction of David Goss, a master's trainee, included Richard Fairbrother,
Paul Heffern, Gunther Lerch, Manuel Marks, Barry Nunemaker, and John Ryan. Local
State and municipal personnel provided welcome assistance to these men in many of the
field studies.

GLOSSARY

added between an on-ramp ana an Oll-ramp 10 SPeeu CUHALBE Al WEavilg pus =
poses.

2. Diverge: The traffic volume in lane 1 upstream from an off-ramp. The volume
includes lane 1 through vehicles and off-ramp vehicles which expect to exit
from lane 1.

3:— Expected Diverge:- The computed-lane-1 volume upstream from an off-ramp. __

4. Expected Merge: The computed lane 1 volume at an on-ramp nose plus the ramp
volume moving onto lane 1 from the on-ramp.

5. Free-Flow Merge: Condition where freeway traffic is moving in a uniform manner
somewhere in the 35-60-mph range. Large fluctuations in speeds are few and
traffic is experiencing no conflicts severe enough to cause intermittent braking
or congestion. Ramp traffic flow, though possible slower in speed than the
freeway. is continuous without backup on the ramp. The merge of the two
streams (lane 1 + ramp) is normally smooth within the usual adjustments in
speed necessary for this maneuver. No specific overall speed should be as-
sociated with "free-flow, " because the design and type of interchange will have
an important effect on the speed at any one location.

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

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

8. Lane 3: The third lane from the right-hand edge of the freeway. This would be the
median lane of a 6-lane freeway.

9. Lane A: In the case of a major fork, the land of the diverging roadway closest to
the adjacent roadway.

10. Lane B: In the case of a major fork, the land of the diverging roadway farthest

from the adjacent roadway.

11. Level of Service: This term, broadly interpreted, denotes any one of an infinite

number of differing combinations of operating conditions that may occur on a

-3
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given lane or roadway when it is accommodating various traffic volumes. It is
a qualitative measure of the effect of a number of factors which include: speed
and travel time, traffic interruptions, freedom to maneuver, safety, driving
comfort and convenience, and operating costs. In practice, selected specific
levels are defined in terms of particular limiting values of certain of these
factors.

A given route or route segment will normally consist of a number of road-
way components. In addition to the through lanes, these components may in-
clude weaving areas, ramps, ramp terminals, auxiliary lanes and intersections.
These various roadway components should provide operating characteristics in
harmony with the specified level of service for the through lanes which comprise
the basic framework for the overall route or route segment.

A given lane or roadway may provide a wide range of levels of service. The
various levels for any specific roadway are functions of the volume and compo-
sition of traffic and of the speed attained. A lane or roadway designed for a
certain level of service at a specified volume will actually operate at many dif-
ferent levels of service as the flow varies during an hour, and as the volume
varies different hours of the day, days of the week, periods of the year, and
during different years with traffic growth. Further, different types of highways,
roads and streets, such as freeways, expressways at grade, major multilane
highways, local 2-lane rural roads, urban arterial streets, and downtown
streets, nearly always provide different levels of service that cannot be directly
related to one another because each must be measured by a different standard
or scale.

From the viewpoint of the driver, low flow rates or volumes on a given lane
or roadway provide higher levels of service than greater flow rates or volumes
on the same lane or roadway. Thus, the level of service for any particular
lane or roadway varies inversely as some function of the flow or volume, or of
the density.

The new Highway Capacity Manual includes narrative descriptions of pre-
vailing traffic flow conditions which represent several levels of service. These
levels encompass a working range of volumes from a condition of free-flow to
a condition of capacity (formerly known as possible capacity). No attempt is
made to describe any particular level as best, or to define any specific level as
design level. Rather, it is the intent of the Committee that the new manual
serve as a source for the basic criteria from which the user can select a volume
which corresponds to the level of service best adapted to the specific need.

12, Ramp Lane A: The ramp lane closest to the freeway in the case of a 2-lane ramp.

13. Ramp Lane B: The ramp lane farthest from the freeway in the case of 2-lane ramps.

14. Rate-of-Flow or Hour Rate: The volume for a short period of time, such as five
minutes eé%Janded to a vehicles-per-hour figure by multiplication by

short period (minutes).

15, Service Volume: The maximum number of vehicles that can pass over a given
section of a lane or roadway in one direction on multilane highways (or in both
directions on a 2- or 3-lane highway) during a specified time period while op-
erating conditions are maintained corresponding to the selected or specified
level of service. In the absence of a time modifier, service volume is an hourly
volume.

COLLECTION OF DATA

Sources and Locations

The data incorporated in this report came from the following sources:

1. State and municipal highway departments which collected data in 1960-1962 for
the nationwide Freeway Ramp Capacity Study (l). These departments were: California,

Colorado, Connecticut, Florida, Georgia, Illinois, Indiana, Kansas, Maryland, Mich-
igan, Minnesota, Missouri, New Jersey, New York, Oregon, Pennsylvania, Rhode
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Island, Texas, Virginia, Washington, District of Columbia, Port of New York Authority
and Cook County, IDlinois.

2. The Bureau of Public Roads Urban Weaving Area Capacity Study was madeinlate
1963 by junior engineers of the Bureau, assisted by local State and municipal personnel.
These studies utilizing the "lights on' method of tracing vehicle paths were made in
Washington, D. C., Philadelphia, Union and Paramus, New Jersey, Long Island and
New York City, Detroit, Chicago, Sacramento, San Francisco, San Jose and Los
Angeles. Weaving studies were the primary task of this group, but several studies
were also made of successive on-ramps, of vehicle storage and operation on 2-lane
cloverleaf loops, and of on-ramp vehicle paths downstream from their merging points.
Some of the data collected by this group are incorporated in this report.

3. Local studies made by junior engineers as training projects on Virginia's
Shirley Highway, the Baltimore-Washington Parkway, and in Baltimore on the Beltway
and the Jones Fall Expressway. These studies were intended to fill some gaps in the
basic data collected under items 1 and 2.

Field Procedure

The procedures used to collect data for the Freeway Ramp Capacity Study are given
in detail in Highway Research Record No. 27, and will not be repeated herein.

The field procedures used in the Urban Weaving Area Capacity Study were similar
in vehicle classification, but differed in other respects. Counts were made at en-
trances to and exits from weaving sections. In most of the studies, signs were erected
along the ramp or minor roadway leading into thc weaving area, requesting drivers to
turn on headlights and keep them on for a distance of two miles. '"Lights off' signs
were erected at points downstream from the last counting location. Weaving areas
having three entrances required the use of an additional set of signs which requested
the use of parking lights. The most minor ramp would be signed for parking lights,
while the intermediate volume ramp or roadway would be signed for operation of head-
lights, The heavy volume multilane entrance, usually a freeway, would be left un-
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had its headlights on; or in the case of three entrances, whether headlights, parking
lights, ornolights were on. Whether the weaving area had two entrances or three
entrances, it was possible to determine the weaving movements after adjustment was
made on each time period for noncompliance vehicles. Driver compliance with the
signs ranged from 65 to 98 percent, depending on the length of the roadway available

~for signing, sight distance, complezity of the-location,~and-type-of driving group (com-
muter or recreation). The overall compliance was approximately 85 percent.

The standard counting period used in the weaving studies was 5 minutes, followed
by a 1-min recording period. At the more simple study locations, such as auxiliary
lane weaves and successive on-ramps, continuous 5- or 6-min counts were made.

Speeds were obtained by a number of methods largely dependent on the type of site
and the available manpower. Entrance aud exit speeds were taken by radar or by
stopwatch time measurement over o measurced distance, Speeds through the weaving
section were usually obtained by stopwatch using radio and walkie-~talkie communica-
tion to describe vehicles being ti supplemental speeds were ob-
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topwatch times for vehicles of a cer-

se stopwal
tain type or make, such as Volkswagens of white, black, and red colors. These stop-
watch times were later matched to determine average speed through the weaving sec-
tion. At locations having particularly good vantage points, it was sometimes possible
to time vehicles visually through the section.

The studies made in Detroit to determine on-ramp vehicle freeway lane usage down-
stream from the merge had a slightly different field procedure. The study ramp which
usually carried 600-900 vph had "headlights on'' signs along its length. The complying
ramp vehicles were classified as to lane usage at all ramp-{freeway junctions down-
stream for a distance of one to two miles. Regular counts were also taken by lane.

At 1, 000-ft intervals between interchanges, "lights on' vehicles only were counted by
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lane, so that the maximum distance between counting stations for ''lights on' vehicles
was 1, 000 feet. Continuous 5-min counts were made. Speeds were taken by radar at
the signed ramp junction with the freeway. Observers' remarks as to quality of traffic
operation and estimated speeds were recorded at all interchange points downstream.
The adjacent off-ramp upstream from the signed on-ramp was also counted as an aid
in determining equations for lane 1 volume at the study on-ramp. A time differential
for the different counting stations, assuming a 40-mph average speed for the freeway
stream, was used and counting periods adjusted accordingly. The reason for this was
to have observers downstream counting approximately the same block of vehicles in
each 5-min recording period.

In the studies done by the Urban Weaving Area Capacity Study crew, miscellaneous
information was recorded, as available manpower permitted. At some locations, aux-
iliary lane usage was recorded in some detail; at other locations, such as at successive
on-ramps, vehicles entering the freeway from the first ramp had their lane usage re-
corded at the nose of the second on-ramp.

LANE 1 VOLUME EQUATIONS

There are a number of possible critical sections along any freeway—sections which
because of vehicle concentration and/or maneuvering generally can be expected to have
traffic breakdown at lower volumes than the normally expected possible capacity of
2, 000 vph/lane for urban freeways. These critical sections can be classified generally
as: (1) merging areas; (2) diverging areas; (3) weaving areas; (4) lane transition areas,
such as where a lane is dropped; and (5) geometrically-marginal areas, such as free-
way sections of steep grade or sharp curvature. The emphasis in this report is to
provide means of determining the volumes which can be expected at critical areas (1)
and (2), given certain freeway volumes, ramp volumes, and distances between ramps.
Indirectly, recognition of the expected lane volume distributions (and allowance there-
fore in design) at critical merging and diverging areas should lead to the alleviation of
weaving problems between on- and off-ramps. In other words, if operation can be kept
free-flow in the merging and diverging sections of the [reeway, simple weaving as found
between on- and off-ramps should not be a problem.

The author's previous report (1) presented five equations which could be used to de-
termine freeway lane 1 volume immediately upstream from the on-ramp nose given a
certain freeway volume, on-ramp volume, and distances to and volumes of adjacent
ramps. The lane 1 volume thus determined is that with which the ramp vehicles must
merge. The addition of the lane 1 volume and ramp volume gives an ""expected merge"
for the ramp-freeway connection. Several formulas were given to estimate whether
or not the ""expected merge' would be a "free-flow merge.'" The computed latter vol-
ume is dependent on certain volumes, geometrics, traffic makeup, and population
factors.

Not brought out, but perhaps much more important, is the fact that the "expected
merge' can be checked against predetermined service volume levels, such as 1, 200
vph and 1, 500 vph. If the service volume level is exceeded by the "expected merge, "
this many indicate the location at which an extra through lane should be added if the
desired level of service is to be maintained. A continuous check of critical sections
along the freeway, as well as average lane volumes between interchanges, should en-
able the designer to produce a balanced freeway, relatively clear of bottlenecks.

This report adds a humber of new equations to meet a wider range of conditions.
Several of the original equations are updated, using additional data collected in 1963
and 1964. In the interest of continuity, two of the original equations, though not re-
vised, are presented along with the updated and new equations. While merging situa-
tions were primarily treated in Highway Research Record No. 27, this report also
treats diverging situations by equations to determine lane 1 volume upstream from
off-ramps.

The equations for 4-, 6-, and 8-lane freeways contain three separate, dependent
variables and nine independent variables. The dependent variables are as follows:

Y = (1) for an on-ramp equation, the lane 1 volume at the on-ramp nose just before
the merge takes place.
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(2) for an off-ramp equation, the lane 1 volume immediately upstream from
the off-ramp nose, before divergence takes place.

(3) for a 2-lane off-ramp or a major fork, the lane 1 volume immediately
downstream from the bifurcation.

(1) for a 2-lane on-ramp, the initial merge volume of lane 1 vehicles and ramp
lane ? vehicles (i.e., the left ramp lane or lane closest to the freeway
lanes).

(2) for a 2-lane off-ramp, the volume in lane 1 before the divergence takes
place which splits the volume into lane 1 and ramp lane A.

Y'" = (1) for a major fork at a 6-lane freeway, the volume in the center lane before

it splits into lane 1 and lane A of the two forks.

Y'l

The independent variables used in the different equations are as follows:

X1 = (1) for an on-ramp equation, the total freeway volume in the one direction
at the nose of the on-ramp before the merge takes place.

(2) for anoff-ramp equation, the total freeway volume, including prospective
off-ramp vehicles, upstream of (approaching) the off-ramp.

Xz = for an on-ramp equation, the volume using the ramp being considered in

the prospective merge.

1

X3 = distance in feet measured nose-to-nose from the ramp under consideration
to an adjacent upstream off-ramp.

X4 = volume of an adjacent upstream off-ramp.

X5 = distance in feet measured nose-to-nose from the ramp under consideration
to an adjacent downstream off-ramp. Where an auxiliary lane is added
between ramp noses, this distance is identical to the length of the auxiliary
lane.

Xs = volume of an adjacent downstream off-ramp.

Xn = (1) for an off-ramp equation, the volume exiting at the off-ramp under con-
sideration.

(2) for a major fork, the volume using the right-hand roadway.
P N e
Xg = volume of the adjacent upstream on-ramp

The volumes are given in vehicles per hour (vph), but if so desired can be hourly
rates expanded from short period counts since the equations are derived from 5- or
6-min volumes expanded to hourly rates. The use of short period counts expanded to
“hourly rates accounts for close-to maximum variability -in traffic performance from the
available data.

The equations yield estimates of lane 1 volumes which are subject to standard errors
of estimate. The actual hourly volumes of the independent variables equal or are ap-
proximately equal to the average value of the 5- or 6-min volume rates. Had the equa-
tions been fitted to the actual hour volumes, the standard errors would have been
smaller. Therefore, for use in hour volume calculations, the standard errors tend to
be conservative (i, e., higher than they should be).

The equatlons and the conditions for their use segregated by 4-, 6-, and 8-lane free-
ways are as follows:

4-Lanc Freeways

Y =136 + 0. 345X; - 0. 115X; (1)

Condition: Used to determine the lane 1 volume at an on-ramp nose before merging
takes place. The ramp can be of any single-lane type except cloverleaf loop (see Egs.
2a, 2b, and 3). An acceleration lane may or may not be present.

The equation replaces Eq. 5 (1, p. 112). The replaced equation, derived from 187
observations, contained the distance to and volume of the adjacent downstream off-
ramp as variables although the volume was not statistically significant. The new equa-
Livn presented herein is derived from 431 observations and contains only the freeway
volume, Xi, and the on-ramp volume, X, as variables.
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Y = 166 + 0.280X, on-ramp < 600 vph (2a)
Y =128 + 0.482X; - 0.301X; on-ramp 600 - 1, 200 vph (2b)

Condition: Used to determine the lane 1 volume at an inner loop on-ramp nose at a
cloverleaf interchange which lacks an auxiliary lane connecting the loop ramps. An
acceleration lane may or may not be present. This design lacking an auxiliary lane is
not apt to be found along modern freeways but a number of such interchanges are still
in use on older freeways. Eq. 2a, which is for the condition where the on-ramp is less
than 600 vph, contains only the freeway volume, Xi, as a variable. Eq. 2b, for the
condition where the on-ramp volume is 600-1, 200 vph, contains both the freeway volume,
X1, and on-ramp volume, X as variables.

Y =195 + 0. 273X, - 0. 146X, + 0. 723X6 (3)

Condition: Used to determine the lane 1 volume at an inner loop on-ramp nose at a
cloverleaf interchange containing an auxiliary lane between the loops. Assuming all
prospective off-ramp vehicles are in lane 1 at the on-ramp nose, it is possible to de-
termine the number of through vehicles in lane 1 by subtracting the off-ramp volume
from the computed lane 1 volume. By reference to Figure 19 for auxiliary lane usage,
it is possible to determine lane 1 and auxiliary lane volumes at points along the auxiliary
lane. These volumes should not exceed the service volume level being used for design.

The variables in the equation are (a) freeway volumes, Xi; (b) on-ramp volumed, Xz;
and (c) loop off-ramp volume, Xe. While the distance between loops might well be a
significant variable, there was too little variation in the study sites to get a significant
coefficient.

Y =123 + 0. 376X, - 0. 142X, - (4)

Condition: Usedtodetermine the lane 1 volume at the on-ramp nose of the second
of successive on-ramps when the ramps are within 400 to 2, 000 feet of each other. The
only significant variables are the freeway volume, Xi, and the volume of the second
on-ramp, Xez. The equation is not applicable to situations where the upstream on-ramp
volume, X,, is near its maximum of 1, 000 vph, as given in Table 1, and the distance
between ramps in feet, Xs, is near its minimum of 400 feet. It should be noted that
these variables, Xs and Xs, while not in the equation, nevertheless, have a required
range for accurate use of the equation.

Y = 165 + 0. 345X: + 0. 520X~ (5)

Condition: Used to determine the lane 1 volume upstream from an off-ramp just
before divergence takes place. The ramp may or may not have a deceleration lane.
The equation contains as variables, the freeway volume, Xi (which includes the off-
ramp vehicles), and the off-ramp volume, X7 If there is an adjacent upstream on-
ramp within 3, 200 feet, Eq. 6 can be used with more accuracy.

Y =202 + 0.362X: + 0.496X7 - 0. 069Xs + 0. 096Xo (6)

Condition: Same as in Eq. 5, except that there is an upstream, adjacent on-ramp
within 3, 200 feet. In addition to X: and X+ the equation includes Xa, the distance in
feet to, and X, the volume of, this adjacent upstream on-ramp.

6-Lane Freeways

Y = 121 + 0. 244X - 0. 085X, + 640 22 (7)
5
Condition: Used to determine the lane 1 volume at an on-ramp nose before merg-
ing takes place. The ramp can be of any single-lane type, except cloverleaf loop (see
Eg. 8). An acceleration lane may or may not be present. In the earlier study this equa-
tion is presented as Eq. 1 (1, p. 95). Included as variables are (a) the freeway volume,
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Xi; (b) the adjacent upstream off-ramp volume, Xa; (c) the distanceinfeetto the adjacent
downstream off-ramp, Xs; and (d) volume of adjacent downstream off-ramp, Xs. The
on-ramp volume, Xz, is not included as a variable at a small loss in accuracy of the
equation. The reason for this is to facilitate computation by elimination of the "cut
and try" which would be necessary to determine the allowable ramp volume for a given
service volume level of merge if the Xz volume was included in the equation.

Y =87 + 0.225X; ~ 0.140Xz + 0. 500X (8)

Condition: Used to determine the lane 1 volume at the inner loop on-ramp nose at
a cloverleaf interchange containing an auxiliary lane between the loops. The inter-
change may or may not have outer connections. The equation does not consider their
effects and applies only to inner loop on-ramps. This equation is the same as Eq. 4
in the previous study (1, p. 95).

As explained under Eq. 3, the volumes in lane 1 and the auxiliary lane at selected
points can be determined by use of Figure 19.

Y =574 + 0.228X; - 0.194X; - 0.714X3s + 0. 274Xp (9)

Condition: Used to determine the lane 1 volume at the on-ramp nose of the second
of successive on-ramps. The variables used in the equation are (a) the freeway vol-
ume, Xi; (b) the second on-ramp volume, Xz; (c) the distance in feet to the adjacent
upstream on-ramp, Xs and (d) the volume of the adjacent upstream on-ramp, Xo.

Y =53 + 0.283X; - 0.402X; + 0. 547Xg (10)

Condition: Used to determine the lane 1 volume at the nose of an on-ramp where
there is an auxiliary lane to the adjacent downstream off-ramp. The equation is pri-
marily intended for diamond and similar flat angle entrance ramps, while Eq. 8 is
used for cloverleaf loop ramps. The equation is derived from locations having auxi-
liary lanes 300 to 1, 100 feet long. Use of the equation for locations with longer auxi-
liarv lanes mav introduce some error in the calculation not comnletelv covered by the

uldLalivc LU, 405, At VULIALLLC, LAy UL LT MUWILDLL TALIL VL4~ L Allape A2V WILT A LAY Y VarmRaavg
Xs, was not found statistically significant in affecting the lane 1 volume so it is not
contained in the equation.

This equation replaces Eqs. 2 and 3 in the earlier study (1, p. 95).

Y = 54 + 0, 070X: + 0. 049X, (11a)
where Y = Lane 1.
Y' = -205 + 0.287X: + 0.575Xz (11b)

where Y' = Lane 1 + ramp lane A.

Ramp lane B = total ramp - ramp lane A

Condition: Used to determine the initial merge (lane 1 + ramp lane A) and the ramp
lane volume distribution at a 2-lane on-ramp, having an acceleration lane at least 800
feet long. There is no extra lane added to the freeway for this condition, so while
sometimes used, this design is not generally recommended except under special volume
conditions.

Eq. 1la is used to determine the lane 1 volume at the on-ramp nose and uses the
freeway volume, Xi, and on-ramp volume, X, as variables. After the lane 1 volume
is calculated, Eq. 11b is used to calculate the initial merge which consists of (lane 1 +
ramp lane A). The ramp lane A volume can be found by subtracting the Eq. 11a cal-
culation of lane 1 from the Eq. 11b calculation of (lane 1 + ramp lane A). Ramp lane
B volume is then the total on-ramp volume less ramp lane A volume. Both the (lanel+
ramp lane A) volume and the ramp lane B should be checked against the service volume
level.
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The ramp lane B vehicles use the acceleration lane and have to merge with the
(lane 1 + ramp lane A) vehicles which have already merged. Some of the latter ve-
hicles will move into other lanes of the freeway before the ramp lane B vehicles merge
with the remainder.

Y = 139 + 0. 242X, + 0.408X%- (12)

Condition: Used to determine lane 1 volume upstream from an off-ramp before
divergence takes place. A decelerationlane mayor may not be present. The equation
includes as variables the freeway volume, X; (which includes off-ramp vehicles about
to exit), and the off-ramp volume, X-.

Y' = -158 + 0. 035X: + 0. 567X~ (13a)

where Y' = (lane 1 + ramp lane A).

Y = 18 + 0. 060X: +10.0072X (13b)

where Y = lane l.

Ramp lane A =Y'-Y
Ramp lane B = total ramp - ramp lane A

Condition: Used to determine (lane 1 + ramp lane A) volume immediately upstream
from the divergence and lane 1 volume just past the bifurcation at a 2-lane off-ramp
having a deceleration lane at least 700 feet long. No lane is dropped at the off-ramp,
so the freeway continues to be three lanes downstream from the ramp. Ramp lane B
vehicles use the deceleration lane for at least part of its length, while ramp lane A
vehicles diverge directly from the freeway onto the ramp. The importance of an ade-
quate deceleration lane cannot be overemphasized. Without an adequate deceleration
lane, the ramp cannot be fed two lanes of traffic from the freeway. To carry volumes
over 2, 000 vph, lane 1 vehicles should be moving into the deceleration lane for exit
in ramp lane B; simultaneously, lane 2 vehicles will be moving into the vacated lane 1
spaces and most of these vehicles will exit in ramp lane A. The minimum length of
700 feet for use of the equations is not necessarily to be considered a design recom-
mendation. Most design standards should exceed this length.

Eq. 13a is used to determine the (lane 1 + ramp lane A) volume, while Eq. 13b is
used to calculated lane 1 volume continuing on past the ramp bifurcation. Ramp lane A
can be determined by subtracting lane 1 from (lane 1 + ramp lane A). Ramp lane B
volume can be calculated by subtracting ramp lane A volume from the total off-ramp
volume. The following volumes should be checked against the service volume: ramp
lane B and (lane 1 + ramp lane A).

Y'" =64 + 0,285X; + 0. 141X, (14a)
where Y" = (lane 1 + lane A).

Y = 173 +0.295X; + 0. 320X~ (14Db)

where Y = lane 1.

Condition: Used to determine lane volumes at a major fork, where three lanes
split into two, 2-lane roadways. Using lanes 1 and 2 to denote one roadway and lane A
lane 1 + lane 2

Tane A + lane B volume should fall

and lane B to denote the other roadway, the ratio of

between % and 3 for the equation to be valid.

Eq. 14a is used to calculate the (lane 1 + lane A) volume, which is subject to diver-
gence at the nose of the bifurcation. Eq. 14b is used to determine the lane 1 volume,
which continues on past the nose. Knowing the total volumes of each roadway, lane 2
and lane B volumes can be calculated. The following volumes should be checked against
the service volume: (lane 1 + lane A), lane 2, and lane B.
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8-Lane Freeways

=-132 + 0,201X; + 0. 127X> (15)

Condition: Used to determine lane 1 volume at the on-ramp nose before merging
takes place. An acceleration lane should be present. The equation uses as variables
the freeway volume, X;; and the on-ramp volume, Xo.

Y =-353 + 0,199X, - 0.057Xz + 0,486Xs (16)

Condition: Used to determine lane 1 volume at the on-ramp nose before merging
takes place. An acceleration lane should be present and there should be an adjacent
downstream off-ramp 1, 500 to 3, 000 feet away. The equation uses as variables the
freeway volume, Xi; the on-ramp volume, Xz; and the volume of the adjacent down-
stream off-ramp, Xe. The distance in feet to the adjacent downstream off-ramp, Xs,
is a required condition (1, 500-3, 000 feet), but is not numerically a part of the equation.

Y =584 + 0.180X; - 0.203X%; - 0.487Xs + 0. 204Xs (17)

Condition: Used to determine the lane 1 volume at the nose of an on-ramp where
there is an auxiliary lane to the adjacent downstream off-ramp. The equation is pri-
marily intended for diamond and similar flat angle entrance ramps though it can be
used in lieu of an equation for a cloverleaf loop ramp on an 8-lane freeway. The equa-
tion has as variables the freeway volume, X;; the on-ramp volume, Xz; the distance
feet to the adjacent downstream off-ramp, Xs; and the volume of the adjacent downstream
off-ramp, Xa.

TABLES AND NOMOGRAPHS FOR EQUATIONS

The equations and their associated statistical data, including sketches, are shown
in Tables 1, 2, 3, and 4. The mean and standard deviation shown for each equation

==

variable are those from the data used to derive the equation by multiple linear re-

able not included in the equation itself, the components should be within the variable
range regardless, since conditions outside the stated range could result in a different
equation. Also shown as statistical background are each of the net regression coeffi-
cients and their associated standard errors; also, the coefficient of determination and
the level of significance of the variable. On the right side of the tables, the R®value,
known as the coefficient of multiple determination, is shown for the equation. An R’ of
0.90 indicates that the equation accounts for 90 percent of the variability of the depen-
dent variable. Some factors not included in the equations, which could explain some

of the unexplained variance, are hard-to-measure items such as: trip lengths, signing
effectiveness, and ramp action upstream or downstream from the ramp under consider-
ation, but not adjacent to the ramp. Actually, in some of the equations, such as that
for cloverleaf loops on a 6-lane freeway (Eq. 8), the adjacent upstream off-ramp, when
present, was not counted in ihe {ield work, su could not be inciuded in the eguation. If
it had been, the standard error most probably would have been lower and the R? value
higher.

Other statistics shown on the right side of ihe tables are {a) the standard error of
the dependent variable, (b) the number of different localions used to provide data for
the multiple regression, and (c) the number of periods or observations used in the
analysis. Each of the observations was either a 5- or 6-min count expanded to an hourly
rate. Observations were not used if congested operation, consisting usually of stop-
and-go accordion action; was present during the period counted. Some very heavy vol-
ume periods were used provided the operation was steady, even if speeds were down
around 30 mph in some cases. The objective was to provide equations which could
handle a wide range of volume conditions representing different levels of service.

There may be some question as to why some variables are found in one equation but
not in another. In some cases, a variable was not used because it was not statistically
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FORMULAS OF LANE 1 VOLUME FOR 4-LANE FREEWAYS

VARIABLES
2
EQUATION NUHBER R |Stacdard |Mumbar of |Mumber af
TNEPEDENT Error |Locatisns| Obasr- fra
(Correspends to Nowograph of vatims
f Seme Plgure Mumbar) ® % i X5 % 5 ) % Y
Voluss {n| Praaway | On-Ramp | Dlst.te | Vol. of [Off-Ramp | Dist. ta| Vol. of
lane 1 | volums | volume volume ent| Adfscant
v.p.h. v.poh. | v.p.he v.p-h. Upstrm, | Upstrm.
Ofe-Ramp |OFE-Rump Rewp | On-Rewp
foot v.p.h. faat v.p.h.
1. Standerd On-Ramp 43 1 20 431 |Uns aguation & LI thare
Ls sn edjacent upstrenm
an 736 1925 513 Oa-Ramp within 2000 ft.
Standerd Deviation 262 683 116
Range of U Vatisblas %00-3400 | 50-1600
Net Regrasslon Coafficient +0,345 | - 0,115
Std. Ercor of Net Regrasslon Coefficient .008 017
Partiul Deternination Coefficient .82 .09
Level of Significance .01 .01
Bquation No. 1 ¥ = 136 + 0.345K, - 0.115K,
2s, Cloverleaf On-Ramp, No Auxilisry Lane .ul 102 I * | 75 ]
= {Ramp< 600 v.p.h.)
Haun 517 1254 359
Standerd Davistion 132 305 168 ——
Range of Use of Variables 600-2000 0-599 o
Net Regression Coafflcient +0.260
Sed. Ecror of Net Regression Coafficient .039 /7. NO
Portial Determination Coaffictant .42 AUXILIARY
Level of Sigaificance 0L LANE
CLOVEALEAF LOOP
Equation No. 28 Y = 166 + 0.280K
.ul 1 ] & I 51 ]—
n 460 1190 805 |
Grandard Dwvistl 254 409 166
Range of Ve of Varlablas |600-2000 |600-1200
Net Regrasnion Coafficient +0.482 | - 8,301
Std. Errer of Mot Rap: .047 #115 Sea aketch abova.
Fortlal Determination «69 A3
Level of Signiflcance .01 .01
Equation No. Zb ¥ = 128 + 0.482K, - 0.30IK,
3. gb r b lary Las .u! " l 7 | 131 ‘
e 676 1468 419 208
Stapderd Deviation 222 672 379 100
Range of Use of Varisbles 600-3600 [100-1500 | 400-750 | 50-500
Nat Regrassion Coefficient +0.273 | - 0.146 +0.723 ‘;"'tm‘g
Std. Error of Net Regression Coafficiant .012 .023 .087
Fartlal Ueterminstion Confficlent 79 .22 .32
Level of Significance .01 .01 01 ANERLEAF LOOP
Equation No. 3 ¥ = 195 + 0.273%) - 0.146X, + 0.723K,
4. Sacend ab Succansive On-teaps .nl 7% | ? | 148 auation tn oot
a ie.
Masn 829 2075 527 1003 296 whare Xg 1 near its
Standard Deviation 285 666 415 497 217 maximm (1000 vph)while
Rangs of Use of Variablas 800-3600 |100-1500 400-2000 |100-1000 Xg in panr (te mifimm
Met Regrasslon Coefficient +0.376 | - 0.142 (%00 foat) .
Std. Error of Net Regression Comfficient .010 .016 Y.
Partisl Determlnstion Coefficient -91 -35
Level of Significance .01 .01
Equatlon No. 4 ¥ = 120 % 0.376K) - 0.162K, 4007-2000"
5. OffsRa Fasrby Adja B .90 (B1) 1 518 aquation 6 if there
n adjacent upstresm
Hann 1022 1828 434 on-ramp within 3200 fe,
Seandard Geviatlon 410 828 307
Ranige of Use of Yarlables 400-4200 50-1500 —
t Ragrassfon Coefficlent + 0,365 | +0.520 ¥
Std. Hrror of Net Regression Coefficient .008 021
Partial Determlnation CoaffLclent .79 .73 --.':'m.,\~
Lovel of Sigulficance 0L .01
Equation No. 5 ¥ o= 165 + 0.385% + 0.520%
6. Off-Nemp with Aljacent Ypstress On-Remp 57 5] 5 124 |thwe equation 5 if the
- wdincant upatresm on-
1223 2040 497 1907 236 ranp 1o mors than 3200
466 963 32! 1034 211 feat away.
Range of Uss of Varisblos 700-4200 50-1600 [700-3200 | 50-900 —
Net Regression Coefficient +0.362 +0.496 | - 0,069 | +0.096 V\O—w
Std. Error of Net Regrassion Coefficient 013 038 L01L .055
Partial Determination Coeffivent— .87 .59 .25 .02
Leval of Significanca .01 K .01 .10 Sof S

Equation No. 6

Y = 202 + 0.262X; + ‘ﬂ.lm, = 0.069Xg + 0.096Xg
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TABLE 3
FORMULAS FOR 2-LANE RAMPS AND MAJOR FORK FOR 6-LANE FREEWAYS
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VARIABDLES
DEPENDENT THDEPENDENT
Equstion Number 0 " . 3
¥ ¥ Y Xy X, Xy % | Standard | Mumber of | Number of AEHANXE
(Corresponds to Nomograph EBrror of u| Locstione |Observetions
Seme Figure Mumber } Volute |Volese fn|Voluse in) Freevey | On-Ramp |Off-Kesgp Y, ¥Y,or¥
in Lane 3| (Lage 1 [(Lane 1 | Volume | Volume | Volume
+ Musp [+ La
Jomd A)
1la, Z-lane Oschesp vl a Lans .1 99 2 15 (1) Ramp Lane A vehicles morge
directly with Lane 1 vehicles.
Lape 1 Celculation
= | (2) Rewmp Lene B vehicles uge sccel-
Mean 270 1623 2091 i Y o ation lane which should be a
Standard Peviation 112 611 433 == minimum of 800 feet in length
Renge of Use of Variables £00- 3000 1100- 3000 for use of the equation.
Net Regression Coefficient 4+ 0.070] + 0.04%
Std. Error of Wet Regression Coafficient +018] 071 (3) Soma of the merged (Lane 1 +
Partisl Determination Coefficient 15! \04 2-LANE ON-RAwP Remp Lane A) vehiclas mova to
Level of Sigaificance .01 .01 ACTEL LANE Lane 2 befors Ramp Lana B
::oo‘ REQUIRED —=| vehiclea merge with the remainder.
Equation No. 1la. T 54+ 0.070K, +0.009%, NOMOORAPH
.
11b, i Luna A Calculati .nl 212 aea 2 11e ]nu as 1la
Hean 1464 1625 2091
Standard Devistion 413 611 453
Range of Use of Variabl, 600~ 3000] 1100- 3000
Not Regression Coafficient +0.287) +0.575 SXETCH «« Bams a4 above,
Std. Error of Net Regreseion Confficient 0N .046
Partial Determination Coefficient A9 .58
Lavel of Significance 01 .01
Equation No. 1lb, ¥ = - 205 +0,287X) +0.575%,
13a, _2-Lans Off-Newp with Decolerat{on Lams .sa‘ 181 | 1 l 94
Lare | ¢ Waup Lano A Celculetios Deceleration lane ahould be at
— — lesst 700 feet long for accurate
Haan 1093 3639 1583 —_— Y ¥y — uee of aquations 13a and 13b,
Stendard Deviation s 814 4331 .é.
Range of Use of Variables 2100+ 1 —
Net Regression Cosfficient + 0.033
Std, Error of Net Regreseion Coefficlent 026/
Partial Determination Coefficient +02
Level of Jignificance .20
Equation No. 13a, ¥ = - 158 = 0.035K, + 0.567X, NOMOGRAPH
13b. Lane 1 Calculation I 150 ‘l- s 138 |u- ax 13s
Hean a78 3639 1983
Stasdard Devistioo 163 a1k 433
Renge of Use of Variables 2100 4000 11003000/ SKETCH -« Samn a8 above,
Net Regrasaion Coofficient + 0,060 +0.072
Sed, Error of Net Regrewslon Cosfficient o2 041
Partinl Determination Coefficiant 00 03
Level of Significance 01 V10|
Equation No. 13b, ¥ = 18 + 0,060X, + 0,072X,
l4a. Mafer Fork (Lsse 1 + Lsew A Qelculation | o 9% 3 84 Equations 14a and 14b should not
be used if the volume ratio of
Mean 1151 1790 Lane 1 + Lne 2
Standard Devistion N4 571 — W2 (Lane A + Lane B)
Range of Uge of Variables 300-2630 o < does not Eall betwaan 1/3 and 3.
Net Regrassion Coefficient + 0141 T
Std. Error of Net Regrassion Coefficient L0234 ‘-\
Partial Determinat{on Coefficient A 3
Level of Significance o0
MAJOR FORK
Equation 14a. ¥" = 64 +0.205%) + 0.141X,
16h. Lams | Culewlotion .w[ 66 Iu— we lba,|ewme an Lk,
Mexn 694 nv 1290
Standard Deviation 201 BAT 71
Range of Use of Vartables 1004500 3002850 EXETEN ~v Sena s above,
Net Regression Coafficient +0.295 = 0,320/
Std. Brror of Net Ragression Coefficlant Lot 017
Partial Determination Coefficient 90 2
Level of Significance .01 .01

Equetion 14b.

Y = 173 + 0.295X] - 0.320%;

* In Equation l4a, slgo tzken as a leg st s major fork.
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significant; in other cases, because the basic data were not collected in the field work.
In practically all cases, a variable has the same relative effect (plus or minus coeffi-
cient) in all the equations containing it. For instance, freeway volume, X, is always
a very strong ''plus" coefficient, while on-ramp volume, X, is a "minus'" coefficient,
because the higher the ramp volume, the more the possibility that lane 1 vehicles will
consider it desirable to move to adjacent lane 2. A downstream off-ramp tends to
cause loading of lane 1 upstream; for this reason Xg is a strong ''plus" coefficient. An
adjacent off-ramp upstream, on the other hand, would open up gaps in lane 1, so the
coefficient is "minus'; i. e., the greater the exiting volume, the less the volume in
lane 1 downstream. The distance to an adjacent downstream off-ramp is a '"'minus"
coefficient, because the greater the distance, the less the need for prospective off-ramp
vehicles to be in lane 1.

The equations, as presented, are multiple linear regression, except for several,
which are simple linear regression. There are several reasons for maintaining linear
expressions. One reason is the relative ease of computation and of presenting the equa-
tion in nomographic form. Another reason, perhaps more important, was that trans-
formation of variables yielded very little benefit as far as explaining variance and de-
creasing the standard errors. Most of the variables, such as freeway volume, are
strongly linear in their relationship to lane 1 volume.

As a means to faster computation, nomographs have been constructed for each equa-
tion. These nomographs, Figures 1 through 17, have the same figure numbers as the
corresponding equation numbers. Instructions are given on each nomograph, so con-
fusion in their use should be at a minimum. Sample problems are worked on nomo-
graph Figures 7 and 8. The nomographs should prove very useful in reverse order
solution of problems, where the given lane 1 volume is set as a limit and allowable
freeway or ramp volumes are desired. For instance, suppose a service volume of
1,500 vph is specified for the lane 1 volume upstream from an off-ramp on 6-lane free-
ways and an off-ramp volume of 900 vph is forecast. What freeway volume can be ac-
commodated approaching this off-ramp without exceeding the service volume in lane 1
immediately upstream from the ramp? Using a straightedge on nomograph Figure 12
and laying it across 900 on the X7 scale and 1, 500 on the solution line, a freeway volume
of 4,100 (4, 108 by computation using Eq. 12) can be read off the X: scale. This per-
haps illustrates the hazard of designing only by average lane volumes, because the
——4’3100 or 1,370
vph lane, if the lane 1 volume at the critical section just upstream from the off-ramp
is not to exceed 1, 500 vph.

An average freeway lane volume of 1,500 vph (4, 500 vph total) would result in a
lane 1 volume of 1,600 vph upstream from the off-ramp. On the other hand, if the off-
ramp volume was 675 vph or less, there would be no trouble maintaining a lane 1 vol-
ume of 1, 500 vph at 4, 500-vph freeway volume. At a lower off-ramp volume of 400
vph and lane 1 service volume limit of 1, 500 vph, the nomograph indicates the freeway
volume could be close to 5, 000 vph. The off-ramp section is not the critical factor in
this case, but rather, lanes 2 and 3 are now running an average of 1, 750 vph each and
the freeway is probably exceeding an average lane volume criterion.

It is rather interesting, turning to nomograph Figure 5 for off-ramps on 4-lane
freeways, to compare similar values with the answers just obtained for 6-lane free-
ways. Using a lane 1 service volume of 1, 500 vph, and an off-ramp volume of 900 vph,
a freeway volume of only 2, 500 vph or 1, 250-vph/lane average can be accommodated
upstream from the off-ramp. This 1, 250-vph lane average compared to 1, 370-vph
lane average for 6-lane freeways points out the lesser efficiency of 4-lane freeways.
An average freeway lane volume of 1, 500 vph (3, 000 vph total) would result in a lane 1
volume estimate of 1,650 vph, as compared to 1,600 vph for 6-lane freeways.

On the 4-lane freeway, a lane 1 volume of 1, 500 vph at 3, 000-vph freeway volume
can be maintained with a ramp volume of 575 vph. This compares with 675 vph for the
ramp volume of 6-lane freeways under the same circumstances. However, reducing
to a ramp volume of 400 vph, and a lane 1 limit of 1, 500 vph, the 4-lane freeway can
handle 3, 250 vph upstream from the off-ramp. While this average lane volume is

average lane volume upstream from this off-ramp should not exceed
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X Solution: g
Frmqg Voluma Lane | Velums Ramp Volume
vPH VPH VPH
50
100 =
3400 — 1300
200 - Steps_in Solullon:
(1)0raw a line from X, Value fo X
3200 1200 vales Infaragting eiswar o Sofarion
ot Line,
3000 ~ 290
1100
2800 | 400
— 1000
2600 500 +
2400+ —a00 600 -] L7u":7/
W Lane | Volume (VPH)= 136+0 348X,
= —0.115%
2200 — = x
=1-B800
3 Ty Slandard E 03
andard Ercor
2000 | £
2100 800 -
1soo-{ @
= > Nate: I thara v oo adjacent Upaltream
1600 —| E00 900 On-Ramp wlihin 2000 fsel uss
Figura 4 . For Gloverleal inner
loops withou! gunlilary lane use
1400 — 500 1000 = Figure 2.
1200 —
400 1100
1000 ~|
=300 1200 -
800 —
— 200 1300 —
400 s 1400 -

Figure 1. Nomograph for determination of lane 1 volume on 4-lane freeways for all loca-
tions except cloverleaf inner loops.
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€60 | 1700 : For HaMmp VoluMés BaIwaih bUU K8 F2UU VEH
{11 Draw o fine trom X, Volus 10 X, Valus Interaacting
- 100 750 - aakmar on Saletian Lise 2
= 1600
=l - 650 -
- 1500 ey
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W wi B850+ =
- 1400 530 =3
z z
5 550 3 et (I b))
z 500
=] I~ 1300 § 900= | Sniut Aamp Valums < 600 VPN
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3 4l 480 Stangand Ercors £ 102 VPH
@ 500 - [~1200 w 950 Saluiien 2: Ramp Volume BGO-[200VPH
- 400 Lans 1 Volume (vPH}= 128 + 0,482 X,
-0.301X,
- 11u0 Standard Ercor= E NI VPH
= 350 1000 -
4504 L 1000 - 300
1050 =1
L 300 - 260
400 — 200 (100~
= 800
=150
L5 1150
350 [~100
335+ 600 — 55 1200~

Figure 2, Nomograph for determination of lanc 1 volume on M-lanc freeways with clover-
leaf inner loops (no auxiliary lane).
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] Solulion: X2 X6
Fuulv Volume Volume in Lane | Ramp Volume  Downslream Ofi-Ramp
PH VPH VPH VPH
3600 1525 100 500
1500
3400 200+
1400
450
3200= 300 Steps in_Solution
(300 (1) Draw a lins from X, Value to X Valus
3000 iod Intarsecling  Turning line 1.
L1200 [F400 Orow o line from Siep | Intersection of
Turning ling | o X, Value Tha Infaraection
2800 i point of Inis llas wilh Solution line is Lane |
~ Volume.
+1100
2600 —350
600~
2400 1000
gl -300
2200 -900 =
800
= P ALLLELLE LY (N
2000 g L 800 - Lona i
; 900
1800— g Sl.700
= Volume in Lonel (VPH)=195+0.273%,—0.146Xy
> -
E 3 1000 2 +0.723%,
1600— 8 200
-600 i Stondard Error=1 96
1400~
=500
1200 [F150
1200 Note: This nomograph ia lo be used for Cloverleaf
L 400 Inner Loops whather or not Ihe Inlerchange
1300 SEt outer cosmeciinny
1000~
=100
—300
800 1400
200
602 Li75 1500 - 50

Figure 3. Nomograph for determination of lane 1 volume on lY-lane freeways at cloverleaf
inner loops with auxiliary lane.

X) Salution: Xz
Freeway Volume Lane | Volume 2nd On-Ramp
YPH VPH Volume
3600~ 1460 100 =
1400
3400 200 —
3200 1300, 200
3000 1200 400
Steps In Solutlon:
(1) Draw a line lram % Volue 1o Xp
2800+ 1100 500 — Value infersacting Solulion Lina
The Intarsecilon polnt on this fine
in the Lane | Volume
2600+ - 1000 600
2400~ 700 —| e
=900 =
w - 2'_‘”“’%3 2nd On-Rormgy
2200+ § 800 = T
=[1000 Volume [0 Lona | {VPH)<123
o +0.376X, ~0.142X
2000 £ 900 - BTEk .
2 700 Standard Errorst 76VPH
1800 =} L 1000 — Nole: Adjacent Upsireom On-Ramp
Ahould Be within 20007est,
~ 600
1600 = 1100 -
1400~ 500 1200
1200~ [-400 1300 -1
000 - =300 1400 =
B00- =210 1500 ~

Figure 4, Nomograph for determination of lane 1 volume on 4-lane freeways at second of
successive on-ramps.
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x| Lane | Volume X7
Fraewoy Volume Solutlon Off-Ramp Volume
VPH VPH VPH
42007 1500
— = 2300
4000 L is00
. [ Steps In Solytion
2100 1300 1) Deww & fine i AT
1o Xy Value infersecting
- 3 answer on Solullon Line
e ~1200
- —1900
| 1100
200017 =1700 1000
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gJ-1800
2500
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- 3230 fesl
— 500
15001 =900
400
700 —300
1000~
200
- =500
=100
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400 300 Lo

Figure 5. Nomograph for determination of lane 1 volume upstream from off-ramp on l-lane

freeways.
Xe X9
X Solufion: Xy Distance fo Upsiraem Volume of Upstreom
rrun‘vdum Lane | Volume QM -Romp Volume On-Romp On-Ramp
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L 3180 2280 1400 1000 #00 |
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950 700
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e (2)0rm o lins from Wap) Intersaciion of 800~
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1560 o o s i b iha Stution eI s00
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Figure 6. Nomograph for determination of lane 1 volume upstream from oft-ramp on 4-lane
freeways.
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Steps In Solytion
(1) Oraw a line from X; Valus to Xg Volue
Inlersacting  Turning line I

(2} Ovew u lisa from Step | Indaraecties of
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freeways.
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+0.500X,+662
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3 sahtion: %g Volume of Adjacant
Freswoy Volume Volema in Lonw | (eoo—) Upalragm Of1-Ramp
VAN VEH Xs VPH
B200 ~ 30
- 00
000 -100
2800 200
- 800 - 200
2600~ I 2000
5400 1900
- 700 - 300
5200 - b tsoa
2000 I iroo —
4 -wee . |
4600+ - 1300 L 500
4400 1400
4200 o 2k is00 00
x| =)
4000~ oy 1290 s vew
swiio F z S b thamats Probien l- 700
2 =
2400 E 3 | ooo
a3 800
3400+ pe200
3700 - 800
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2000+ | 1600, 1000
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Figure 7. Nomograph for determination of lane 1 volume on 6-lane
AT CLOVERLEAF INNER LOOPS WITH AUXILIARY LANE
Xy Solutlon: X2 Xg
Fruwv Voluma Volume In Lone | Romp Valume  Downstream Ofi-Ramp
PH VPH VPH VPH
1900 200 1300
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Figure 8. Nomograph for determination of lane 1 volume on 6-lane freeways at cloverleaf
inner loops with auxiliary lane.
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X
X Solufion: Xa Xa Voluma'Uplmwn
Freeway Volume Lone| Volume 2nd OnRamp Dist to Upstream On-Ramp
VPH VPH Volume On~Ramp {faet)
5400 1800 —100 500 1400
] Steps in Solufion:
=
1700 200 3 1300 (1)Deaw o lins from X, Valve fo Xgvalug
= g intarsecting Turning Line 1
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300 intersecting Turning Lina 2
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26004 - 1200 [« 400
- 300
1 1000
- 200 1300 F - 300
2200
J =ik - 1400 - - 200
1800 - 1500 =1100 ~ 100

Figure 9., Nomograph for determinaton of lanc 1 volumc on é-lane freeways at second of
successive on-ramps.
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wrn wro e veue
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3800+ 2000 1
B Steps in Solution:
900 ¢
400 — (1) Draw a line from X, Value 1o Xs Valus
— 1800 intersscling TurningLina |
5000 - (2)Draw aline lmn step | inferseciion of
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1 — 600
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Figure 10. Nomograph for determinaton of lane 1 volume on 6-lane f'reeways where on-
ramp has auxiliary lane,
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Solutlon2: X2
Xy Sabutian I: Merge Volume Total On-Raomp
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= I I~ 2700 110 line fram X) Valua lo Xy Val
2800 i ciing Solatlon Lines and 2.
F - 2000 {2 Tha Intarsactlon of slep | line lth Sclullon
L. 350 Line I is Lansl Volume.
—~ 2400 3) Tha Intersction of step| lins with Solullon
i~ 2500 Line 2 1s (Lons|+RampLons A)Volums.
5 {4) Ramp Lone As{Lana |+Romp Lans &) =Lanal,
L 2200 L 325 - 1800 (S)Ramp Lone Bs X,-Ramp Lane A
b — 2300
{= 2000 us F
200 1800
L - o~
w w — 2100
= 1800 = =
=275 =
i 3 3~ 1400
- 1600 E ’é = 1900
L 3250 o
("] "
— 1400 — 1200
= 1700
— 225 Salulten 1
Voluma Lana | (VPH}:84 +0.070%
= 1200 +0.049%
— 1000 L 1500 Btenderd Errors ESBVAM
L 200 Solutlon
L 1000 Volume (Lans {+Ramp A}« 208
F +0.207X,+0.575%,
Srondurd Dyrees TR VP
175 — l-1300
- 800 Nole: {1) Ramp Lane A vahizies marge
directly wiih Lane | vehicien
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Figure 11. Nomograph for determination of lane distributions and merge on 6-lane free-
ways at 2-lane on-ramp.

X Solution: X7
Freeway Volume Lone | Volume Off~Ramp Voluma
VPH VPH VPH
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i i | Steps in_Solution;
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Figure 12, Nomograph for determination of lane 1 volume upstream from off-ramp on 6-lane
freeways.



102

X

Freeway Voluma
VPH

Figure 13. Nomograph for determination of

X7
{A+B) Volums
For Soletion 2

VPH
— 300

=500

= T00

900

—1100
— 1300
— 1300
1700
1900
— 2100
— 2300

I— 2500

L= 2650

Figure 1h4.

6000 —

$500 -

5000 =

4500 -

A000 —

3500~

3000

2500 -

2100~

Solutlon 2; Solutlon I
Volumae in Lone |
VPH VPH
600 =
1700
550 =
16001
1500
500~
1400
& -
— 1300
4350 ;4 ‘é‘
&= a
z -
3 1200 g
= -
400+ 2 3
5 11003
@ I
1000-
35 0—l
9001
300 000
T00
250
600—
223 < 540~

X7
Total Off-Ramp

{Lane | +Romp Lone &) Volume

VPH
- 3000

- 2900

= 2700

I~ 2500

I~ 2300

—~ 2100

1900

—1700

— 1500

= 1300

— 1100

lane volume

Sleps In Solulions

ine trom X, Value to Xy Volue

ting Solution Lines fand 2

I The intaranciion of Gelvfion L)
glves the {Lona |+ Romp Lans A} Volume

(3} The Intersaction of Solullon Line 2
gives 1he Lona | Valume

(4)Ramp Lane A= [Lone {+Ramp Lane &)
Volume from Step Na2-Lons | Volums
from Step No.3

{5) Romp Lane B Xy -Romp Lons A&

Solution i:

Volume { Lone |+ Rump Lane A)s
~138+0.038%, +0.867 X,

Solullon 2:

Volume in Lana I« +18 +0.060X,
+0.072%,

Stondord Error.
(Lane | +Romp Lane &)= 1181 VPH

Lane | = £180 VPH
Remp Lane A« t T7VPH

Note: Deceleratlon Lone Sheuld B of least
T00 fesl long

distributions approaching

nose of a 2-lane off-ramp with deceleration lane.

SOLUTION LINE 2

Solutlon 2 * Solukion |
Lans! Volume Freeway Volums (Lane )+ Lans A) Volume
VPH VPH
— 1400 AS00 —
— 1700
—1300
4200 | — 1600
—i200
—1100 3900 — — 1800
— 1000
— 1400
|00 3600 —
—1300
[~ 800 3300
|— 100 @ |-1200
H
- 800 3000 — ;
B —iioo
— 800 [
2700 — §
[_ 400 4 [—IOOO
— 300  2400— 900
— 200
2100 — 800
— 100
— 700
—0 1800~
— 600
1800 —
— 800
1200~

Xy
(A+B) Voluma
For Selutlon |

2830

2300 —|
£300 ~

2100 —
1900 —

1700 —

1300 —

1100 —|

T00 —|

300 —

Nomograph for determination of major fork

Stgeln Soluileng

SOLUTION |

X;Valus to Xy Vatue

u [nterseniing Ralutian

clien peint onthiy line
it the Volume (Lenel+ Lana A}

SOLUTION 2

(1) Drem o line frem Xi Velus fo Xr Volua
ealeft gide acale intarsscilng Selilen

Lina 2. The Inisraentlon peini on TN
llne is Ihe Velume la Lons |

Velume (Lonnl¢Lana A) 84402034
+0.141 %y

Solutlen 21

Valums (n Lane 19 1T3¢ 0299 ~0.830my

[Lamn 14 Lins AJe204 VPH
Lana [s£ 68 VPH
LeneAst 88 VPH

Hiates Lor As{Lang |+ Lana &)~ Lane |
LaneBeXr-Lone A
CALTiOl: THa romeqrash shevhd net be wed I
Lonel+Lona2
ha weuma sotie of %E.m;

v ral ful) balwann 173 ead 3.

lane volume distribution.

the



103

X1 Solution: X2
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Figure 15. Nomograph for determination of lane 1 volume on 8-lane freeways.
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Figure 16, Nomograph for determination of lane 1 volume on 8-lane freeways where there
is an adjacent off-ramp 1,500 to 3,000 ft downstream.
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Figure 17. Nomograph for determination of lane 1 volume on 8-lane freeways; on-ramp has
auxiliary lane.

lane (lane 2) on the 4-lane freeway is now carrying 1, 750 vph, or the same as the
average lane volume of lanes 2 and 3 for a 6-lane freeway. Thus, it appears that as
long as off-ramp volumes can be kept low in relation to through volumes, a 4-lane
freeway can handle off-ramp movements about as efficiently as a 6-lane freeway.

OFF-RAMP EQUATIONS FOR 4-LANE FREEWAYS

Eq. 5 for calculating lane 1 volume upstream from an off-ramp on 4-lane freeways
was presented earlier in this report. This equation, Y = 165 + 0. 345X, + 0. 520X,
comes from 518 observations, taken from 16 locations. These locations include: two
from the North Sacramento Freeway; one from I-280 near Santa Clara, Calif.; two
from the Tri-State Tollway in Indiana; one from the Muncie Freeway in Kansas City,
Kans. : two from the Baltimore-Washineton Parkwav: one from I-96 near Detroit. Mich. :
one from Route 17 at Binghamton, N. Y.; one from Cross County Parkway, Pough-
keepsie, N. Y.; two from the Schuylkill Expressway in Philadelphia; and one each from
San Antonio and Austin, Tex.

The large number of observations made possible the stratification of the data by per-
centages of ramp vehicles in the freeway stream. These percentages of ramp vehicles
in the freeway stream were taken as follows: 0-9.9 percent, 10.0-19.9 percent, 20.0-
29. 9 percent, 30.0-39.9 percent, and 40. 0-70. 0 percent. The last group includes a
wider percentage spread of ramp vehicles, as there were too few observations to con-
tinue by increments of ten percentage points once the ramp traffic reached 40. 0 per-
cent of the freeway volume.

Lane 1 vs freeway volume was plotted for each ramp percentage group, and a simple
linear regression line fitted by computer. In addition, multiple regression equations
were computed using, in addition to the freeway volume, X, the off-ramp volume, Xo,
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as a variable. Table 5 contains the series of equations with their associated standard
errors and coefficients of determination. The use of a multiple regression equation
results in a considerable improvement over the simple regression in categories con-
taining 0-9.9 percent, 10.0-19.9 percent, and 40. 0-70. 0 percent ramp vehicles in the
freeway stream. The middle range categories, 20.0-29-9 percent and 30. 0-39. 9 per-
cent, were very slightly improved by the use of the off-ramp as a variable. Of course,
inasmuch as the ramp volume is already stratified, its effect as a range within a group
is not so discernible. Figure 18 is a graphical representation of lane 1 volume for
the stratified ramp volume groups as related to freeway volume upstream from the off-
ramp.

Some possible explanations can be offered for the improvement in the multiple re-
gressions of the equations for the lower ramp volume percentages. One reason might
be because these categories are made up predominately of freeway vehicles having a
free choice of two lanes to use. Any ramp vehicles in the stream would have to be in
lane 1, so their inclusion as a variable results in a better fit. On the other extreme,
for the high volume ramp category (40. 0-70. 0 percent in the freeway stream), there
is so much difference in ramp volumes between observations that their inclusion as a
variable is a necessity for adequate accuracy. Because the freeway volume is a much
smaller percentage of the total volume, lane 1 volume is not so precisely determined
by using only the freeway volume as a variable as in the simple regression.

It is rather interesting to note, logically enough, that lane 1 volume is more un-
predictable at low ramp volumes.

Considering other possible variables, it was hypothesized that an increasing magni-
tude of the percentage of commercial vehicles in the diverge might have a negative ef-
fect on the lane 1 volume. Even though the commercial vehicle percentages for short
periods ranged [rom 0 (on the parkway locations) to 56 percent, there was no
discernible effect on lane 1 volume. However, nearly all of the locations were either
tlat grade or close to flat. Observations of freeway grades which severly reduce truck
speeds lead to the conclusion that there is a substantial vacating of lane 1 by passenger
cars at such locations.
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Figure 18. Lane 1 volume upstream from off-ramp related to freeway volume and percent-
age of off-ramp vehicles in freeway stream upstream from off-ramp.
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AUXILIARY LANE USAGE

Egs. 3, 8, 10, and 17, were developed for on-ramp locations having an auxiliary
lane extending to the adjacent downstream off-ramp. The presence of an auxiliary lane
changes the computational procedures somewhat from that used in conventional merg-
ing and diverging situations. Conventionally, the computed lane 1 volume is added to
the ramp volume to get the ""expected merge' or in case of an off-ramp, the lane 1 vol-
ume upstream from an off-ramp is the ""expected diverge.' At auxiliary lane locations,
however, the opportunity to weave or change lanes between lane 1 and the auxiliary
lane makes necessary a computation of volume in each of these lanes at selected points
between the ramp noses. The computed lane 1 and auxiliary lane volumes should be
checked against the service volume. In making an "average lane volume' check across
the lanes, the auxiliary lane should not be counted as a lane and the volume on the aux-
iliary lane should not be included in the volume used in the numerator of an "average
lane volume' calculation.

Figure 19 is the tool usedin conjunction with the equations in the analysis of auxiliary
lane locations. Its use is intended for auxiliary lanes of 1, 100 feet in length or less,
as covered by the lane 1 volume equations (Egqs. 3, 8, 10, and 17). Lack of data pre-
vented the development of curves for longer auxiliary lanes. The computational pro-
cedure used is as follows:

1. Determine lane 1 volume at the on-ramp nose by the use of the proper equation
(Egs. 3,8, 100r 17) or nomograph of the same figure number. This lane 1 volume will
consist of lane 1 through vehicles and of off-ramp vehicles intending to exit. For
reasons of simplicity in figuring the lane 1 through volume, 100 percent of the "intend-
ing to exit" off-ramp vehicles are considered to be in lane 1 at the on-ramp nose. In
practice, this is more apt to be approximately 95 percent, as there are always a few
"late decision, " ""blocked off, " or "sleeping' prospective off-ramp drivers, who are
still in lane 2 at the on-ramp nose.

100,

80
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40

20

CUMULATIVE PERCENT OF VEHICLES USING
AUXILIARY LANE

NOSE 2 4 ) 6 8 NOSE
ON—RAMP OFF-RAMP

AUXILIARY LANE USED IN TENTHS OF LENGTH

Figure 19. Usage of auxiliary lane by entering and exiting vehicles.
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2. Subtract the off-ramp volume from the computed lane 1 volume to get the lane 1
through volume.

3. Make several checks of lane 1 and auxiliary lane volumes at points between the
ramps. The volumes will consist of:

Lane 1 volume = lane 1 through + on-ramp vehicles out of auxiliary lane
(Fig. 19, upper curve) + off-ramp vehicles still in
lane 1 (Fig. 19)

Auxiliary lane volume = on-ramp vehicles still in auxiliary lane (Fig. 19)
+ off-ramp vehicles who have moved onto the auxiliary
lane (Fig. 19, lower curve).

Because lane 1 carries through vehicles as well as ramp vehicles, it seems ob-
vinus that it will usually he the critical lane far averloading as compared to the auxil-
iary lane which carries ramp vehicles only. The most critical checkpoint between the
ramps can usually be ascertained by noting the relative ramp volumes and the shape
of the curves in Figure 19. An examination of the upper curve in Figure 19 discloses
there is increased movement by on-ramp vehicles from the auxiliary lane to lane 1
between the 0. 3 and 0.6 distance points. Also, off-ramp vehicles tend to stay in lane 1l
until the 0.5 point after which increased movement onto the auxiliary lane takes place
up to the 0. 8 distance point.

The foregoing suggests that the most heavily trafficked portion of lane 1 is the sec-
tion from 0.5 to 0.6 of the distance along the auxiliary lane. Usually a volume check
at the 0. 5 point will suffice unless ramp volumes are quite high. Should the off-ramp
volume be comparatively high, the lane 1 section just downstream from the on-ramp
nose should be checked for overloading, say at the 0.2 point. On the other hand, if the
on-ramp volume is comparatively high, a volume check of lane 1 should be made just
upstream from the off-ramp, at possibly the 0. 8 point.

SAMPLE PROBLEM

Given: A orovosed design for a 6-lane freewav with the following traffic volumes:

— — — —_
4,300 — X) 3,900 — X; 4400 —> —> 3,800
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e e 1,000~ - mme e R TR 1 100 == = = e emem —3

The chosen service volumes not to be exceeded are 1, 500-vph/lane average across the
freeway lanes; 1, 500-vph merge; and 1, 600-vph diverge.

Find: If the design is adequate for average lane volume, merge volume at the on-ramp,
and diverge volumes at the off-ramps.

Solution: The equations applicable to this layout are Egs. 7 and 12, or, if nomographic
solutions are desired, Figures 7 and 12. It is obvious by inspection that the average
lane volume is less than 1, 500 vph/lane at between interchange sections. The most
critical diverge would be that at the second off-ramp, because its volume is 600 vph,
as compared to 400 vph at the first off-ramp. Also, freeway volume is 4,400 vph al
the second off-ramp as compared to 4, 300 vph at the first off-ramp.
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Using Eq. 12 to check the diverge:

Y = 139 + 0.242X; + 0.408X~
139 + 0. 242(4400) + 0. 408(600)
1, 449 vph in lane 1 upstream from the second off-ramp

1,449 vph < 1,600 vph, so the diverge meets service volume specifications.

Using Eq. 7 to check the merge:

Y = -121 + 0. 244X, - 0. 085X, + 640 %
5
= -121 + 0. 244(3900) - 0. 0085(400) + 640 (l—?gg)

1, 146 vph in lane 1 at the on-ramp nose
Expected merge = 1, 146 vph (lane 1) + 500 vph (ramp) = 1, 646 vph

1,646 vph > 1, 500 vph, so the merge exceeds the service volume specification and
requires an alteration in design.

To meet service volume specifications at the on-ramp merge, the distance to the
downstream off-ramp could be increased or an auxiliary lane could be added between
the ramp noses. If consideration is given to increased distance between ramps as a
remedy, using Eq. 7 and solving for the Xs distance value needed for a Y value of
1,500 vph, a distance of 1, 892 feet is computed. This means an additional 792 feet
between ramps (1, 892 - 1, 100 = 792) is needed to reduce the expected merge from
1,646 vph to 1, 500 vph. Assuming, as will often be the case, that this method of solu-
tion is not feasible or most feasible, an auxiliary lane could be added between the ramps
as a means of increasing capacity so that the service volume specification can be met.
Because there is a somewhat changed lane volume distribution at auxiliary lane loca-
tions, Eq. 10, or Figure 10, would be used, instead of Eq. 7, to determine the lane 1
volume at the on-ramp nose.

Y =53 + 0.283X:1 - 0.402X5 + 0.547Xs
=53 + 0.283(3900) - 0.402(1100) + 0.547(600)
= 1,043 vph in lane 1 at the on-ramp nose

At first inspection, it would appear that this 1, 043 vph would be added to the 500-vph
ramp volume and the expected merge would still exceed 1,500 vph. However, with the
addition of an auxiliary lane, this merge no longer takes place. Rather, there is a
weaving action on lane 1 and the auxiliary lane between the ramp noses. This action
involves the following volumes for lane 1: (1) through lane 1 vehicles, (2) on-ramp ve-
hicles which have moved off the auxiliary lane, and (3) off-ramp vehicles which have
not yet moved onto the auxiliary lane prior to exiting. For the auxiliary lane, the vol-
umes include: (1) on-ramp vehicles which have not yet moved into lane 1, and (2) off-
ramp vehicles which have moved off lane 1 onto the auxiliary lane, prior to exiting.

Figure 19 is used to determine the lane 1 and auxiliary lane volumes at selected
points between the ramp noses. Because ramp volumes are not high in this problem, it
will be sufficient to check volumes at %o of the distance along the auxiliary lane. Addi-
tional checks should be made at the 0.2 and 0. 8 points between the ramps if the com-
bined volume of lane 1 (computed by Eq. 10) and the on-ramp exceeds 150 percent of
the service volume level for one lane.

Lane 1 Volume Calculation:

Lane 1 through vehicles = 1,043 (lane 1) - 600 vph (off-ramp vehicles)
= 443 vph (all off-ramp vehicles are assumed
to be in lane 1 at the on-ramp nose)
On-ramp vehicles in lane 1 at 0. 5 point = 0. 58 X 500 vph = 290 vph
Off-ramp vehicles in lane 1 at 0.5 point = (1. 00 - 0. 25) X 600 vph = 450 vph
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Total vph in lane 1 at 0. 5 point = 443 through + 290 on-ramp + 450 off-ramp
= 1,183 vph
1,183 < 1,500, so this meets the service volume specifications.

Auxiliary Lane Volume Calculation:

On-ramp vehicles in auxiliary lane at 0.5 point = (1. 00 - 0. 58) X 500 vph = 210 vph

Off-ramp vehicles in auxiliary lane at 0.5 point = 0.25 x 600 vph = 150 vph

Total vph in auxiliary lane at 0.5 point = 210 on-ramp + 150 off-ramp = 360 vph
360 < 1, 500, so this meets the service volume specification.

Average Lane Volume Calculation:

At 0.5 point, volume on the three through freeway lanes will be
3,900 + 500 - 360 (on aux. lane) = 4, 040 vph
4,040/3 = 1, 347 vph/lane which is satisfactory

Our final design diagram is now satisfactory and looks like this:

— — —

4300 3 soo " —» 3,800
vph 183 vph computed vph

\\ e
NQ\& ¢ ﬁ 360 vph compuled oo:
0

given distanlge, as a design criterion. If so, ;:lhis factor should algo be checked.

2-LANE ON-RAMPS

The use of 2-lane ramps is sometimes necessary at high volume connections, such
as might be found at a freeway-to-freeway interchange. At present, specific warrants
for the use of 2-lane ramps are lacking. In the case of a right-hand, 2-lane on-ramp,
it is the usual recommendation that one ramp, usually ramp lane B (by this nomen-
clature), be continued on as an added lane to the freeway. Ramp lane A vehicles merge
directly with lane 1 vehicles of the freeway. An alternative to this design is to have
ramp lane A add a lane to the freeway and have ramp lane B merge into ramp lane A,
now lane 1 of the freeway. Unfortunately, field data are lacking for both these designs,
so comparative evaluations cannot be made at this time.

The 2-lane, on-ramp data herein were taken from 6-lane freeway locations on Long
Island. In contrast to the designs mentioned above, there was no freeway lane added
at these locations. While this type of design is still employed occasionally, it is not
generally recommended unless the freeway volume is low-to-moderate and forecasts
are that the freeway volume will remain at this lower volume level. For this design,
ramp lane A vehicles merge directly into lane 1, while ramp lane B vehicles use an
acceleration lane before merging with the already-merge (lane 1 + ramp lane A) ve-
hicles. Some of the initially-merged vehicles move over into lane 2, while still adjacent
to the acceleration lane, thus opening up some gaps for the ramp lane B vehicles to
utilize. Eqs. 1la and 11b and nomograph Figure 11 were developed from data collected
in five studies made at the two locations on Long Island—the Southern Parkway (North
Conduit Avenue, service road) ramp to Van Wyck Expressway northbound and the
Northern State Parkway ramp to the Long Island Exprcssway westbound. The length of
acceleration lane (810 feet) is hardly considered adequate by present standards, but the
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equations should give a fairly accurate representation of lane volume distribution, even
for more liberal acceleration lane designs.

The important consideration in this type of design is that there are, in effect, two
merges, not easily distinguishable to an observer of the scene, but there, nevertheless.
The first merge, that of ramp lane A with lane 1, can be most easily quantified and is
the likeliest candidate for a service volume control. Because these ramp vehicles (and
the merge is made up mainly of ramp vehicles) will be merging directly or with slight
usage of the tapered apex, this merge volume should not exceed 1, 500 vph and, perhaps,
should be less if relatively smooth operation is desired. The second merge is that of
ramp lane B vehicles which have utilized (partially or fully) the acceleration lane before
merging with the already-merged (lane 1 + ramp lane A) vehicles. This merge cannot
be easily quantified, because a number of the already-merged vehicles move over into
lane 2, while still parallel to the acceleration lane. This "moved out" volume is likely
to be higher when freeway volumes are low and/or ramp volumes are high, because
there will be more gaps in lane 2 and/or more pressure exerted by ramp vehicles to
move out.

Using a straightedge on nomograph Figure 11, if a 1, 500-vph service volume is set
for the merge of lane 1 and ramp lane A and a ramp volume of 1,500 vph is forecast,
the freeway volume approaching the merge should not exceed 2, 940 vph. The down-
stream (after merge) volume is 4, 440 vph (2,940 + 1, 500). At progressively higher
ramp volumes and correspondingly lower freeway volumes, a markedly lower down-
stream (after merge) freeway volume would result. For instance, at a ramp volume
of 2,200 vph, only 1, 520 vph freeway volume could be present if the 1, 500-vph merge
criterion of lane 1 and ramp lane A is set as a desirable servicé volume limit. Thus,
the downstream freeway volume could only be 3, 720 vph (1, 520 + 2, 200). There would
be 270 lane 1 vehicles and 1, 230 ramp lane A vehicles making up the initial merge,
leaving 970 ramp lane B vehicles to merge subsequently along the length of the acceler-
ation lane. This does not appear to be a desirable operation, because, in effect, 970
vehicles would have to vacate lane 1 along the length of the acceleration lane to maintain
a 1, 500-vph merge. This merge would include the ramp lane B vehicles, and the left-
over lane 1 and ramp lane A vehicles.

If the acceleration lane were increased to, say, 1,500-1, 600 feet in length, this
possibly would attract more vehicles to ramp lane B, reducing ramp lane A and the
initial merge. The capacity, therefore, conceivably could be increased somewhat.
Obviously, an even better way to increase capacity would be to continue ramp lane B
on as an added freeway lane. In this case, ramp lane A would carry little traffic until
ramp lane B volume was at least up to practical capacity.

Egs. 11a and 11b were derived from one hundred and fifteen 5-min hourly rates, or
a total of almost 10 hours of operation spread over five separate studies, conducted
over a several months period. As an illustration of why the equation standard errors
might be larger than they need be to apply accurately to full-hour volumes, Table 6 is
shown with the four peak hours for the N.Y. -36 studies and two 1-hr volumes for the
N.Y.-23 study. All computed volumes, using as independent variables the actual free-
way and ramp volumes, fall within one standard error of the actual component volumes.
Except for some congestion in N.Y.-360 and N.Y. -36D studies, the traffic operation
could generally be considered free-flowing.

A final important note. There were no weaves of any consequence for at least
several miles downstream from these ramps. Consequently, there was little need
for freeway vehicles to be in lane 1 at the ramp nose. Also, because of the intense
pressure of 2-lane on-ramps, the average driver shies away from lane 1. However,
2-lane ramps are likely to be found leading into major weaving areas. If so, lane 1
could be loaded up with prospective weave vehicles and distributions altered greatly.
This situation should be treated as a weaving problem and Egs. 11a and 11b would not
be applicable.

TWO-LANE OFF- RAMPS

Egs. 13a and 13b and nomograph Figure 13 apply to a 2-lane off-ramp on a 6-lane
freeway. Though only one location was used in the collection of data, two morning and
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Figure 20, Volume distribution on the ramp for 2-lane off-ramps segregated by length of
deceleration lane.

two afternoon studies were made over a wide range of volumes. The ramp studied was
the Long Island Expressway eastbound ramp to Northern State Parkway eastbound. This
ramp has an 800-ft long parallel deceleration lane. It is paramount that an adequate
deceleration lane be provided if the ramp's capacity is to be utilized. Without a decel-
eration lane, drivers will use ramp lane B almost exclusively or make hazardous
maneuvers to get to ramp lane A. Under these circumstances, a driver using ramp
lane A must be apprehensive about being hit by through vehicles. He cannot distinguish
which vehicles behind him will be using the ramp or continuing on through on the free-
way. Moreover, at high ramp volumes, lane 1 is jammed with prospective ramp lane
B vehicles. The temptation is for "blocked off' or impatient drivers to try to exit on
ramp lane A from lane 2 of the freeway. Several of the 2-lane off-ramps studied
nationally were of this type. There is no logic in developing equations for their lane
distributions, as this would appear to be a tacit approval of their design. Suffice to
say that their operation was poor and that nearly all ramp vehicles used ramp lane B.
Approximately 5 percent of the vehicles used ramp lane A, up to the point where ramp
lane B exceeded practical capacity. The use of ramp lane A necessarily increased at
higher volumes, with resultant hazardous operation. Figure 20 shows some ramp lane
volume distributions segregated by length of deceleration lane.

With the layout shown in nomograph Figure 13, the diverge volume of lane 1 and
ramp lane A can be used as the service volume control. A check can also be made of
ramp lane B volume, if so desired.

MAJOR FORKS

Much needs to be known about major fork operation and Eqs. 14a and 14b, and
corresponding nomograph Figure 14, are only starters. The quality of operation of a
major fork is very much dependent on the bifurcation treatment, the lane striping, the
visibility (both day and night), and the signing employed. This is an area of study which
has been neglected researchwise, probably because of the difficulty in gathering traffic
movement data over such a wide expanse of roadway.

The layout shown in nomograph Figure 14 is simply a 3-lane (one-way) roadway,
splitting into two, 2-lane roadways. All four lanes can be checked for volumes. Lane
1 and lane B will carry the bulk of the respective movements. The (lane 1 + lane A)
volume, which must diverge, is the most likely service volume control.

The equations are not applicable if the leg volumes differ greatly—specifically, one
roadway should not carry more than three times as much traffic as the other.
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RAMP VEHICLE LANE USAGE DOWNSTREAM AFTER MERGING

Much of the preceding discussion in this report has elaborated on lane volume dis-
tributions at critical freeway sections for various ramp types and sequences, freeway
and ramp volumes, and distances between ramps. The philosophy is that if the layout
is kept at or below a specified service volume for critical sections, the overall de-
sign and/or operation will be balanced and relatively free of bottlenecks. The fore-
casting of traffic volumes has not yet reached a desirable level of accuracy and a ramp
or freeway section can be overloaded shortly after the ribbons are cut. Allowance
should be made, if feasible, for possible forecasting errors or unforeseen traffic
generators, especially at critical sections (for example, a diverging major fork). The
possible consequences should be considered of a slavish "dropping of lanes' to adhere
to lane volume forecasts.

Eventually, it should be possible to consider the freeway as a series of input-output
components, which can be "added up' algebraically to give a picture of the operational
volumes at any section along the freeway. Key elements needed to makes this pro-
cedure possible and currently missing or under development are (1) lane usage of on-
ramp vehicles downstream from their merge, to the point where their distribution
reaches a state of equilibrium, and (2) lane usage of prospective off-ramp vehicles
from the time the drivers first begin to consider their impending divergence from the
freeway stream.

Both of these elements could be very complex. The operation curves are almost
certainly dependent on more than mere distance from the entrance or exit point. For
example, what is the effect on the curves of volume or density, speed, the location of
the freeway, whether downtown or outlying; the type of freeway, whether radial or
circumferential, etc. This information would not he easy to obtain, particularly for
off-ramp vehicle paths. Aerial vehicle-tracing techniques are still too costly and
cumbersome to obtain the volume of information needed to determine accurately ve-
hicle paths.
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A start has been made, however. Believed to be the first extensive field work of
this type, the Bureau's Urban Weaving Area Capacity Study crew, assisted by City of
Detroit and State of Michigan personnel, conducted four studies of on-ramp vehicle
freeway lane usage in Detroit in September 1963. Four freeway sections having dif-
ferent distance between ramps were studied on the eastern end of the Edsel Ford Ex-
pressway. This stretch of 6-lane freeway, opened in 1958-59, is two to seven miles
east of the Ford-Lodge interchange, and is quite typical of a good depressed freeway
facility carrying high volumes. The studies were primarily aimed at freeway lane
usage information, but they were also expected to provide input data for the lane 1
equations already discussed in this report.

Briefly, the methodology was to erect the "'lights on'' weaving study signs on certain
study ramps and then count these "lights on' ramp vehicles by lanes at points 1, 000
feet or less apart downstream from the on-ramp nose. At ramp-freeway junctions,
full traffic counts were made, broken down into ''lights off'' and ''lights on.' More de-
tail on the study procedure can be ascertained by referring to the section on "'Field
Procedure.' Manpower limitations and sign messages limited the study section
lengths to from 4, 500 to 6, 000 feet. Actually, the zero or beginning point was at the
upstream off-ramp adjacent to the signed study ramp, so 6, 000-8, 000 feet more ac-
curately describe the lengths of the study sections.

Figure 21 shows the overall lane usage results for each of the 2%:-hr studies. With
each signed ramp carrying between 1,450 and 1, 950 complying ramp vehicles, a total
of more than 6,000 ramp vehicles were traced through the four freeway sections.
Approximately 15 percent of the ramp users did not comply with the "lights on'' signs.
Five-minute volumes expanded to hourly rates varied from 1, 200-vph/lane average
across the freeway lanes to 2, 200-vph/lane. Most of the volumes were in the practical-
to-possible capacity range. A brief description of each freeway section, giving dis-
tances between ramp noses, percent of ramp vehicles exiting at downstream off-ramps
within the study section, and quality of traffic flow, is as follows:

Study No. 1—Morning Inbound.—Operation mostly 40-50 mph free-flow with several
short-lived stoppages.
Chalmers on-ramp (Signed)
5, 730 feet
Conner off-ramp (5. 1 percent of Chalmers vehicles exited)
Study No. 2—Afternoon Outbound. —Operation steady throughout, but speeds were
mostly in the 20-30-mph range.
Chene on-ramp (Signed)
1,830 feet
Mt. Elliott off-ramp (2.6 percent of Chene vehicles exited)
1,700 feet
Mt. Elliot on-ramp
3,450 feet
Van Dyke off-ramp (9. 2 percent of Chene vehicles exited)

Study No. 3—Morning Inbound. —Operation rather severely congested, with much
stop-and-go accordion action, as contrasted to Study No. 2, where speeds were also
low, but more steady.

Gratiot on-ramp (Signed)

2,770 feet

Van Dyke off-ramp (1. 2 percent of Gratiot vehicles exited)
1,700 feet

Van Dyke on-ramp

Study No. 4—Afternoon outbound. —Operation all free-flow, with speeds in the 40-

50-mph range and tralfic volumes high.
Gratiot on-ramp (Signed)
1, 340 feet
French off-ramp (0.6 percent of Gratiot vehicles exited)
1,760 feet
French on-ramp




116

1,400 feet
Conner off-ramp (4. 2 percent of Gratiot vehicles exited)

Referring to Figure 21, it appears that the lane usage curves are flattening out at
possibly 6,000 feet downstream from the study ramp noses, with approximately 40
percent of the ramp vehicles in lane 1, 40 percent in lane 2, and 20 percent in lane 3.
It can be hypothesized that lane 3 will be carrying the highest percentage of long trip
vehicles and, while carrying a lesser percentage of each ramp volume, there would be
a wider range of origins contained in this lane. Lane 2 would probably contain the
widest range of trip lengths and lane 1 would be predominately short trips with some
intermediate trip lengths.

Extensive analysis is just getting underway to develop the relationships between the
lane usage of the study ramp vehicles and the total freeway volume, the merge volume,
the ramp volume itself, the lane 2 (adjacent lane) volume, speeds, and extent of con-
gestion. Preliminary results indicate that there is a statistically significant difference
in percentages of ramp vehicles in lane 1, based on freeway volume rates. Stratifying
into three freeway volumes rates—less than 4, 500 vph, 4, 500-5,400 vph, and more
than 5, 400 vph, there is increased movement out of lane 1 by ramp vehicles as freeway
volume rates increase. While movement out of lane 1 would appear to be a more dif-
ficult maneuver as volumes increase, it also appears to become more desirable if
improved position in the traffic stream is a driver's motivation. However, volume
rates are not always an accurate indicator of quality of flow and more attention will be
given to other factors as the analysis continues.
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Freeway Fatal Accidents:

1961 and 1962

ROGER T. JOHNSON, Traffic Department, California Division of Highways

Accident and fatality rates for 1961 and 1962 for freeways are
compared to those of conventional highways and streets in Cali-
fornia. In 1962 there were 426 fewer people killed in California
traffic accidents than there would have been if all travel had
taken place on conventional highways and streets. For a given
amount of travel, there are a little over one-half as many people
killed on freeways as on other roads and streets.

The freeway fatal accident rate rose from 2, 29 in 1961 to 2. 71
in 1962, andthe fatality rate rose from 2.70 to 3.35. Ten county
routes, amounting to 175 mi, accounted for 90 percent of the
statewide increase in fatal accidents, but the accident rate, in-
cluding nonfatal and property damage accidents onthese sections,
rose only slightly,

°IF ALL THE TRAVEL on California freeways since Jan., 1, 1949, had been obliged

to use conventional roads and streets, there would have been over 2, 000 more deaths
than there were during that period (Fig. 1). Because of the lower accident rate on
freeways, 406 lives were saved in 1961 and 426 in 1962, Calculations showing the effect
of the lower accident rates in terms of lives saved are given in Table 1. During this
2-yr period, there were 37,384 accidents on freeways and 26,112 million vehicle-miles
(MVM) traveled on freeways. The accident rate was 1,43/MVM. Non-freeways had an
accident rate of 4.21,

For 1961 and 1962, there were a total of 660 fatal accidents on California freeways
resulting in death to 802 persons and injury to 823 others. There were 3.07 fatalities
per 100 MVM for the 2-yr period. Non-freeways had 5.77 fatalities per 100 MVM.
Freeways carry approximately 16 percent of all the traffic in the state, but have only
8 percent of the fatalities with a fatality rate on freeways of about one-half that on con-
ventional roads and streets.

TYPES OF FATAL ACCIDENTS

The number and percentage of each type of freeway fatal accident are given in Table
2. The percentages of each of the four major classifications remain relatively constant
from year to year. The installation of median barriers (begun in 1959) has lowered the
percentage of cross-median fatal accidents from 19 percent in 1958 to 10.9 percent in
1960. The percentage for 1961 and 1962 combined was 10. 3 percent, but in 1962 alone
it decreased to 8.7 percent. However, although the percentage of cross-median acci-
dents has gone down, the fatality rate, including all types of accidents, has increased.
All California freeways with a volume of 60,000 veh/day or more now have median bar-
riers installed or under construction. A study of median barriers is currently under
way to determine the effect of this installation on all types of accidents.

Fixed Object Accidents

Single vehicles which hit fixed objects account for 31 percent of freeway fatal acci-
dents, which is more than any other single classification. Fixed objects are found on
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TABLE 1
CALCULATION OF LIVES SAVED BY FREEWAYS

Conventional Estimated

Type Freeway Highways or  Fatalities Li
of Year Street, if Travel S;;:fl
Facility 100 oo olities Fatalities/ Fatalities/ Took Place on
MVM 100 MVM 100 MVM Non-Freeways
Rural 1961 36.51 142 3.89 9.242 337b 195¢
1962 45.66 223 4,88 9.10% 415 192
Urban 1961 80.69 174 2.16 4,77 385 211
1962 95,92 259 2.70 5.15 493 234
Total 1961 - - - - - 406
1962 - - - - - 426

BRural state highways other than freeways.

Product of the freeway travel (in 100 MVM) and the conventional fatality rate per 100
MVM.

CEstimated. fatalities on non-freeways minus actual number of fatalities on freeways.

200 3000

all highways, but some are more charac-

/ teristic of freeways than conventional roads.
LD 2800 For example, there are rarely any abut-
/ ments or piers at the edges of conventional
/ - roads. These objects are portions of over-

crossing structures which are designed
to separate cross traffic from main line

bnnffin Qivnilanley if than nnncorand rnoc

[CUMULATIVE)

S IN SERVICE
.
o
g
\\\

ture is an object which would not normally
be found on a highway with grade intersec-
tions,

‘I'he number of freeway fatal accidents
associated with fixed objects characteris-

tic of freeways and of all roads is indicatcd
ol 9 30 as Q €2 ° in Table 3'

" veaR E A study of all freeway accidents (fatal
and non-fatal) revealed that approximately
25 percent involved fixed objects which in-
dicates that fixed-object accidents have a

much higher fatality incidence than other

FREEWA

400 .:’é‘/‘p.’gy looo
i3

LIVES S/

200 500
Y

Figure 1. Estimated number of lives saved
by California freeways in operation since
Jan. 1, 1949,
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The Division of Highways Bridge Department has recently heen able to eliminate
columns from the right-hand side of the traveled way on most open abutment bridges
with 2 very nominal increase in cost. The elimination of some curbs, dikes, lighl
wells and side opening drop inlets has been accomplished. These changes cannot be
easily made on existing freeways; therefore, the real effect of such changes will not
be apparent for several years. It is felt that there is a need for further study and im-
provement in the reduction and placement of freeway fixed objects.

Rear-End Accidents

Rear-end accidents account for approximately 60 percent of all freeway accidents
but only 18 percent of freeway fatal accidents. Of the 123 rear-end fatal accidents, 61
(50 percent)involved trucks, even though trucks account for only 6 to 8 percent of the
vehicle-miles on freeways (Table 4).
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TABLE 2

NUMBER AND TYPE OF FATAL ACCIDENTS
ON CALIFORNIA FREEWAYS

Fatalities per

No. Percent

. g Percent
Type of Accident Fatal Accident (1961 and
(1961 and 1962) (1961 and 1962) 1962) (1960)
Single vehicle: 333 50.5 52.3
Hit fixed object 1.21 204 30.9 31.0
Did not hit fixed object 1.07 129 19.6 21.3
Pedestrian: 84 12.7 14.4
Walkers 1.02 57 8.6 10.5
Dismounted vehicle
occupants 1.04 27 4.1 3.9
Head-on collision: 104 15.8 16.7
Driving on wrong side
of median 1.54 36 5.5 5.8
Crossed median 1.68 68 10.3 10.9
Overtaking and sideswipe: 139 21.0 16.6
Rear-end 1.36 123 18.6
Sideswipe 1.14 _16 2.4
Total 1.25 660 100.0 100.0

TABLE 3

FREEWAY FATAL ACCIDENTS ASSOCIATED

WITH FIXED OBJECTS

Fixed Object e Fa:)a;j o e
Accidents Accidents
Involved
(%) (#)
(a) Freeways

Undercrossing

rails 38 19 5.9
Overcrossing

columns 35 17 5.2
Abutments 35 17 5.2
Ramp noses 18 9 2.8
Light poles 18 9 2.8
Sign poles 12 6 1.9
Median

barriers _9 _5 1.5

Total 165 82 25.8
(b) All Roads

Guardrails 11 (] 1.9
Bridge rails

{water crossings) 9 5 1.5
Culvert headwalls 8 4 1.3
Trees 3 2 0.6
Walls - " 0.3

Total 33 18 5.6

Ten percent of the rear-end fatal acci-
dents occur under congested conditions,
even though freeways are congested much
less than 10 percent of the time. However,
the major problem is not congestion but
slow-moving and stopped vehicles.

The speed limit for trucks on freeways
is 50 mph as compared to 65 mph for cars
and buses. There were 37 fatal accidents
in which a car ran into the back of a truck.
In 29 of these, the truck was traveling con-
siderably below the speed limit. Raising
this limit would have had no effect on the
speed of the truck. In the other 8 fatal
accidents, the severity might have been
lessened had the truck been traveling
faster. There were 22 fatal accidents in
which a truck ran into the back of a car.
Raising the truck speed limit would only
tend to increase this type of fatal accident.
Therefore, it appears that raising the
truck speed limit would not be desirable
from the standpoint of freeway fatal acci-
dents.

Rear-end accidents are the only type

which are equally prevalent (for a given amount of travel) on freeways and on conven-
tional rural roads between intersections. One might expect to find more rear-end
accidents on freeways because the volumes are generally higher, cars drive with less
headway, and occasionally freeways reach capacity and experience "stop and go' situa-

tions.
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TABLE 4
FATAL REAR-END ACCIDENTS

No. of Accidents

Involving Trucks

Conditions Not Involving Total
Car Ran Truck Ran Truck Ran Trucks
Into Truck Into Car Into Truck
Freeway congested
(stop and go) 1 1 0 10 12
Stopped vehicle
(no congestion) 9 10 1 15 35
Slow vehicle
(no congestion) 19 7 1 13 40
Other (sleep,
speeding, etc.) _8 | 0 23 _35
Total 37 22 2 61 122
TABLE 5 Pedestrian Accidents

FATAL PEDESTRIAN ACCIDENTS

There were 84 fatal pedestrian acci-
dents on California freeways in 1961 and

Location of No. of 1962. This was 13 percent of all freeway
Pedestrians Pedestrian Percent fatal accidents. In about two-thirds (57)
When Struck Accidents of these accidents, pedestrians walked
onto the freeway, although this is prohibited
v B T 1 na no hee Tawr nnd vin ncdk morana nma ramknd +4 S
Ramp 6 i remaining one-third of the pedestrians
Ramp shoulder 1 1 were dismounted vehicle occupants. One
Unknown ik 1 of the reasons for fencing freeways is to
k d i : i
Total 84 100 eep pedestrians out. However, this also

makes it difficult for dismounted vehicle
occupants to get off the freeway. Table 5
shows where the pedestrians were when
struck.

A study of all freeway pedestrian accidents has been undertaken to determine what
measures the Division of Highways can take to reduce these accidents.

Ramp Accidents

Eleven and one-half percent of freeway tatal accidents and 14 percent of non-iatal
freeway accidents occurred on a ramp or involved a ramp maneuver. The reason for
the relatively low fatal ratio is probably that speeds are lower on ramps than on the
freeway through lanes, The ratio of off-ramp fatal accidents to on-ramp fatal accidents
was 1.7 to 1, approximately the same as for non-fatal ramp accidents.

Maneuvers in the vicinity of ramps arc often thought to be a prime contribution to
ramp accidents, The fact is that 75 percent of all fatal accidents involving a ramp
maneuver or which occur on a ramp are single-vehicle accidents. There are less
pedestrian, rear-end and sideswipe accidents proportionately on ramps than on the
freeway through lanes.

Alignment standards (vertical and horizontal) generally are somewhat lower on
ramps and quite often are very low. Ramps have many fixed objects (sign poles, light
standards, curbs, dikes, and guardrails) which contribute significantly to ramp fatali-
ties. In 50 percent of the off-ramp fatal accidents, a fixed object was hit.
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Figure 2. Hour of occurrence, fatal and non-fatal accidents, California freeways, 1961
and 1962.
TABLE 6 A freeway ramp accident study is cur-

LIGHTING CONDITION AT TIME rently under way.

OF ACCIDENT ENVIRONMENTAL FACTORS

ASSOCIATED WITH
FREEWAY ACCIDENTS

Total Accidents (%)

Condition
Fatal Non-fatal Hour of the Day
. The distribution of freeway fatal acci-
gig%{l%};t g - 332 522 dents by hour of day does not change much
Dl 62. 6 45' 3 from year to year. Thirty percent of the
W'til t hict : : fatal accidents occur between 11 PM and
rhout highway 3 AM; approximately 5 percent of the
1_11um.1nat10n 33,0 25.4 travel occurs during these hours. Of all
W.lth hlighw_ay freeway accidents, only 16 percent occur
llumination 27.6 19.9 between 11 PM and 3 AM.
Total 100.0 100.0 Previous studies have indicated that 35

to 40 percent of the freeway fatal accidents
occur between midnight and 5 AM. This
has decreased to 32 percent in 1961 and
1962. The percentage of accidents by hour of day, as shown in Figure 2, indicates that
the severity of accidents is considerably higher during hours of darkness.

Lighting

Table 6 presents light conditions for fatal and non-fatal accidents on freeways.
Sixty-five of the fatal accidents occurred during hours of darkness (including dusk and
dawn), whereas 48 percent of non-fatal accidents occurred during the same hours.
Since the ratio of fatal accidents to total accidents varies during hours of darkness, it
seems that darkness alone does not account for the increased severity at night,

Considering fatal nighttime accidents only, 27.6/62.6 or 44 percent occurred in
areas where there is highway illumination. Since only portions of the freeways are
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TABLE 7 lighted, the value of illumination could
WEATHER CONDITION AT TIME be questioned. However, illumination is
OF ACCIDENT placed at points of potential conflict and

places which have greater numbers of
fixed objects, such as interchanges.

Total Freeway

: Therefore, no conclusions can be drawn
Weather Accidents (%) concerning the effect of illumination on
Ftal Neim-Eiital freeway fatal accidents, It is also perti-

nent, but inconclusive, that 2.8 percent
of all freeway fatal accidents involve

Clear or cloudy 90.0 90.4 .
Raining 3.5 6.5 light poles.
srow ST %E e
Nine out of every ten freeway fatal ac-
cidents occur during good weather. The
remaining 10 percent occur during rain,
TABLE 8 snow or fog conditions, with fog account-
ing for over one-half of the remainder
AGE OF FREEWAY DRIVERS (Table 7).
An analysis of 1961 fog accidents indi-
Fatal Total Licensed cated that the severity of fog accidents
Age Accidents  Accidents Drivers  was practically the same as that of non-
€] (%) (%) fog accidents for all state highways.
Two and one-half percent of the fog acci-
14 0.0 0.1 0.0 dents were fatals, whereas 2.7 percent
14-18 9.5 6.8 4.4 of the total accidents were fatals, Analy-
19-23 19.8 10.6 7.9 sis of freeway accidents revealed that
24-28 15.1 15.3 11.3 2.9 percent of the fog accidents were
29-33 8.9 14.1 12.7 fatals and only 1.6 percent of the total
24_29 11 4 12 % 12.A accidente were fatals.
49-58 12.2 12.1 1941 Age of Uriver
52568 gg ? z gg In making this study, only the age of

the driver deemed to have caused the ac-
cident was recorded. In all single vehicle
accidents, the driver caused the accident.
In two or more vehicle accidents it is al-
mostalways clear which driver caused the accident from the data on the accident report.

Drivers between 19 and 23 yr of age contribute disproportionately to both fatal acci-
dents and total accidents (Table 8). Drivers in this age group caused 20 percent of the
freeway fatal accidents, although they constitute only 8 percent of all licensed drivers.

It is generally believed that older drivers (69 and over) drive less than younger driv-
ers. They also have fewer accidents and fewer fatal accidents on freeways.

Condition of Driver

From reports on 660 freeway fatal accidents, it is apparent that driver errors and
physical shortcomings play an important role in such accidents. Drivers get bchind
the wheel when they are physically incapable of operating a motor vehicle safely.

They make irrational errors and they use vehicles which should not be on the road.
Fatal accidents involve actions which are irrational to an extent not observed in ordinary
accidents. Two or three examples of this type of behavior are included in the Appendix,
in which several fatal accidents are abstracted.

Of the drivers who caused freeway fatal accidents, 36 percent had been drinking, 17
percent had a physical shortcoming (sleep, fatigue, ill, poor eyesight, etc.), and 7 per-
cent were driving defective vehicles. (Four percent of the drivers had more than one
shortcoming; therefore, the total is 56 pcrcent rather than 60 percent.) In addition,
some drivers are emotionally upset; even though the degree of emotional disturbance is
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TABLE 9
VEHICLES INVOLVED IN FATAL ACCIDENTS

Veh, From Which
One or More

Total No. Veh. Registered

Model Year of Veh. Involved Veh.2 PerEspnst \gere

Involved (%) (%) JREES

No. Percent

1949 & Before 45 5.0 4,6 15 33
1950 33 3.7 3D 9 27
1951 28 31 3.7 8 29
1952 30 3.3 3.3 9 30
1953 52 5.8 6.5 18 35
1954 38 4.2 6.2 11 29
1955 96 10.7 10.0 34 35
1956 70 7.8 9,3 21 30
1957 81 9.0 9.6 23 28
1958 62 6.9 T 14 23
1959 106 11.9 9.5 31 29
1960 105 11.8 10.1 26 25
1961 99 11.0 9.1 36 36
1962 _52 5.8 T 15 29
Total 897 100.0 100.0 270 30

%Data derived from Automotive News, Almanac Issue, p. 42, 1963.

not readily measurable, it is considered a factor in fatal accidents. An emotionally
upset driver probably will take chances and make errors he would otherwise not make,

When all freeway accidents (fatal and non-fatal) were analyzed it was found that of
the drivers who caused these accidents, 14 percent had been drinking, 7 percent had a
physical shortcoming and 10 percent were driving a defective vehicle, for a total of 31
percent. Drunkeness and other driver shortcomings are a major cause of, or contri-
buting factor to, freeway fatal accidents. In the counties of Marin, San Francisco and
San Mateo, 56 percent of the drivers at fault in freeway fatal accidents had been drink-
ing.

The Vehicle

There were 897 vehicles (excluding motoreycles) studied and one or more persons
were ejected from 270 of these (Table 9). All motorcycle drivers were ejected.

The percentage of vehicles from which one or more persons were ejected is not re-
lated to the year model of the vehicle, The proportion of occupants ejected from new
cars was the same as from cars 10 or more years old, although it would seem that the
chances of being ejected from a 10-year-old car should be greater than a brand new one
because of safety features such as door latches and seat belts.

Of all persons killed in the freeway fatal accidents, 42 percent were ejected. Of all
persons injured, 20 percent were ejected.

The 1959 through 1961 model vehicles were involved in slightly more fatal accidents
than would be expected after looking at the percent of registered vehicles. This is not
surprising since it is known that newer cars are driven more miles per year than older
cars and probably faster. Exactly how much more they are driven, particularly on
freeways, is not known.

The 1950 and earlier model vehicles were also involved in more fatal accidents than
would be expected. This is significant because these vehicles are driven fewer miles
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per year on the average than newer vehicles. These older vehicles may be involved in
more than their share of the freeway fatal accidents because they are in poor mechani-
cal condition or the drivers of these older vehicles may differ from other freeway driv-
ers in some way that would involve them in more fatal accidents.

The figures for the 1962 model vehicles are not significant because during part of
the study period, there were no 1962 model vehicles.

INCREASE IN FATAL ACCIDENTS FROM 1961 TO 1962

In 1962 there was an increase over 1961 of 121 fatal accidents (269 vs 390) and an
increase of 158 fatalities (322 vs 480). The fatal accident rate per hundred MVM rose
from 2.29 to 2.71. As indicated in Table 10, 44 of the fatal accidents occurred on new
freeways opened to traffic during 1961 and 1962, and were offset by increases in vehi-
cle-miles of travel. On the 811 mi of freeway open to traffic during all of both years,
there was an increase in 1962 over 1961 of 77 fatal accidents. In an attempt to explain
this increase, an analysis was made by locations, and it was found that 10 sections of
freeway totaling 175 mi accounted for 90 percent of the increase; i.e., if it were not
for the fact that in 1962 70 more fatal accidents occurred than in 1961 on these ten
sections, there would have been no increase in the statewide rate. Data for these sec-
tions are tabulated in Table 11. The rate of all accidents including non-fatal and prop-
erty damage rose from 1.18 to 1.36 on these ten sections. In spite of this rise, the
rate on these 10 sections was below the rate for the statewide freeway system in both

1961 and 1962,
It will be noted that the rate of fatal ac-
cidents on the remainder of the freeway

TABLE 10 system decreased from 2.45/100 MVM in
INCREASE IN FATAL ACCIDENTS 1961 to 2.36/100 MVM in 1962,
Nou. uf Falal Accidenls 3 .
on Freeways Opened to Total Analys1s of the Ten Sections
Traffic
Year Table 11 also indicates that 4 of the
Before After Tabat W i Linmo MAwn 1 QLD QD19 anAd
1961 264 5 269 322 statewide average in 1961 and approxi-
1962 341 49 390 480 mately equal to the statewide average in
Increase 7 44 121 158 P o ¥
1962, The increases in these sections

TABLE 11
FREEWAY SECTIONS SHOWING LARGE INCREASE IN FATAL ACCIDENTS, 1962 OVER 1961
Fatal Fatal Accidents Total Accidents/
County Accidents Tncrease Tength M per 100 MVM Accidents MVM
Route? (mi)
1961 1962 No. Percent 1961 1962 1961 1962 1961 1962 1961 1962
Mrn-1 5 g 4 80 12.3 230 235 2.2 3.8 373 436 1.62 1.85
SD-2 2 8 6 300 23.1 239 235 0.8 3.4 413 394 1.73 1.68
SB-2 | 10 9 900 16.9 92 112 Tl 8.9 62 59 0.67 0.53
Fre-4 3 S 5 187 12,3 8y g 3.4 9.2 132 123 1.60 1.4
Ker 4 3 i} 6 200 13.1 73 69 4.1 13.1 114 10 1.56  1.59
Mad-4 1 5 4 400 10.7 50 54 2.0 9.3 37 56 0.74 1.04
SJ-4 3 8 5 167 23.7 115 121 2.6 6.6 91 122 0.79 1.01
SD-12 I 8 7 700 11.5 224 239 0.4 3.3 223 259 1.00 1.08
SBd-26 L] 22 16 267 24.6 328 344 1.8 6.4 387 537 1.18 1.56
SM-68 _12 _20 _ 8 67 26.1 8217 884 1.5 2.3 844 1,135 1.02 1.28
Total, 10
sections 3 107 70 189 174.6 2,266 2,380 1.63 4.49 2,676 3,231 1.18 1.36
Statewide
total 269 390 121 45 1,148.0 11,720 14,392 2,29  2.71 16,563 20,821 1.41 1.45
Total re-
mainder 232 283 51 22 973.4 9,454 12,012 2.45 2.36 13,887 17,590 1.47 1.46
ZNo other county route i by more than three fatal accidents.
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TABLE 12
COMPARISON OF FATAL AND TOTAL ACCIDENTS

MVM Total Total/ Fatal Fatal/ Fatal/
Secti Travel Accidents 100 MVM Accidents 100 MVM Total Ratio
ection
1961 1962 1961 1962 1961 1962 1961 1962 1961 1962 1961 1962
US 99, Kern, Fresno,

Madera, & San
Joaquin Co. 326 331 374 411 151 124 10 30 3.1 9.1 0,027 0.073

5. B. Freeway,
S. B. Co. 328 344 387 537 118 156 6 22 1.8 6.4 0,015 0,041
US 101, 8. B. Co. 92 112 62 59 67 53 1 10 1.1 8.9 0.016 0.168
Total 746 87 823 1,007 110 128 17 62 2.28 7.88 0.021 0.062
Statewide total 11,720 14,392 16,563 20,821 141 145 270 390 2.29 2,71 0.016 0.019

TABLE 13

TYPES OF FATAL ACCIDENTS ON FREEWAY SECTIONS SHOWING LARGE
INCREASE IN FATAL ACCIDENTS, 1962 OVER 1961

No. of Fatal Accidents

Statewide US 99, Kern,

S. B
’ Total Fresno Co Us 101 Total
Tigs wl-Aootden; Madera & San SFr]eaewzéy, 8. B. Co. (3 sections)
’ . By Coy
Joaquin Co.
No. % 1961 1962 1961 1962 1961 1962 1961 1962
Single vehicle:
Hit fixed object 204 30.9 2 7 2 7 0 0 4 14
Did not hit fixed
object 129 19.6 3 2 2 3 0 4 5 9
Pedestrian:
Walkers 57 8.6 1 6 0 1 I 3 2 10
Dismounted vehicle
occupants 27 4.1 1 1 0 0 0 1 1 2
Head-on collision
Wrong-way 36 5.5 0 2 1 2 0 2 1 G
Crossed median 68 10.3 1 1 0 4 0 0 1 5
Overtaking:
Rear-end 123 18.6 2 11 1 4 0 0 8 15
Sideswipe 16 _2.4 0 -0 o 1 o 0 0 1
Total 660 100.0 10 30 6 22 1 10 17 62

can be considered as ""coming up to the average' through chance, rather than as an
alarming increase.

Of the remaining six sections, four were US 99 in the San Joaquin Valley (Fre-4,
Ker-4, Mad-4, SJ-4), Although individually these four sections show small numerical
increases (5, 6, 4 and 5, respectively), when combined the total increase is significant.

The ratio of fatal to non-fatal freeway accidents for US 99 in the San Joaquin Valley
and the two remaining sections (San Bernardino Freeway in San Bernardino County and
US 101 in Santa Barbara County) is given in Table 12. It will be noted that the overall
accident rate on these roads increased only 16 percent (from 1,10 to 1.28/MVM),
whereas the fatal accident rate increased 246 percent (from 2.28 to 7.88/100 MVM).

The ratio of fatal to total accidents increased tremendously in 1962 in all three sec-
tions even though the statewide ratio did not increase very much., There is a very fine
dividing line between a serious injury accident and a fatal accident. Since the total ac-
cident rates did not change nearly as much as the fatal accident rates in the three sec-
tions, it appears that these sections were "extremely unlucky'" in 1962, Several other
attempts were made to explain the increase in fatal accidents in the three sections, and
even though they were unsuccessful, the data are presented in Tables 13 and 14.

In short, there was an increase of 121 fatal accidents between 1961 and 1962 causing
the rate to rise from 2.29 to 2.71/100 MVM. This is accounted for as follows:
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TABLE 14
FACTORS AFFECTING ACCIDENTS ON FREEWAY SECTIONS SHOWING
LARGE INCREASE IN FATAL ACCIDENTS, 1962 OVER 1961

No. of Fatal Accidents

Statewide US 99, Kern, S. B
Factor Total Fresno k] USs 101, Total
Madera &’San gr%ew?:);, S. B. Co. (3 sections)
Joaquin Co, e 5

1961 1962 1961 1962 1961 1962 1961 1962 1961 1962

Sobriety
Had been drinking 68 129 2 3 2 6 0 4 4 13
Had not been drinking 146 200 7 24 3 15 1 5 11 44
Other & unknown 56 61 1 B 11 8 1 2 5
Total 270 390 10 30 ] 22 1 10 1% 62
Lighting:
Daylight 90 138 [ 12 2 5 0 il 8 18
Dusk or dawn 4 12 0 1 0 0 0 0 0 1
Dark~—no lights 90 139 3 12 2 10 0 8 5 30
Dark-lights 83 94 1 5 2 7 1 1 4 13
Unknown -3 _1 —= ac 2 = & = - &
Total 270 390 10 30 1] 22 1 10 17 62
Weather
Clear or cloudy 243 334 8 21 5 18 1 T 14 46
Raining 5 18 1 1 0 3 0 1 1 5
Snowing 1 3 0 0 0 0 0 0 0 0
Fog 14 24 1 8 0 1l 0 1 1 10
Other orunknown ~ _7 11 0 0 1 ¥ £ 3
Total 270 390 10 30 6 22 1 10 17 62

1. Forty-four owing to travel on new freeways (Table 10);
2. Twentv-five owing to sections in which the fatal accident rates were unusually

D, LuiLy-iive UWLLE LU dll 1l €adpt 11l 1 ALlU UL laldl aLULUCULD LU 1ullTldlal aUllucuuy
on portions of three routes, comprising 102 mi of freeway, apparently due primarily to
sheer chance (Table 12); and

4. Seven owing to increased travel on existing freeways.
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Appendix

FULL FREEWAY FATAL ACCIDENT SUMMARY SHEETS
(Cross-Reference)

Sheet 1
Number of Lanes 8
Time of Day 1050 ___(paylight) (Dark or Dusk)
Total No.
Type of Vehicle: #1 Car 2 #3 1
No. of People Killed In: 1 1
No. of People Injured In: O 0

Number of Pedestrians Killed:

Primary Vehicle: vVehicle #1

Primary Type of Accident:Solo-Fixed object bridge rallings on
both sides of the overcrossing
Primary Driver Condition or Error: Drunk (blood alcohol 0,20)

Description: Driving at a very high rate of speed, approximately
80 miles per hour according to two wiltnesses. Vehlcle #1 went up
the off-ramp which is a diamond with a hook at the upper end.

The vehlcle was going about 65 miles per hour after 1t passed the
25 mph off-ramp speed sign. Approximately 150 feet before 1t got
to the terminal of the off-ramp, the driver applied the brakes,
skidded 60 feet, and struck the curb on the left. It then scraped
along the curb for a distance of 84 feet, rolled over the eastbound
half of the Overcrossing, struck the curb medlan, and then slid
upside down for 66 feet on the other side of the medlan where 1t
landed upside down against the bridge rail. The driver was ejected
from the car. The car went about 150 feet upside down after it
turned over. It turned over when it hit the end of the curb nose
where the ramp Joins the cross street.
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Sheet 2
Number of Lanes__ 8 lanes
Time of Day (Daylight) 2030 (Dark or Dusk)
Total No.
Type of Vehicle: #1 _Ccar  #2 Truck #3 2
No. of People Killed In: 2 0 2
No. of People Injured In: 1 0 1
Number of Pedestrians Killed: 0
Primary Vehicle: Vehicle #1
Primary Type of Accident: Solo-Fixed Object (truck parked on
shoulder)
Primary Driver Condition or Error: Drunk
Deseription: Aiming for an off-ramp, the driver went onto the

shoulder before getting to the ramp and hit a truck parked there.
(This is a lighted freeway according to the Police report. )

The driver climbed out of the car and began running around
yelling "shoot me, shoot me" and tried to pull an officer into
#4 traffic lane. The driver had to be handcuffed and physically
restralned. Two passengers killed, including child having same
address as driver but different name.

Number of Lanes 4

Time of Day (Daylight) 0515 (Dark or Dusk)
Total No.

Type of Vehicle: #1 Car  #2 #3 !

No. of People Kllled In: 1 1

No, of People Injured In: 0 1

[ N . - J. R T S e i e I |
NwiliveLr vl rededullaid nllilcus

(@]

Primary Vehicle: Vehilcle #1

Primary Type of Accident: Solo - Lamp Standard

Primary Drlver Condition or Error: Driving very fast in rain.

Descrliption: The driver was very tired, according to statement.
Vehicle #1 was being driven about 80 MPH in the rain, The driver
lost control and cannot explain why. The vehicle ran off the
road and struck the light standard on the right hand side after
going under an Overcrossing. The car then fishtailed for 400!
before coming to a stop. A passenger in the rear seat was killed.
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Number of Lanes_ 4 Sy

Time of Day 1345 (Daylight) {Dark or Dusk)
Total No.

Type of Vehicle: #1 car #° #3 1

No. of People Killed In: 2 2

No. of People Injured In: O 0

Number of Pedestrians Killed: 0

Primary Vehicle: Vehicle #1

Primary Type of Accident: Solo Bridge Abutment

Primary Driver Conditlon or Error: Possibly Asleep

Description: In moderate to heavy traffic in the afternoon
the car suddenly began driving erratically, speeding up and
slowing down 1n front of other vehicles. The vehicle went
off the roadway and went off the shoulder then back onto the
roadway. Then it went off onto the shoulder again as if to
stop but instead of stopping it went ghead and hit the bridge
abutment on the right without attempting to stop.

Sheet 5
Number of Lanes 6 lanes
Time of Day 0855 , (Daylight) (Dark or Dusk)

Total No.

Type of Vehicle: #1 car #2 #3 1
No. of People Killed In: 1 ]
No. of People Injured In: 4 4
Number of Pedestrians Killed: 0
Primary Vehicle: Vehicle #1
Primary Type of Accident: Solo, fixed object, light pole _
Primary Driver Condition or Error: Front end of car not in very

good shape.
Deseription: Vehicle #1 on the freeway Just before reaching
the on-ramp, lost control due to the front end bouncing on an
out-of-balance tire, The driver applied the brakes on wet
pavement and skldded into the curb which threw the car out
of control, and spun it around. This curb was on the right
hand side of the freeway. After the car skidded 150" along
the shoulder, 1t struck a pole 1n the gore of the on-ramp.
The driver was killled.
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Sheet 6
Number of Lanes 4
Time of Day 0550 (Daylight) (Dark or Dusk)
Total No,
2 passenger

Type of Vehicle: #1 car #2  cap #3 2

No. of People Killed In: 1 o] 1

No. of People Injured In: 3 0 3

Number of Pedestrians Killed:

Primary Vehicle: Vehilcle #1

Primary Type of Acciden$qlo - bridge rail

Primary Driver Conditlon or Error: Had been drinking

Description: The vehicle #1 (2 passenger) loaded with four
passengers, one of them sitting on the floor, caught up with
a slower vehicle and lost control going into the median. The
vehicle traveled 225' out of control in the median, then went
into a 200' sideways skid across both lanes into the guardrall
approaching the OP and then skidded along the guardrail for
110" and into the end post of the bridge; there is where the
fatality occurred. All four passengers in the vehicle were
thrown out of the car. The car that was being passed also
went into a skid when the driver saw that thc vehicle was about
to be hit and drove into the guardrail approach on the left
side of the highway. However, nobody in this vehicle was

injured.
Sheet 7
Number of Lanes Iy
Time ol Day (Daylight) 0115 (Dark or Dusk)
Total No.
Type of Vehicle: #1 Car #2 #3 1
No. of People Killed In: 1 1
No. of People Injured In: O 0
Number of Pedestrians Killed: 0
Primary Vehicle: Vehicle #1

Primary Type of Accident: Solo - Off Road

Primary Driver Condition or Error: Extreme high speed

Descriptlon: vVehicle #1 and another car were apparently
racing as stated by three witnesses who they had passed golng
approximately 85 to 90 MPH. When they gotto the curve in the
main roadway, which curves to the left, vehicle #1 did not
make 1t. It went off the road on the left first, which was
the inside of the curve. It then skidded along the left hand
shoulder 120', across the turning roadway and then the car
Lilnally wound up over 300' from where it left the turning
roadway down on the off-ramp. In the middle of the trip

300' off the roadway the driver was ejected and kilied.



Number of Lanes 4 Sheet 8

Time of Day (paylight) 0035 (Dark or Dusk)
Total No.

Type of Vehicle: #1 car #e #3 1

No. of People Killed In: 1 i)

No. of People Injured In: O 0

Number of Pedestrians Killed: 0

Primary Vehicle: Vehicle #1

Primary Type of Accident: Solo-Off road on right side

Primary Driver Condition or Error: Asleep

Description:  Just prior to the accident vehicle #1 had been
observed with the driver leaning against the window of the
vehicle and the car was weaving all over the road. It ran
into the earth median, first knocking down several sight posts,
then turned sharply to the right across the freeway and struck
the roadside shoulder and went on over the fill and also the
off-ramp. Vehicle #1 turned over in the off-ramp and finally
wound up in a drainage canal outside of the right of way.

Note: This was not an off-ramp accident.

Sheet 9
Number of Lanes 4-Divided
Time of Day (paylight)_ 1855 (Dark or Dusk)
Total No.
Type of Vehicle: #1_Car g2 #3 1
No. of People Kllled In: 0 0
No. of People Injured In: O 0
Number of Pedestrians Killed: il
Primary Vehicle: Vehicle #1
Primary Type of Accident: Pedestrian
Primary Driver Condition or Error: None
Description: The pedestrian was walking across the freeway on

a rainy nlght dressed in dark clothing and havinga very strong
alcoholic odor, in fact the pedestrian had a blood alcohol
content of 0.16. The driver of the car saw the pedestrian
about 60 feet before impact. The driver applied the brakes
and went into a skid on the wet pavement.

131



132

Sheet 10
Number of Lanes 6
Time of Day (Daylight) 0415 {(Dark or Dusk)
Total No.

Type of Vehicle: #1L Car #2 #3 1

No. of People Killed In: 1 i

No. of People Injured In: O 0
Number of Pedestrians Killed: 0

Primary Vehicle: Vehicle #1

Primary Type of Accident: Solo - Off Road

Primary Driver Condition or Error: Extreme wild driving and
drunk, BA : 0.Z23

Description: Vehicle #1 traveling in the vicinity of an
undercrossing at about 80 miles per hour passed anothen
vehicle and thenflshtailed and skidded all over the road.

The car went over the right hand edge of the shoulder and
was airborne for 35 feet before landing on the ramp below.

It then continued across the ramp and into the dirt where

1t wound up 210 feet from the place where it first left the
road. The ecar rolled when 1t first left the freeway, ejecting
the driver who was killled.

Sheet 11
Number of Lanes 6
Time of Day (Dayllghl) 1740 (Dark or Dusk)
Total No,
Type of Vehicle: #1 car 2 #3 1
No. of People Killed In: 0 QO
No, of People Injured In: O 9]
Number of Pedestrians Killed: 1
Primary Vehicle: Vehicle #1
Primary Type of Accident: _'__Eedestrian
Primary Driver Condition or Error: None
Description: Pedestrian, who lived in neighborhood, was crawling

on hands and knees across the freeway in the dark. The driver of
Vehicle #1 saw the pedestrian just before impact.
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Sheet 12
Number of Lanes &
Time of Day (Daylight) 0145 (Dark or Dusk)
Total No.

Type of Vehicle: #1 car _ #2 #3 1

No. of People Killed In: 1 1

No. of People Injured In: O 0
Number of Pedestrians Killed: 0

Primary Vehicle: Vehilcle #1

Primary Type of Accident: Solo - Off Road

Primary Driver Conditlon or Error: Excessive Speed

Description: Vehicle #l going about 100 (?) MPH (witness guess)
in fog, falled to negotlate a main line curve (2,500' radius)
flew off of freeway and landed on a private parking lot behind
an apartment house.

Sheet 13
Number of Lanes 4
Time of Day (Daylight) 1710 (Dark or Dusk)

Total No.

Type of Vehicle: #l car  #2_car  #3_ cap 3
No. of People Killed In:__ O 0 2 3
No. of People Injured In: 2 2 1 5
Number of Pedestrians Killed: 0
Primary Vehicle: Vehicle #1

Primary Type of Accident: Head-on X median

Primary Driver Condition or Error: Drunk, 80 MPH

Description: Vehicle #1 was traveling at approximately 80 MPH
(judged by witness going approximately 65) struck a barricade

in the median then went into broadside skid. It slid 70 feet

on traveled way, then 80 feet in median, then across both opposing
lanes where it was struck by Vehicle #3 in far right lane. Then
1t was struck by vehicle #2 in near (median) opposing lane.
Fatalities were all in vehicle #3. Vehicle #1 was probably
ﬁtolen; it was full of shady type individuals, ‘some of whom had
?ing time" together, and who had been drinking beer and wine

a ay.
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Sheet 14
Number of Lanes 6
Time of Day (Daylight) 0148 (Dark or Dusk)
Total No.

Type of Vehlcle: #1 car #2 #3 1

No. of People Killed In: 0O 0

No. of People Injured In: O 1
Number of Pedestrians Killed: 1

Primary Vehicle:_  Pedestrian(directing traffic at the scene af
a prior acecident)
Primary Type of Accident: Pedestrian

Primary Driver Conditlon or Error: Had Been Drinking

Description: Driver of Vehicle #1 falled to notice a string
of flares and flashing lights and etc., at a prior accident.
Also failed to notice the pedestrian standing in the road
directing travel. Vehicle #1 went into a skid and struck the
pedestrian. Vehicle #1 then went clear off of the freeway to
the right over the outer separation and onto the on-ramp which
enters the freeway near this location and continued on fleeling
the scene of the accident. Drive of Vehiecle #1 is believed to
have been drinking as well as being inattentive and fleeing the
scene of the accident. The pedestrian was killed,

Sheet 15
Number of Lanes 6
Time of Day 10:09 (paylight) (Dark or Dusk)
Total No.

Type of Vehicle: #1 _cap #2_ car #3_ car 3

No. of People Killed In: 0 o 0 )

No. of People Injured In: o 0 Q -3
Number of Pedestrians Killed: Q

Primary Vehicle: Vehicle #1

Primary Type of Accident: Head-on X median

Primary Driver Conditlon or Error: speed

Description: Vehicle #1 which was fixed up like a hot-road,
Jumped the medlan and struck vehicle #2 and Vehicle 3., The
two occupants of vehicle #2 were ejected and killed, The
driver of the hot-rod that Jumped the median was Yyoung, had
been chased by another patrolman but had slowed down before
belng arrested.
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Number of Lanes 4 SHEEmES

Time of Day (Daylight)__ 2330 (Dark or Dusk)
Total No.

Type of Vehicle: #1 Car #2 Car #3 2

No. of People Killed In: 1 0 1

No. of People Injured In: O 0 0

Number of Pedestrians Killed:

Primary Vehicle: Vehicle #2

Primary Type of Accident: S
Strong odor of alcohol, driving
Primary Driver Condition or Error:__E;EggEg_ggggl;ghgﬁ_iuuiinl_wpong
slde of freeway
Description: Vehicle #2 came onto the freeway from an undetermined
location and drove the wrong way with the headlights off. The
driver then suddenly turned the lights on when approximately
100 feet from car going the right way and they crashed (note:
this driver must have been insane or very serilously troubled
in some way and this would be a good case for an investigating

team to investigate the driver's background), Vehicle #l1 driver
was killed.

Sheet 17
Number of Lanes 4
Time of Day 1610 (Daylight) (Dark or Dusk)
Total No.
Truck &

Type of Vehicle: #1_car __ #2 prailer#3 o

No. of People Killed In: 2 0 2

No. of People Injured In: 2 0 2

Number of Pedestrians Killed: 0

Primary Vehicle: Vehicle #2

Primary Type of Accident: Rear-end
Driver was afraid to put on
Primary Driver Condition or Error:_ brakes for fear of spilling logs.

Description: Vehicle #1 traveling about 60 MPH had a flat tire
in the rear and lost control and was wobbling on the pavement,
Vehicle #2 which was a few hundred feet behind Vehicle #1 was
afrald to put on the brakes because it would spill the load. Two
people in Vehicle #1 were killed.
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Sheet 18
Number of Lanes 8
Time of Day 1320 (Daylight) (Dark or Dusk)
Total No.
2 passenger
Type of Vehicle: #1 car 2 car #3 2
No. of People Killed In: 1 0 T
No. of People Injured In: 1 (0] T
Number of Pedestrians Killed: 0
Primary Vehicle: Vehicle #1
Primary Type of Accident: Rear-end followed by off-raad
Primary Driver Conditlon or Error:_ Extreme speed

Description: Vehlcle #1 was driving 1n what the police call
lane 4, the lane next to the shoulder, and changed lanes into
lane 3 where 1t struck the left rpear corner of vehicle #2.
Vehicle #1 apparently was on its way towards the median lane.
After striking the vehicle #2, vehicle #1 went into a broadside
skid, skidding for 269 feet in a gradual arc and finally leaving
the roadway on the righthand side and rolling down the bank. A
passenger in vehicle #1 was killed. The officers using a co-
efficient of 80% computed the speced of vehicle #1 when it
started to skid as 82 MPH.

Number of Lanes 4

Time of Day (Daylight) 2300 (Dark or Dusk)
Total No.

Type of Vechicle: #l car  #2 capn  #3 2

No. of People Killed In: ¢ 1 Ji

No. of People Injured In: 3 0 il

Number of Pedestrians Killed: (0]

Primary Vehicle: Vehicle #1

Primary Type of Accident: Rear-end

Primary Driver Condition or Error: Extremely belllgerent driving

Description: Vehicle #1 was traveling on the freeway at -slower
than average speed., When vehicle #1 noticed somebody overtaking
the driver would straddle the lane line and would Jockey with
the other drivers apparently trying to race. This was reported
by two independent witnesses not involved in the accident.
Finally vehicle #2 passed vehlcle #1 and pulled back into the
right lane. Vehicle #1 then accelerated and clipped vehicle #2
In the left rear, causing vehicle #2 to over turn killing the
driver of vehiclc #2.
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Sheet 20
Number of Lanes 4 ,
Time of Day (Daylight) 0225 (Dark or Dusk)
Total No.
Type of Vehicle: #1 car #2 car #3 2
No. of People Killed In: 1 0 al
No. of People Injured In: O it 1
Number of Pedestrians Killed: _0
Primary Vehicle: Vehicle #2
Primary Type of Accident: Rear-end
Primary Driver Condition or Error: Inexperilence
Description: Driver of Vehicle #2 came upon a scene conslsting

of a car on fire and a row of flares which had been set out and
vehicle #1 which was slowing down with its orange stop lights on
because of the flares and so forth. Vehicle #2 plowed right
into the rear-end of vehicle #1 without slowing down. A witness
behind the vehilcle #2 also saw the flares, etc., and slowed down
and saw the whole thing happen. The only driver who didn't slow
down was the driver of vehicle #2.

Sheet 21
Number of Lanes 'S
Time of Day (paylight) 2300 (Dark or Dusk)

Total No.

Type of Vehilcle: #1 car #2 Ccar #3 Truck 3
No. of People Killed In: 2 0 0 2
No. of People Injured In: O 0 0 2
Number of Pedestrians Killed: 0
Primary Vehicle: Vehicle #1
Primary Type of Accident: Rear-end

Primary Driver Condition or Error: Stopped 1n traveled way

escription: The driver of vehicle #1 missed the turn-off
?n thepvery dense fog and stopped in the middle of the south-
bound lanes, straddling the lane line, The car was then struck
by vehicle #2 and vehicle #3. Driver and passenger of vehicle
#1 were killed.



Effect of Traffic Volumes and Number of Lanes

On Freeway Accident Rates

RICHARD A. LUNDY, California Division of Highways

Three years of experience on 659 mi of four-, six-, and eight-lane
freeways have revealed that the accident rates for each classifica-
tion will normally increase with an increasing ADT. The rate of
increase per 10, 000-veh increase in ADT is four-lane, 0. 240 acci-
dents/MVM; six-lane, 0. 094 accidents/MVM; and eight-lane, 0. 078
accidents/MVM. For any given ADT, the four-lane freeways have
a higher accident rate than the six-lane, and six-lanefreeways have
a higher rate than the eight-lane. Therefore, as the ADT increases,
the difference in rates between the three classifications becomes
greater. This relationship introducesthe possiblity of significantly
reducing the total number of freeway accidents by increasing the
number of traffic lanes, even thoughthe increase is not required by

traffic volumes.

°*A RECENT REPORT (1) by the California Division of Highways indicated that the ac-

cident rates on freeways increase as the traffic volumes increase, and for a given

The present study analyzes in more detail the accident rate vs volume relationship
reported in the comparative freeway study report. It is based on a 3-yr observation
(1960-1962) of 659 mi of freeway on which 26, 152 million vehicle miles (MVM) were

traveled and 35, 675 accidents occurred.

All freeway sections in existence during the study period were ciassified into three

TABLE 1

FREEWAY SECTIONS MEETING
REQUIREMENTS FOR STUDY

No. of Sections

Year

4-Lane 6-Lane 8-Lane Total
1960 24 21 10 55
1961 35 30 17 82
1962 42 3 20 9
Total 101 86 47 234

categories: four, six, and eight lanes.
Sections having more lanes in one direc-
tion of travel than in the other and sections
with less than 30 MVM/yr of travel were
eliminated. The requirement of a mini-
mum amount of travel of 30 MVM was im-
posed since it was felt that with this
amount of travel, the element of chance
variation in the accident rate would be
significantly reduced and fairly stable ac-
cident rates would result. The number
of sections meeting these requirements
are indicated in Table 1.

For each lane classification, the curve
best representing the accident rate vs
ADT relationship was calculated by the

Paper sponsored by Committee on Highway Safety.
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Figure 1. 1960 to 1962 four-lane accident rate vs ADT (9,155 accidents, 7,346 MVM).

TABLE 6

STANDARD ERROR OF ESTIMATE FOR ACCIDENT RATE VS ADT CURVES
(Least Squares Program)

NUMBER TYPE of CURVE
YEAR of Linear [Exponential| Semi Log | [Semi Log 2 | Log Log
LANES | y=a+bx | y=a(b)* [logey=a+bx|y=a+blogex| y=a (x)b
1960 4 Lanes 0.397 0.4/0 0.422 0.395 0.398
1961 4 Lanes 0358 0.360 0.364 0.363 0.364
1962 4 Lanes 0.463 0.4947 0.464 0.5/0 0.519
1960-1962} 4 Lanes 0'419 0.4/5 0.422 0.446 0.947
1960 6 Lanes 0.995 0 48/ 0. 4998 0.463 0.4973
1961 6 Lanes 0359 0 353 0.357 0.378 0.374
1962 6 Lanes 042 0 412 0.4915 0 420 0.42/
1960-1962| 6 Lanes | 0.424 | 0.426 | 0.430 | 0.430 | 0.43/
1960 | 8 Lanes | 0.455 | 0.479 | 0487 | 0480 | 0.489
1961 8 Lanes 0 39/ 0.395 0.4/2 0.392 0.403
1962 8 Lones 0.40/ 0.385 0.40/ 0.415 0 4/4
1I960-1962| 8 Lanes 0438 0.4936 0.4496 0.447 0.45/
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method of least squares, using each individual freeway segment as a pair of coordi-
nates (y = accident rate, x = ADT). Group average accident rates for several ADT
groups (or class intervals of ADT) were superimposed on these curves for purposes
of inspection.

Tables 2 through 4 are group average accident rates for each volume class and
number of lanes. FEach year is tabulated separately and then the 3 yr are combined
in Table 5. The ADT class intervals are the same as those used in ""Accidents on Free-
ways in California" (2). The original selection of the class intervals was such as to
present six uniform intervals on the logarithmic scale between traffic volumes of
10, 000 and 100, 000 veh/day.

Figures 1 through 4 show the linear fits obtained through the results of a computer
program. The program used also provided fits for four other types of curves along
with the standard error of estimate for each type. Table 6 indicates the curve types
and the standard errors. For all practical purposes, the linear fit proved as good as
any other type and is by far the easiest to understand and work with.

The original curve (2) showing accident rate vs ADT was a log-log equation (y = axP)
that combined the four-, six-, and eight-lane data (1957-1959) and provided the single
curve shown in Figure 5. The (1960-1962) log-log equation is also plotted on Figure 5
along with the 1960-1962 four-, six-, and eight-lane linear fits. The lines tilt up
when sorted by number of lanes, yet as a group they still approximate the original
log-log form.

Figure 6 is a summary of all 3 yr of experience. The two most significant points
of interest are apparent:

1. All other things being equal, the accident rate for a four-, six-, or eight-lane
freeway will normally increase with an increasing ADT.

2. For any given ADT, a four-lane freeway would be expected to have a higher ac-
cident rate than a six-lane freeway and a six-lane a higher rate than an eight-lane
freeway.

This phenomenon is apparently characteristic of total accident rates, but not of
fatal accident rates. The curves or relationships between fatal accident rates and
traffic volumes are not yet available. However, the trends seem to show a slight de-
crease in the fatal accident rate as the ADT increases.

If the future relationship remains consistent with the past, a sizable reduction in
total accidents could be realized by providing more lanes. For example, if a proposed
freeway has an estimated future ADT of 60, 000 veh/day, it would generate about 22
MVM/mi/yr. Figure 6 shows a probable accident rate of 2. 00 accidents per MVM for
a four-lane freeway at this ADT. In raw numbers, this reduces to 22 X 2 = 44 acci-
dents per mile per year. The six-lane accident rate at 60, 000 would be about 1. 23,
or 1.23 X 22 = 27 accidents per mile per year. In other words, 17 accidents per mile
per year could be prevented by building a six-lane freeway instead of a four-lane free-
way. At this rate, the extra lanes would prevent 20 X 17 = 340 accidents per mile in
20 yr.

In this study alone, there were 92 mi of four-lane freeway in the 31, 600 to 68,500
ADT range by 1962. If these freeways had been six-lane and if Figure 6 may be used
to predict the probable accident rate, there would have been 1, 425 accidents in 1962
as compared to the 2,269 accidents which actually occurred. If this rate were to con-
tinue for 20 yr (it is more likely to increase since the ADT is constantly increasing),
there may be a possiblity of preventing 16, 880 accidents in the 20-yr period by adding
two lanes to the 92 mi of four-lane freeways.

The number of traffic lanes of a freeway is only one of many factors affecting the
accident rate on the freeway. However, increasing the number of lanes, although not
necessarily initially required by traffic volume demands, does reduce significantly
the number of accidents on the freeway during its lifetime. Therefore, the possibility
of providing the ultimate number of lanes on freeways should always be considered for
initial construction whenever stage-type construction is contemplated.
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Discussion

JOHN VERSACE, Ford Motor Co. —The results of this study imply that freeway ac-
cidents can be reduced by increasing the number of lanes, even if the traffic volume
does not call for such an increase. The accident rate on the larger freeways was less
than might be expected because the traffic volume per lane was not reduced that much.
However, these results may reflect the peculiarities of the sample as much as any-
thing, so we should be conservative about the conclusions until there is independent
evidence.

Although the data have been classified according to whether the freeway had four,
six, or eight lanes, we must not rule out the possibility that other factors which covary
with the size of freeway might be major causes of the results given. Is it certain that
the freeways compared are similar in ail respects other than the number of lanes? Is
there any way in which the traffic is consistently different for the three types of free-
way, as might result from urban vs suburban differences? Were the speeds compar-
able, on the average, for all the roads? Was the distribution of cars and trucks uni-
form? And most importantly, was the number of accesses per mile comparable?

It may be useful to scrutinize the data more completely by selecting matched triplets
of four-, six-, and eight-lane segments, with the matching based on factors such as
these. Or, if all else can be construed as remaining essentially equal, we could com-
pare the before-and-after accident experience of roads that have been widened.

However, the results as they stand do invite some commentary. Why was there

be one or more factors in addition to the mere change in traffic volume per lane. Traf-
fic volume is a carrier, as it were, of traffic accidents; the more volume, the more
opportunities for the conflicts and frictions which lead to accidents. But traffic fric-
tion can be caused by other things as well, and previous evidence indicates that the
number of accidents increases where there are more conflicts or friction points.

The addition of the third lane produces a qualitiative change in driving behavior by
increasing the driver's flexibility. Ilowever, additional lanes also increase the oppor-
tunities for friction by providing more opportunities for lane crossovers. Further-
more, brief spells of mental confusion and disorientation are more likely to occur to
drivers who find themselves embedded in a sea of cars without the fixation point, or
focus of orientation, provided by a nearby road edge.

The further reduction in accident rate on the eight-lane freeways was very small
and statistically unreliable. The six-lane freeway may be the optimum size. Improve-
ments in both volume and accident reduction might be better realized by multiplying
the number of six-lane freeways, even if they are parallel and contiguous but not inter-
acting, rather than by adding more lanes. Channeled traffic, which restricts passing
and merging, is an important consideration and should be studied in terms of speed
fluctuations.

Finally, this was a cross-sectional study which compared the accident rates on
existing freeways. The implication that increasing the number of lanes on existing
freeways will reduce accidents is an interpretation. The results of the study are per-
haps necessary for such a conclusion, but they are not sufficient. Among other things,
a widened freeway encourages greater use, thereby at least partially defeating itself.
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STANLEY R. BYINGTON, U. S. Bureau of Public Roads. —In 1906, Sir Oliver Lodge
noted in Easy Mathematics, '""An equation is the most serious and important thing in
mathematics.' This review shows how important equations are in understanding re-
lationships such as those described by Mr. Lundy. Treated here is an extension of
Mr. Lundy's analysis including the effect on the accident-ADT relationships when a
third parameter is introduced.

Recent research on a National Cooperative Highway Research Project (3) hypothe-
sized and confirmed that the MVM rate does not adequately portray the risks associated
with traveling along differently designed two-lane highways. The MVM rate does not
eliminate the effect of mileage on crude accident data for conventional (uncontrolled-
access) two-lane highways. In fact, it was shown that omission of the consideration of
study segment length within ADT groupings does distort the MVM rate vs ADT relation-
ship. Reported findings of the research showed that for segments of constant length,
the true relationship is a slight decrease of rate with increased ADT, whereas the ap-
parent relationship showed the reverse, i.e., an increase of the rate with increased
ADT.

Because regression analysis, which excludes a segment length parameter, can in-
fluence and distort the MVM rate vs ADT relationship, an analysis similar to that con-
ducted in the NCHRP study has been applied to Mr. Lundy's data. Regression equa-
tions were developed from already prepared computer programs to define a surface in
log-log-log space that would pass through the data. The form of the regression equa-
tions utilized is actually an extension of the log-log equation (y = axP) plotted in
Figure 5 of Mr. Lundy's report. The statistical relationship of segment length and
traffic volume on the number of accidents was determined from the logarithmic trans-
formation of the equation:

b
¥ = ax,”t xo"? (1)
where
X, = segment length (mi);
Xz = ADT (thousands of veh/day);
y = number of accidents per year per segment; and
a, by, bz = constants determined from data by method of least squares.

The regression calculations gave the estimate of the coefficients, a, b;, and bz in-
dicated in Table 7. The length elasticity coefficient b,, is nearly the same and is less
than unity, regardless of the number of freeway lanes. What this means is that for
every 1 percent difference in segment length, there is a smaller percent difference in
the number of accidents. For example, on 5-mi road segments, there are less than
5 times the number of accidents as on 1-mi road segments. This finding implies that
inclusion of segment length in the denominator of an accident rate does not actually re-
move the effect of length. This is true unless segment lengths and their distribution

are nearly the same for all ADT groupings.

A question arises concerning what effect

the coefficients given in Table 7 have on
TABLE 7 Mr. Lundy's statement that "' ... accident

rates on freeways increase as the traffic
VALUES OF LOGARITHMIC EQUATION volumes increase, and for a given traffic

a
e volume, the accident rates decrease as
the number of lanes increase.'" The sum-
LR : N L mary of the effects of the elasticity coef-
4 -0.544  0.816 1.231 ﬁ_Cient.S on the MVM rate is best shown
6 -1.139  0.856 1. 483 plcto_rlally.
8 -2.074  0.878 1. 891 Figure 7 illustrates that when the seg-

. ment length is held constant and ADT in-
Mundy's data. creases, the MVM rate also increases.
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TABLE 8
AVERAGE SEGMENT LENGTHS BY TRAFFIC VOLUME AND NUMBER OF LANES*
Traffic S;\/Ifr?:nt Frequency Traffic S;wre:e?nt Frequency Traffic Sévlre;?:nt Frequency
Vol. Lgn gth of Vol. Lgn gth of Vol. Lgn th of
(1,000 S8 Section (1,000 "8 Section (1,000) (rm.g) Section
6-13.9 15.7 16 20-39.9 5.1 16 45- AA.9 4.4 1
14-17.9 14,7 16 40-52.9 5:3 1 67- 98.9 3.1 12
18-24.0 6.8 17 53-72.9 1.7 1% 99-127.9 5.0 12
25-29.9 8.7 1% 73-98.9 5.7 17 128+ 4.7 10
30-40.9 7.6 16 99+ 5.0 15
41+ 3ub 16
undy's data.
TABLE 9

LOGARITHMIC PREDICTED ACCIDENT RATES PER MVM, SIX- AND EIGHT-LANE FREEWAYS2

Accidents per MVMP

Segmt?nt. )Length Six Lanes Eight Lanes
mil

25 ADT 50 ADT 75 ADT 100 ADT 60 ADT 90 ADT 120 ADT 150 ADT

2 85 119 145 167 81 116 150 184
4 77 108 132 150 75 107 138 179
6 T2 101 124 142 71 102 131 161
8 70 98 119 137 68 98 127 155

a
Lundy's data. bFor ADT groups in thousands.
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Figure 8. Logarithmic predicted accident rate per MVM, four-lane freeways, ILundy's data.

This figure also shows that for the same segment length and for a given traffic volume,
the accident rate decreases as the number of lanes increase. Using Mr. Lundy's ex-
ample of a proposed freeway with an estimated future ADT of 60,000 veh, Figure 7 in-
dicates that for four- and six-lane highways the logarithmic regression curves predict
probable accident rates of 1. 77 and 1. 30 accidents per MVM, respectively. The ac-
cident savings would then be 10 accidents per mile per year [(1.77 - 1. 30) accid. /
MVM X 22 MVM] rather than the 17 found by Mr. Lundy. As the logarithmic curves
in Figure 7 are for constant segment lengths of 2 mi, there is the problem of how the
accident savings vary when other segment lengths are used. For 4-, 8-, and 12-mi
segments, the computed savings amounted to 8, 7 and 6 accidents per mile per year,
respectively. Resultant differences in accident savings as predicted by the linear and
logarithmic equations decrease for ADT values less than that used in this example.
Thus, Mr. Lundy's statements on the effect of the number of lanes and ADT on acci-
dent rates are sufficiently accurate for those volumes below which additional lanes are
not normally justified by the traffic volume demand, i.e., 50,000 ADT for four lanes
and 75, 000 for six lanes.

Two additional observations can be derived from Figure 7. First, regardless of
the length segment, the accident savings predicted by the logarithmic equations remain
nearly constant for all ADT values. Second, this figure shows the effect of unequal seg-
ment lengths within different ADT groupings: whereas the logarithmic curves closely
approximate the linear curves for the six- and eight-lane freeways, there is an evident
difference between the four-lane freeway curves. This is explained by the data given
in Table 8, the ADT groupings of which were selected to yield as equal a frequency of
study segments as possible. There is a distinct decreasing of average segment lengths
for the four-lane freeway segments studied by Mr. Lundy, whereas the segment lengths
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are nearly the same for all ADT groups of six- and eight-lane freeway segments
studied.

Because Figure 7 offers a limited view of the combined effect of segment length and
ADT on the MVM rate, Figure 8 is presented to show for four-lane freeways the MVM
rate as a surface above an ADT-length base. The height of the surface above a set of
segment length-ADT coordinates indicates the accident rate; the higher the surface,
the higher is the rate. This figure reveals that the accident rate decreases with in-
creased segment length and increases with ADT. Table 9 indicates that figures for
six- and eight-lane freeways would have produced similar surfaces.

Reference

3. Kihlberg, J. A., Campbell, B. J., and Tharp, K. J. Analysis of Motor Vehicle
Accident Data as Related to Highway Classes and Design Elements. Cornell
Aeronautical Lab., Aug. 1964,

JOSEPH S. CHAMPAGNE, Port of New York Authority. —Many factors contribute to
accidents on our highways. Generally these are alignment, cross-section, access
control, the driver, the weather, and highway capacity. Mr. Lundy has pointed out
that accident rates increase with increased traffic volume and that accidents are pro-
portional to traffic volumes. The signficant difference between a four-, six-, or
eight-lane freeway is the rate at which the accident rates increase. Four lanes had a
rate of increase of 0. 24 accidents per MVM, six lanes of 0.094 accidents per MVM,
and eight lanes of 0.078 accidents per MVM.
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This is due to the number of traffic lanes and the other factors previously mentioned.
Also, passing opportunities are more frequent on six- and eight-lane highways than on
the four-lane highway, which in part contribute to lower accident rates on the six- and
eight-lane highways. The additional lanes reduce the motorist's need to take unneces-
sary risks.

Going one step further, I compared accident rate and ADT to highway capacity (Figs.
9 and 10, Table 10). The bhasic data were obtained from Figure 6.

In Mr. Lundy's example of a freeway with an estimated future ADT of 60, 000
veh/day, the four-lane facility was estimated at 100 percent capacity and the six- and
eight-lane facilities were estimated at 65 percent and 50 percent of capacity, respec-
tively. It is assumed that 10 percent of ADT volume is equivalent to the peak hour
volume and the practical capacity is 1,500 veh/lane/hr (4). Tables 11, 12 and 13 give
accident numbers and rates when all the facilities have reached 100 percent capacity
and when lhe fvur-lane facililies are al 100, 65 and 50 percent of capacity.

The results of the example, given in Table 11, indicate fewer accidents on the six-
and eight-lane facilities than on the four-lane. But the six- and eight-lane facilities
are only operating at 65 and 55 percent of capacity. Table 12 indicates that when fa-
cilities are operating at 100 percent capacity, there is little difference in the number
of accidents per mile per year. Table 13 gives the effect on accidents when the four-
lane facilities are operating at and below capacity. The accident rate is virtually the
same for the six- and eight-lane facilities when they are operating at the same per-
cent of capacity.

Mr. Lundy's paper emphasizes the fact that we should not wait for a facility to be-
come a parking lot before we decide to expand. We should continually monitor our
facilities whether they be two, four, six, eight or ten lanes and be prepared to act
before the accident rate increases above the 100 percent capacity rate. As his example
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TABLE 10
DATA ON FOUR-, SIX-, AND EIGHT-LANE HIGHWAYSa

Four Lanes Six Lanes Eight Lanes
(1“:’]0)(;1(‘)) Capacity Accident Rate Capacity  Accident Rate Capacity Accident Rate
(% per MVM (%) per MVM (%) per MVM

10 16.6 0.82 11.1 - 8.3 -

20 33.20 1.08 22.2 0. 86 16.6 -

30 49. 80 1.31 33.3 0.94 24.9 -
40 66. 40 1.55 44. 4 1. 04 33.2 0.85
50 83 1. 80 55.5 1.13 41.5 0.94
60 99, 60 2.03 66.6 1. 23 49.8 1.02
70 116. 20 2.27 T 1.32 57.5 1.09
80 132. 80 - 88.8 1. 41 66. 4 1. 16
90 149. 40 - 99.9 1.50 74.7 1.24
100 166 - 111.0 1. 60 83 1.31
110 182. 60 - 122.1 1.70 91.3 1. 40
120 199. 20 - 133.2 1,80 99. 6 1.48
130 215. 80 - 144 1.88 108 1.56
140 232 - 156 1.98 116. 2 1.63
150 249.0 - 167 - 124.5 1.71
160 265.6 - 178 - 132. 8 1.178
170 282. 2 - 189 - 142 1.:87
180 298 - 200 - 150 1.94

8ADT and accident rate taken from Figure 6 of Lundy's report.
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Figure 9. Percent capacity vs ADT for four-, six-, and eight-lane freeways.
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Figure 10. Accidents per MVM vs capacity for four-, six-, and eight-lane freeways.

No. of Lanes Capacity () Accident Rate No. Accidents/Mi/Yr i
iy g‘a’;‘e‘;‘ ({\?)oTo) A%’if:"t MVM/Mi/Yr  No. Accidents/Mi/Yr
4 100 2.2 44 !
[ 65 1.2 14 i 60 2.2 22 44
8 50 1.15 13 [ 90 1.5 32 48
2ADT = 60,000 veh, 22 veh-mi/mi/yr : = 145 e =
TABLE 13

FOUR-LANE HIGHWAY AT VARIOUS CAPACITIES

Capacity (%) ADT (1,000)  Rate MVM/Mi/Yr No. Accidents/Mi/Yr

100 60 2.2 22 44
65 40 1.5 14.6 a1
50 30 1.0 11 11

shows, we should not permit highways to exceed capacity because of the increase in
the number of accidenls and alsv because of the increase in delays and the inability of
the facility to handle unusual increases in peak hour volumes.

Reference
4. Geometric Highway Design. Table II-9, p. 86. AASHO.
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R. A. LUNDY, Closure—Mr. Versace, Mr. Byington, and Mr. Champagne have pre-
sented interesting and valuable discussions of this report. These ideas will serve as
useful reference in future research of this nature.

One of the questions raised by Mr. Versace concerns the basic data used in the
study. It is granted, as Mr. Versace explained, that the freeways studied were not
exactly equal in every respect other than in the number of lanes; however, from a
practical standpoint, it would be difficult to say that they are significantly different.
Every effort was made to exclude abnormalities from the data.

It was suggested that matched triplets of four-, six-, and eight-lane segments be
studied in lieu of massing data which was the method of this study. These triplets,
matched in design, volume content, weather conditions, driver traits, etc., are ex-
tremely difficult to find and in the final analysis it would probably be necessary to
build models to specifications, which, of course, is impractical. If the models did
exist, they would be equal in ADT and hence no ADT vs rate relationship would be ob-
tained.

Mr. Versace surmised that the six-lane freeway may be the optimum size. This
interpretation cannot be drawn from the California report; the evidence points to ex-
ceptionally low accident rates on eight-lane freeways and there is no evidence that
drivers become "lost in a sea of cars' when operating on an eight-lane facility. On
the contrary, eight-lane freeways provide far more passing opportunities (hence, less
lane blockage) and greater areas for emergency maneuvers. If these lanes were chan-
nelized with curbing or some other physical barrier, this advantage would be lost and
accident concentrations would no doubt occur at those locations where cross-over is
permitted.

The National Cooperative Highway Research Project (3), which formed the backbone
of Mr. Byington's discussion, utilized 1961-1962 California (conventional two-lane) data
in the development of the accident rate vs segment length relationship. These data
were obtained from routine annual tabulations (TS-5. 0 tables) produced by the California
Division of Highways. In October 1964, the division was asked to comment on the proj-
ect and those comments pertinent to the accident rate vs segment length relationship
were as follows:

Bach highway segment shown in the TS-5.0 tabulations is homogeneous in
respect to number of lanes, access control, and whether divided or not;
but it is not necessarily homogeneous in respect to traffic volume; i.e.,
the range of traffic volume within a section may be very large. Since
one of the primary factors that the Laboratory, and we independently,
have found to affect accident rates or numbers is the magnitude of traf-
fic volumes, the Laboratory findings in this respect may have large er-
rors. The magnitude or direction of these probable errors are unknown
and a great deal of analysis would be required to determine them.

The Laboratory further found that the accident rate and accident
numbers are related to the segment length. This is undoubtedly true
and as the Laboratory pointed out, it is probably due to the fact that
the shorter homogeneous highway sections usually contain those roadside
and highway geometry features which are normally associated with acci=-
dent causation. In using the relationships that have been established
for the prediction of accidents for a particular section of highway,
one must remember to enter the report graphs or tables with the maxi-
mum highway segment length which is homogeneous in all respects and
which includes the piece of highway under consideration. Otherwise,
if the length of the piece under consideration only is used, the
curves or tables will be entered at an accident rate portion of the
data which is too high.

These comments were, of course, based on the study containing only two-lane
conventional highway data. Mr. Byington's application utilized four-, six- and eight-
lane California freeway data and the ADT is quite stable within these segment lengths;
however, the segment lengths were created for a number of reasons besides ADT, in-
cluding legislative boundaries which certainly do not affect the accident rate. Many of
the sections do, however, terminate at some distinctly different type of facility or the
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break is introduced at a point of major volume change. These end conditions could,
and probably do, affect the accident rate on shorter sections. However, the California
data must be reworked and broken into nonbiased sections before accurate distance coef-
ficients can be calculated.

Mr. Champagne's application of the study data is interesting and informative. The
significance of his comment, '"Table 12 indicates that when all facilities are operating
at 100 percent capacity, there is little difference in the number of accidents per mile
per year,'" is not clear. The statement is correct; however, it should be pointed out
that the six-lane freeway is allowing 50 percent (and the eight-lane, 100 percent) more
vehicles to use the freeway without accident.



Comparative Freeway Study
JOHN VOSTREZ and RICHARD A, LUNDY, California Division of Highways

Thirty-three sections (200 mi) of freeways with widely divergent
accident rates were analyzed. A total of 11, 384 accidents were
included. These accidents occurred during the course of 9, 198
million vehicle-miles (MVM) of travel. The average accident
rate for the 33 sections is 1.24 accidents per MVM. The acci-
dent rates for the individual sections range from 4.52 to 0.60
accidents per MVM,

The primary purpose of the first part of the study was to ob-
tain information concerning freeway design characteristics as
related to accident frequency. The emphasis is on the relative
safety value of the various design features, Human factors were
considered homogeneous throughout the sections unless they
obviously played an unusual role in a section's accident history.
The second part attempted to analyze each section and explain
why that section had an unusually good or poor accident history.

eFOR STUDY purposes, freeways are broken down into various lengths called sections.
These sections are either geographically separate or section breaks are established by
virtue of a change in traffic volume, accident rate, design characteristics, or year
built.

Many sections of freeway have accident rates that vary significantly from the ex-
pected rate. This was discovered by a freeway accident-rate study by this Department
in 1961, using data for 1957 to 1959, inclusive (1). In the previous study the expected
accident rate was defined by the equation R = 0,17 V°*'®, where R is the expected rate
and V is the average daily traffic. If a freeway accident rate fell within 25 percent
above or 20 percent below the expected rate, it was considered average. Those sec-
tions of freeway with accident rates that did not fall within these limits were considered
to have a significant variation and were taken as subject matter for this comparative
freeway study (Figs. 1 and 2).

The study reported here was initiated as an attempt to learn what factors in the non-
average freeway sections were responsible for the higher or lower accident rates.
Human factors were considered homogeneous throughout the sections unless they ob-
viously played an unusual role in a section's accident history. In this report the em-
phasis is on the relative safety value of various design features.,

A pilot study, involving sections 1 to 14, inclusive, was first made to determine the
best approach to the study problems. A 3-yr period of accident experience, 1958 to
1960, was used. On completion of the pilot study, more recent data were available for
the remaining sections and the period 1959 to 1961 was used with the exception of sec-
tions 16, 29, 30, 31, and 33 (Table 1).

The earlier study revealed 31 out of 94 sections as non-average, Accident rates
based on the more recent data showed eleven of these sections actually possessed
average accident rates according to the expected rate equation. That is to say, eleven
of the sections that had been thought widely variant actually turned out to be normal,
when greater experience became available, Even among the other 20 sections, the low
rates increased and the high rates decreased, approaching the average as more ex-
perience accrued. The "expected-rate' equation was calculated from 1957 to 1959 data

Paper sponsored by Committee on Highway Safety.
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Study section locations.

and it is understandable that some of the sections possess accident rates that fluctuate

from year to year in this manner,

Some of these sections were completed and open to

traffic for only a short time during the 1957 to 1959 period.

The study is divided into two parts.

The first is intended as a guide to the type and

range of variables encountered in a study of this nature. The various tables and graphs
represented only the sections which are encompassed by this study. The limitations
will no doubt be evident as each concept presented could well be a major study in its

own right.

The intent here is to point out some of the variables and develop a broad



160

TABLE 1

COMPARATIVE FREEWAY STUDY SECTIONS

seﬁz‘fm Description Study Period Comments
1 Bayshore Fwy.; SM-88-Var
Bransten Rd. to N.C.L. of S, San Francisco 1958-1959-1960
2 Bayshore Fwy,; SM,SF-68-Var.
N.C.L. of 8. San Francisco to 3rd St. in San Francisco 1958-1959-1960
3 Nimitz Fwy,; Ala, SC1-69-8Js,A
Rt. 68/69 separation to Warm Springs separation (Rt. 5) 1958-1959-1960
Petaluma Fwy.; Son-1-F,C
2.23 mi N. of Marin Co, line to 8,C.L, of Santa Rosa 1958-1959-1960
5 Castro Valley Link; Ala-228-A, SLn,
Rt. 69 to jet. Rt. § 1958-1959-1960
6 No section
17 U.S. 99; Tul-4-F
Visalia Airport interchange to 1 mi N, of Goshen 1958-1959-1960
8 Colorado Fwy.; LA-161-LA, Pas, S.Pas
Eagle Vista Dr. to Holly St. 1958-1959-1960
9 Pasadena Fwy.; LA-165-LA
4-level structure to jet. Rt. 205 1958-1959-1960
10 Pasadena Fwy.; LA-205-Pas,S, Pas,
Ject, Rt. 165 to Ave, 64 1958-1959-1960
11 Pasadena Fwy.; LA-205-Pas,S, Pas.
Ave. 64 to Orange Grove Ave. interchange 1958-1959-1960
12 Long Beach Fwy.; LA-167-LBch, A, Com, Lyn, SGt.
Pacific Coast Highway to Atlantic Blvd. 1958-1959-1960
13 Balboa Bypass; SD-2-SD
1mi, S. of Balboa Ave. to 0.65 mi. N, of Balboa Ave. 1958-1959-1960
14 Montgomery Fwy.; SD-2-8D, ChV, G, NatC.
San Ysidro junciion v 8,C. L, of Nativnal Cily 1558-15855-1580
15 Roseville Fwy.; Sac;Pla-3;3, 17-B;A, A, Rsv.
Howe Ave, in Sac. Co, to N, of Atlantic St. in Placer Co. 1959-1960-1961 Portion of section open Jan. 1960 (2, 000
it E. of Folsom Rd. to N, of Atlantic
St.), 1.7 mi
18 Los Gatos Fwy.; SCl-5;239-LGts, D, Cmb, SJs;D, SJs.
Santa Cruz Ave, to The Alameda 1960-1961 Not open full year of 1959; portion of
section open June 1960 (Bascom Ave,
to The Alameda), 1.0 mi.
17 Bayshore Fwy.; SM-68-D, MIP, RdwC.
Santa Clara Co. line to Bransten Rd, 1959-1960-1961
18 No Section
19 No section
20 San Diego Fwy.; LA-158-CIC,LA A
Approx. 0.2 mi N. of Venice Blvd. to Ovada Pl. 1959-1960-1961 Most of section open Feb. 1959 (0.2 mi
N, of Venice Blvd. to 0.5 mi N, of
22 Golden State Fwy.; LA-161;4-LA;Gndl, LA
Glendale Blvd. to Burbank Blvd, 1959-1960-1961  Part of section opened Aug. 1959
(Alameda St. to Burbank Blvd,), 1.3
mi
23 San Bernardino Fwy.; LA-26-Cla, Pom, C, W.Cov.
San Bernardino Co. line to Citrus Ave. 1959-1960-1961
24 Harbor Fwy.; LA-165-LA
30th St, to 4-level structure 1959-1960-1961
25 Long Beach Fwy,; LA-167-Com, A, Lyn, SGt.
Atlantic Ave. to Firestone Blvd, 1959-1960-1961
26a Long Beach Fwy,; LA-167-Bell, B, Ver,
Firestone Blvd. to N. jet. Atlantic Blvd. 1959-1960-1961
26b Long Beach Fwy.; LA-167-Bell, B, Ver, Cmrc.
N. jet. Atlantic Blvd. to Olympic Blvd. 1959-1960-1961
27 San Bernardino Fwy.; SBd-26-Mcl, Upl, Ont,D
Live Oak Ave. to Los Angeles Co, line 1959-1960-1961 Part of section open Aug. 1959 (500 ft
W, of Turner Ave, to 800 ft W, of
Milliken Ave.), 1.7 mi
28a U.S. 395; SD-77-SD
N, of jet. Rt. 200 to Genesee Ave. 1959-1960-1961
20b U.S, 395; SD-77-SD
Genesee Ave. to Clairmont Mesa Blvd. 1959-1960-1961
29 S.S. Rt. 94; SD-200-SD,A
W, of 25th 8t, O,C, to E, of Palm Ave, 1960-1961-1962 1959 data not used because part of
section (W, of 25th St. to 32nd St.) not
open until Dec. 1959, 1.9 mi
30 Central Fwy,; SF-2-8SF
Jct. Rt, 68 to Turk St. 1960-1961 Not open full year of 1959
31a Riverside; SBd-43-F, Col, SBd.
Riverside Co. line to jet, Rt, 26 & 650 [t S. of Mill St.,
to jet. Rt. 31 1960-1961 Not open full year of 1959
31b Riverside Fwy.; SBd-43-F, Col, SBd.
Jct. Rt. 26 {San Bernardino Fwy.) to 650 ft S, of Mill St.  1960-1961 Not open full year of 1959
32 San Bernardino Fwy.; SBd-26-D, Ria, Col.
5th St. in Colton to Live Oak Ave, 1960-1961 Not open full year of 1959; 2.1 mi por-
tion (Live Qak Ave. to Cypress Ave.)
not open until March 1960
33 Warren Fwy; Ala-227-Oak
Redwood Rd. to Thornhill Dr, 1960-1961 Portion of section not open until March

1960 (Lincoln Ave. to Redwood Rd.),
0.97 mi
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concept of the interwoven factors which apparently have an effect on accident rates.
The second part is a discussion of individual sections, bringing forth facts concerning
each section and making an attempt to isolate those factors which give it the accident
experience it possesses.

In the development of the first part, many extremely interesting facets of the rela-
tionship between design factors and accident rates were glimpsed but not fully explored.
Among these were ramp terminal shapes, bridge widths, type of interchange, and in-
terchange spacing. But perhaps most important was the tentative finding that accident
rates rise sharply with average lane volume, so that additional lanes may be justified
on the basis of accident reduction even as much as on the basis of free-flow service
volumes.

The present report does not provide a full understanding of how these additional
facets may have affected accident rates. Research is being continued in an effort to
develop facts concerning the unknowns brought out in this report. This research is a
portion of the Highway Transportation Agency's 5-yr Safety Research Program, in co-
operation with the U.S. Bureau of Public Roads,

SUMMARY OF DATA

Table 2 is a summary of accident, exposure, and design data for each of the study
sections, The freeway sections are arranged into three groups and the data are sum-
marized or averaged for each group. Twelve of the sections totaling 55,90 mi had
significantly above average accident rates (referred to as high accident sections). Ten
of the sections totaling 75.16 mi had significantly below average accident rates (referred
to as low accident sections). Eleven of the sections totaling 69,39 mi had average ac-
cident rates.

Three of the sections in Table 2 have been split or designated as part a and part b
because when these sections were under preliminary study, it was found that they had
portions with accident concentration quite dissimilar to the remainder of the section.

The data listed in the table represent a 3-yr aggregate with the exception of sections

an An - R

miles of travel (MVM). The exposure for ramps is essentially related to the number
of vehicles entering or leaving without regard to the distance traveled, and therefore,
is simply million vehicles (MV),
The term "within interchange area' is used in Table 2 and throughout this report.
The area referred to is that encompassing the main line, ramps and structures from
the end of the farthest speed change lane taper on one end of an interchangc to the end
of the farthest speed change lane taper on the other end of the interchange. An accelera-
tion lane length is measured from the gore nose to the end of the lane taper. A decelera-
tion lane length is measured from the start of the lane taper to the beginning of the first

ramp curve,

INVESTIGATION OF ALIGNMENT AND GRADE

A representative sample of eight sections (1, 15, 16, 17, 20, 23, 28, and 29) from
the original 31 was taken for this investigation. The eight sections total 81 mi with
3,935 MVM of exposure. The freeways ranged in ADT between 20, 000 and 100, 000 and
had between four and eight traffic lanes., Grades ranged from 2 to 6 percent and curves from
1,500t0 5,000 ftinradius. (A curve witha radius of 5,000 ft or greater was considereda
tangent section for this study, A grade of 2 percent or less was considered level,)

The accident data for sections 1, 15, 16, and 17 were taken from accident profiles
where accidents are plotted to the nearest 100 ft but there is no designation as to direc-
tion of travel. The accident data for sections 20, 23, 28, and 29 were taken from
large-scale collision diagrams where accidents are plotted as accurately as possible
on a scale likeness of the freeway.

The alignment was categorized by type into the following groups: straight level,
straight grade, curved level, and curved grade. A further breakdown by direction up-
grade or downgrade was possible for sections 20, 23, 28, and 29 because the informa-
tion was plotted on collision diagrams. Table 3 gives accident data for the eight sec-
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TABLE 3
EFFECT OF ALIGNMENT ON FREEWAY ACCIDENT RATES

Total Inj. & Fat.

Alignment PDO Inj. Fat. Tot. MVM Acc./MVM  Ace./MVM

(a) Sections 1, 15, 16, 17, 20, 23, 28 & 29

Straight level (a) 1,358 915 47 2,320 2,767 0.84 0.35
Straight grade (b) 261 131 4 396 333 1,19 0.41
Curved level (c) 393 231 8 632 560 1.13 0.43
Curved grade (d) 339 165 8 512 275 1.86 0.63
Straight (ab) 1,619 1,046 51 2,716 3,100 0.88 0.35
Curved (cd) 732 396 16 1,144 835 1.37 0.49
Grade (bd) 600 296 12 908 608 1.50 0.51
Level (ac) 1,751 1,146 55 2,952 3,327 0.89 0.36

Total 2,351 1,442 67 3,860 3,935 0.98 0.38

(b) Sections 20, 23, 28 & 29%

Straight upgrade 81 52 2 135 144 0.94 0.38
Straight downgrade 110 52 1 163 144 1,13 0.37
Curved upgrade 141 74 T 222 127 1.75 0.64
Curved downgrade 174 81 1 256 127 2,02 0.65

Total 506 259 1 776 542 1,43 0.50
&This further breakdown of grade classifications available for these sections only.

TABLE 4
EFFECT OF TRUCK TRAFFIC ON ACCIDENT RATES
Alignment PDO  Inj,  Fat. Tot., MVM Tatal Inj. & Fat.

Acc,/MVM  Acc./MVM

(a) Section 23— Truck Traffic 11 Percent

Straight level (a) 223 117 8 348 310 1,12 0.40
Straight upgrade (b) 33 29 0 62 41 1,51 0.71.
Straight downgrade (c) 35 17 1 53 41 1,29 0,44
Curved level (d) 144 72 3 219 120 1.83 0.63
Curved upgrade (e) 39 39 3 81 48 1.69 0.88
Curved downgrade (f) 52 3 1 90 48 1.88 0.79
Straight (abe) 291 163 9 463 392 1.18 0,44
Curved (def) 235 148 7 390 216 1.81 0,72
Grade (bcef) 159 122 5 286 178 1.61 0.71
Level (ad) 367 189 11 567 430 1.32 0.47

Total 526 311 16 853 608 1.40 0.54

(b) Section 20, 28, 29— Truck Traffic 4 to 5 Percent

376 446 0.84

Straight level (a) 277 96 3 0.22
Straight upgrade (b) 48 23 2 73 103 0.71 0.24
Straight downgrade (c) 75 35 0 110 103 1.07 0.34
Curved level (d) 42 32 4 78 91 0.86 0.40
Curved upgrade (e) 102 35 4 141 79 1,78 0.50
Curved downgrade (f) 122 44 0 166 79 2.10 0.56
Straight (abce) 400 154 5 559 652 0.86 0.24
Curved (def) 266 111 8 385 249 1.55 0.48
Grade (bcef) 347 137 6 490 364 1,35 0.39
Level (ad) 319 128 7 454 537 0.85 0.25

13 944 901 1.05 0,31

Total 666 265

tions combined, as well as a further breakdown for sections 20, 23, 28, and 29, Table 4
indicates truck influence,

Section 23, a high accident section and also a high truck traffic section (11 percent)
appears by itself in Table 4. This analysis is not meant to imply that truck traffic is
the sole cause of the high accident rate. However, this is probably a major contributing
factor since this section has 35 percent of its alignment on grades greater than 2 per-
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Figure 3. Accident rates by alignment type.

cent. The combination of trucks and grades will normally produce adverse conditions.
This section has 41.2 percent of its alignment within interchange areas and 27 percent
of its alignment on curves under 5,000-ft radius. The section is relatively old (opened
1955-1957), All of these factors contribute adversely to the accident rate.

Tables 3 and 4, and Figure 3 indicate that:

1 Qiraicht Tavral alianmaont hao tha 1Tawast wataoaa

dliecCl 4CClaentl rates; curvea graae 1s tne gredrest olrenaer,

3. Moderate truck traffic (4 to 5 percent) appears to have little effect on accident
rates, whereas heavy truck traffic (11 percent) appears to affect rates adversely on the
straight upgrade and curved level alignment.

FIXED OBJECTS

Fixed objects present a major problem in beth-acecident frequency and severity, A
recent freeway fatal accident study (2) revealed that 32 percent of the 660 freeway fatal
. accidents in 1961 and 1962 involved fixed
objects. An analysis of all types of acci-

TABLE 5 dents revealed that 28 percent of 36,171
ACCIDENTS INVOLVING FIXED OBJECTS freeway accidents involved fixed objects;
8.5 percent of the accidents involved fixed
% of objects in the median and 19.5 percent in-
- ; of All Fixed- volved fixed objects to the right of the
Fixed Ohbjest Accidents Object d =

traveled way., A further breakdown is

Aegldents given in Table 5. A field inventory of [ixed
Guardrail 7 25 objects on ten sections of freeway is given
Fence 5 18 in Table 6.
Signs 4 14 In an attempt to gain information as to
Pier, abutment or the most vulnerable type of fixed object,
bridge rail 4 14 the freeway accident percentages for
Ié‘lght HEdarg E I guardrail, signs, light standards, picrs,
urbed island 2 7 : . X
Miscellaneous 4 15 :'a,butments? and bridge rail were adjusted
8 00 in proportion so that the combined total

TOt,a,l would equal 100 percent, The resulting
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a)

Figure 4. (a) Clear, firm roadside; (b) no pier at shoulder edge (but with sign pole);
and (c) pier at shoulder edge.
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TABLE 6

SUMMARY OF FIXED OBJECTS IN SECTIONS
17, 20, 21, 22, 23, 27, 28, 29, 31, 33

Areas
Fixed Objects Interchange Between ,1,.6 =
: Inter-  Total otal
Off - On- Main Fixed
< changes 5
Ramps Ramps Line Objects
Guardrail® 602 533 206 453 1,794 46.1
Light standard 502 402 95 26 1,025 26.3
SignsP 237 1 112 245 665 17,1
Pillars, abutments,
bridge rail 53 72 189 94 408 10,5
Total 1,394 1,078 602 818 3,892 100.0
% of total
fixed objects 35.8 27.7 15.5 21.0 100.0 -

8Cuardrail was counted in 50-ft lengths as one fixed object.
Includes wood or steel posts, with or without guardrail.

percentage of accidents involved was then
compared to the percentage of fixed ob-
jects actually in place. The results are
given in Table 7.

TABLE 7

ACCIDENTS INVOLVING FIXED OBJECTS VS
TOTAL FIXED OBJECTS IN PLACE

_ hof # of The validity of this comparison may
Fixed Object Fﬁ‘ffi'dggi:“ g&t:é Ratio  well be in question due to the lack of ex-
Involved Objects posure data and the selection of a definite
- length of guardrail as one fixed object.
Plloigsjgea?:}f‘e“ts’ - 0.5 224 Atmost, the comparison is an approxima-
Signs 23.5 7.1 1.37 tion which points to pillars, abutments and
Guardrail 41,2 46.1  0.89 bridge rail as being placed in the most

freeway mileage in Californiabut represent
26 percent of "unit" objects and account
for 12 percent of fixed object collisions.

Figure 4 shows an example of clear, firm roadside area and two examples of fixed
objects adjacent to the roadbed. The guardrail in the median (Fig. 4b) was placed to
prevent U-turns across the median at the interchange, but it can easily be struck by a
vehicle drifting off the traveled way. The bridge picr (Fig. 4c) could have been inclosed
in the overcrossing fill cone or totally eliminated as in the case of the bridge in Figure
4b, thus eliminating a fixed object that could easily produce a fatal accident if a vehicle
should drift off the traveled way.

It is difficult to determine what percent of roll-over accidents are caused by fixed
objects. It has been shown mathematically and experimentally (3) that it is virtually
impossible for a standard automobile which is skidding to overturn unless it strikes a
fixed object (such as curbs or dikes) or its wheels are embedded in soft material. The
tires simply cannot develop enough friction to produce the moment required to overturn
the auto. Some fixed objects act as fulcrums when struck by the wheels of a sliding
vehicle. In other instances, roll-over accidents occur when the wheels of an oul-ol-
control vehicle imbed themselves in loose material in the median or to the right of the
shoulder., Many serious accidents may well have been minor accidents or might not
have been reportable accidents at all had the victims been able simply to ride them
out in an upright manner ("'spin').

LONG BRIDGES

There are nine exceptionally long bridges (average 1,000 ft) within the study sections.
Table 8 gives the bridge descriptions along with a 3-yr accident histary (1959 to 1961).
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TABLE 8
LONG BRIDGES, 1959-1960-1961 DATA

Acc,

Length Acc,

Involving b
Section Description Incl. MVM EDO Inj. Fat, Total Guardrail Tnvolving
G . Acc. Acc. Stalled
uardrail or Veh
Br, Rail 5
(a) Without Shoulders
1 SM-68-Bsbn, Sierra Pt. O.H. Br. No. 35-130 1,000 15,2 18 3 1 22 0 0
17 SM-68-RdwC, Redwood Cr. Br, No, 35-145 700 8.6 2 9 1 12 0 0
25 LA-167-8Gt, Los Angeles Riv, Br, No. 53-828 675 11.0 8 6 2 16 9 4
23 LA-26-Pom, Rt. 26/19 Sep, Str. Br. No, 53-855 900 8.5 12 8 1 21 9 0
26 LA-167-Ver, Hobart Yard O,H. Br, No. 53-940 1,300 15,7 12 5 1 18 5 1
26 LA-167-Cmrc, East Yard O.H. Br. No. 53-842 1, 600 22.4 20 9 0 29 15 2
28 SD-77-SD, San Diego Riv. Br. No, 57-126 1,000 10.6 12 6 0 18 6 2
Total 7,175 92.0 84 46 6 136 44 9
(b) With Shoulders
22 LA-4-LA, Gndl, LA Riv, & Sep. Br. No, 53-1075 675 1.3 2 2 0 4 0 0
22 LA-4-Brb, Providentia Ave. Br. No. 53-1085 850 1.1 0 2 1 3 2 0
Total 1,525 14.4 2 4 1 7 2 0
TABLE 9 Seven of the bridges had three lanes in
o one direction with no shoulders and 40-ft
; . Bri ' £ .
Bridges  MVM  Accidents %S Frevvay Lok (curb-to-curb) cross-sections. The other
two bridges had four lanes in one direction
Without shoulds 92, 136 1.48 1,10 134 5
w;th():hosulg:r:rs 14,4 7 0.49 0.51 96 with ShouldErs and 58-ft (Curb—to- CuI‘b)
Shveregs acoident rate of secbions contetning bridase. cross-sections. The accident data con-~

cerning the no-shoulder vs shoulder
bridges are summarized in Table 9,

The bridges without shoulders show a 34 percentincreaseinaccident rate over the
rate of the freeways which they serve. Although the exposure is extremely small, the
indication is that the bridges with shoulders operate at about the same accident rate as
the freeways they serve. One logical explanation for this may be that a bridge without
shoulders does not provide an emergency parking area. Nine of the 136 (7 percent) no-
shoulder bridge accidents involved parked or stalled vehicles, whereas none of the ac-
cidents on the bridges with shoulders involved a parked or stalled vehicle. The bridge
rail or guardrail was involved in 33 percent of the no-shoulder bridge accidents and 29
percent of the shouldered bridge accidents.

NUMBER OF TRAFFIC LANES

At the beginning of this study, the expected accident rate curve set the standard for
determining what would constitute a good or bad section. The combined data of 4-, 6-,
and 8-lane freeways were used in calculating the expected rate equation.

During the course of this study, it became evident that a 4-lane freeway usually had
a higher accident rate than a 6- or 8-lane facility with the same ADT. This situation
suggested an investigation to see if the accident rate vs ADT curve for the 4-lane free-
ways would actually show a higher average rate than the 6- or 8-lane freeways. The
use of the study section data for this type of investigation was avoided in this report
because many of the study sections actually pick up and drop lanes throughout their
lengths and the number of lanes would not be homogeneous. To continue the investiga-
tion, freeway sections with homogeneous lane characteristics were chosen and the ac-
cident rate vs ADT curves were calculated. The investigation is not yet complete but
there is a definite indication that for any given ADT a 4-lane freeway would have a
higher accident rate than a 6-lane, and a 6-lane would have a higher rate than an 8-lane,
When complete, the findings of the investigation will be published in a separate report.

NORMAL STATISTICS

The statistics concerning each study section are discussed in the next part of this
report, These statistics are compared with an estimate of the average or normal for



168

TABLE 10
NORMAL ACCIDENT STATISTICS, ALL CALIFORNIA FREEWAYS, 1958-1961

Condition % Egﬁ’l ﬁ;tce Condition % Eggl
No. veh, involved: Residence of driver causing
1 28 0.36 accident:
2 53 0.69 California—1local 82
3 15 0.19 California-—not local 13
=24 4 0.05 Out of California 3
Driver violation: Not stated 2
Following too close 18 0.23 Age of driver causing
Unsafe lane change 6 0.08 accident (yr):
Improper turn 7 0.09 <15 6
Exceeding safe speed 24 0.31 15-26 25
Wrong side of road 1 0.01 27-36 28
Improper parking 1 0.01 37-46 22
Other 9 0.12 47-56 14
None 34 0.44 57-66 7
Movements; =67 3
Rear-end 29 0.37 Driver's condition:
Passing side swipe 18 0,23 Had been drinking 14
Cross-median 6 0.08 Sleep 5
Stopped or backing up 14 0.18 Other defects 3
Other movements 33 0.43 No defect 78
Weather: Vehicle condition:
Clear 81 - Defective 10
Cloudy 9 - Not defective 90
Raining 6 - Fixed object involvement:
Fog 3 - Hit fixed objects
Other 1 - (8.5% to left
Dusk or dawn 3 - Time of day:
Dark—no street lights 25 - 2400-0100
Dark—street lights 20 B (midnight to 1 a.m.) 4
Alignment and grade: 0100-0200 4
Straight level 64 - 0200-0300 5
Straight hillcrest 2 - 0300-0400 3
Straight grade 14 - 0400-0500 2
Curved level 9 - 0500-0600 2
Curved hillcrest 2 - 0600-0700 3
Curved grade 9 - 0700-0800 6
Speed of driver causing 0800-0900 4
accident (mph): 0900-1000 3
0 9 - 1000-1100 3
1-10 5 - 1100-1200 4
11-20 6 - 1200-1300 3
21-30 8 - 1300-1400 - 3
31-40 13 - 1400-1500 4
41-50 23 - 1500-1600 5
51-60 24 = 1600-1700 7
61-70 9 - 1700-1800 8
271 3 = 1800-1900 i
Age of vehicle causing 1900-2000 5
accident (yr): 2000-2100 4
- 39 - 2100-2200 4
2-5 36 - 2200-2300 3
5-10 19 - 2300-2400 4
211 6
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freeways. The estimate is based on a computer analysis of 36, 171 accidents which
occurred on all California freeways during the 1958 through 1961 period. The accident
rate for this period was 1.29 accidents per MVM, A summary of the analysis is given
in Table 10.

In Table 10, accident rates are tabulated for the single- and multiple-vehicle category.
A simple ratio was used to calculate the rates; i.e., the percentage of total accidents
is to 100 as the accident rate is to thetotal rate of 1.29, Theaccident rates for the other
categories were not listed due to the unknown nature of travel involvement for these
categories, For example, we know that there is more travel generated during clear
weather than during rainy weather but it is difficult to determine what proportion of the
total travel should be assigned to each type. An attempt of this sort was made in the
alignment portion of this report, but the rates determined are not tabulated as normal
because the data were drawn from the study sections and not all freeways.

The drivers' violation category shows 18 percent of the accidents involved following
too close violations. When accidents are involved, this type of violation represents a
large percentage, but if accidents are not involved, the percentage is relatively small.
It is hard to tell when a driver is following too close unless he has an accident. Some
authorities believe that following too far is more hazardous than following too close,
because it is more difficult for the following driver to perceive the closing rate, or
differential speed of the car ahead, and also because the large differential speed in fol-
lowing too far accidents results ina much greater severity when an accident does occur,

Studies of traffic flow (4) show that at design hourly volume of 1, 500 vph/lane, 50
percent of all drivers choose headways of 1.8 sec or less (the average headway is, of
course, 3,600/1,500 = 2,4 sec), center to center. The clear headway is less than this
by the amount of the car-length: speed quotient. At 2,000 vph/lane, which is often at-
tained on urban freeways, the 50 percentile headway is 1.5 sec (average 1.8 sec), and
85 percent of all drivers choose a headway of 2,6 sec or less, Although it may seem
from the foregoing that high volume automatically results in short "unsafe' headways,
at an hourly volume of 1,000 vph/lane, which is considered acceptable for long-distance
rural travel and is associated with free-running speeds of 60 to 65 mph, the average
headway is 3.6 sec but 15 percent still choose headways of 1.0 sec or less. No wonder
that a patrolman has difficulty deciding whether a driver is following too close or not,
until the driyer has an accident.

As stated before, these statistics are used in the discussion of the individual sec-
tions. All of the conditions have been analyzed for each section, but only those perti-
nent to that particular section or those that vary significantly from the normal have
been included in the tables found in the discussions.

This Department is presently engaged in a study of ramp geometry as related to ac-
cident frequency. The study is in a rough draft state and the analysis is not yet com-
pleted. However, evidence analyzed to date indicates the following:

1. On-ramps have a normal accident rate of about 0.60 per million ramp vehicles;
off-ramps have a normal accident rate of about 1,00 per million ramp vehicles.

2. Downhill on-ramps are the best type of on-ramp; uphill off-ramps are the best
type of off-ramp,

3. Ramps associated with diamond-type interchanges are apparently the safest type.
The left-hand ramps (enters or leaves the freeway at high-speed lane) experience the
highest accident rates.

THE SAN FRANCISCO AREA
Section 30— SF-2-SF (New Route 80, 101)

This is the Central Skyway in San Francisco, a 1.47-mi portion of Rt. 2 between
the junction of Rt. 68 and Turk St. Facts about the section are as follows:
1. 57,800 ADT, 62 MVM (1960-61), 280 accidents.

2. Accident rates—expected, 1.20; actual, 4.52 or 375 percent of expected rate.
3. The section is basically six lanes with a short portion of eight lanes. It is an
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Figure 5. Central Skyway, San Franciscoc.
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TABLE 11

elevated viaduct, 40 ft curb to curb (no
ACCIDENT DATA, CENTRAL SKYWAY

shoulders) on each roadway. About half

4 Acc. of the section is single deck and the re-
Condition mainder is double deck (Fig. 5).
Section 30 Normal? 4, Thirty percent of the alignment is
Driver's condition: on curves between 600- and 1, 000-ft radii.
H BN 3 14 5. The ramps arc all two lancs and
, Bleep: - e 0 5 have average accident rates.
iclation—iollowing too close 11 i8
T o e e an an The limited design standards imposed
4-6 p. m. 13 15 by the elevated viaduct section create a
Speed (mph): high accident rate problem. For instance,
- 12 g. the Embarcadero Skyway in San Francisco
11-20 6 6 is similar to the Central Skyway. The
21-30 11 8 Embarcadero has an accident rate of 3.05
8140 27 13 with an ADT of 30,000, The Viaduct por-
41-50 28 23 A 1
51-80 10 24 tion of the James Lick Frceway has better
61-170 1 9 alignment (1, 200-ft minimum radius
=11 0 3 curve) but still has an accident rate of

8Normal statistics from Table 10. i 2.32 with an ADT of 130, 000. The Nimitz



TABLE 12
ACCIDENT DATA, SECTION 1
% Acc.

Condition _
Section1 Normal

Residence—Calif., local 91 82

Weather—raining 15 6

Driver's condition—H. B.D. 17 14

Movement—rear end 57 29

(c)

Figure 6. Bayshore Freeway: (a) north end

section 1, Butler Rd. 0.C., rate 1,065 (b)

center gection 1, 19th Ave, 0.C., rate

0.79; south end section 1, East Hillsdale
Ave., rate 0.61,
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Freeway viaduct section has mostly tan-
gent alignment with cross-section similar
to the Central Skyway. The Nimitz Viaduct
has an accident rate of 1,57 with an ADT
of 75,000,

Table 11 indicates that the motorists
using this section are better than average
from the standpoint of drinking or dozing.
Violation, movement, and peak hour acci-
dents are relatively average, Stopped ve-
hicles show a slightly higher than normal
percentage because disabled vehicles have
no place to park safely. Alarger percent-
age of accidents occurred at lower speeds
than normal; however, with short radius
alignment, the average speed is less than
normal. When driving on an elevated free-
way such as the Central, the stable objects
around the driver are not as apparent as
they are on a ground-level freeway. Some
people believe that this sensation subcon-
sciously increases driving speed. Inother
words, the sense of speed is lost much as
it is when riding in an airplane. This sec-
tion does not seem to bear this out; how-
ever, the speed may actually be excessive
for the existing design standards. A more
detailed study of viaducts involving a much
larger sample may be of some value.

Apparently, the lack of shoulders and
the lack of off-the-traveled-way maneu-
verability combined with the short radius
curves play an important role in this sec-
tion's high accident rate,

Section 1—SM-68-Var (New Route 101)

This is a 15, 8-mi portion of the Bay-
shore Freeway (Rt. 68) between the north
city limits of South San Francisco and
Bransten Rd. in Redwood City. Facts
about the section include:

1. 77,500 ADT, 1,341 MVM (1958-60),
1,271 accidents.

2, Accident rates—expected, 1.26;
actual, 0.950r 75 percent of expectedrate.

3. Six lanes ( a 6-mi portion was
widened to eight lanes between mid-1960
and the end of 1961), 36-ft median (some
median barrier installed in May 1960), and
8-ft shoulders.

4, Fifteen percent of the horizontal
alignment is on curve, vertical alignment
is basically flat.

Traveling south from the start of the
section at the north city limits of South
San Francisco to a point 10.3 mi south,
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TABLE 13
DATA FROM SECTION 17
% Acc.
Condition e
Section 17 Normal
Residence—Calif., local 88 82
Weather—raining 8 6
Driver's condition—H. B. D. 24 14
Movement—rear end 23 29

the freeway has an accident rate of 1,06
Figure 7. The Bayshore Freeway, section  (expected rate, 1.27). From that point
7. (3rd and 4th St. interchange in San Mateo),
and for the next 24 mi, it has a rate of
0.79 (expected rate, 1.26). The remaining 3%-mi section has a rate of 0.61 (expected
rate, 1.25) (Fig. 6).
The first 10 mi of this section has a clearance to the nearest fixed object (in many
places) of approximately 6 ft to the right from the edge of the shoulder; the rest has approxi-
mately 56 ft of clearance.

Figure 8., Willow Rd. 1nlerchange.
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The congestion problem is evident by the large percentage of rear-end accidents
(Table 12), This problem is typical of the Bayshore Freeway.

Section 17—SM-68-D, M1P, RdwC. (New Route 101)

This is a 7.9-mi portion of the Bayshore Freeway between Bransten Rd. in Redwood
City and the San Mateo—Santa Clara Co. line, Facts about the section include:

1. 58,800 ADT, 509 MVM (1959-61), 415 accidents.

2. Accident rates—expected, 1.20; actual, 0.82 or 68 percent of expected rate.

3. Six-lane, 40-ft traversable median (except where median barrier is placed), 8-ft
shoulders, approximately 12-ft clearance on the right where frontage roads exist and
60 ft to the right-of-way line where there are no frontage roads.

4, Alignment (Fig. 7) is relatively flat and straight with only 4 percent on curves
under 5, 000-ft radius (3, 500-ft minimum radius) and 4 percent on grade over 2 percent
(3 percent maximum),

This freeway section has a 42 percent higher accident rate southbound (0.95) than
northbound (0.67). The major increase in accidents occurred between 11 p.m. and 2
a.m. During these 3 hr, there were 53 accidents southbound and only 16 accidents
northbound. Table 13 shows an abnormal (24 percent) number of accidents involving
drinking drivers.,

The Willow Rd. interchange is a four-quadrant clover leaf without collector distri-
butor roads (Fig. 8). The ramps have a rate of 1,54 accidents per MV, These ramps
are responsible for 50 percent of the total ramp accidents in the section but carry only
20 percent of the ramp traffic. The acceleration and deceleration lanes average 550
and 350 ft, respectively. The increase in ramp accident rate is divided equally between
the on- and off-ramps.

Although sections 1 and 17 are both Bayshore Freeway sections, the percentage of
rear-end accidents is greater in section 1 (57 percent) than in section 17 (23 percent).
Section 1 carried one-third to two-thirds more traffic than section 17 with generally the
same number of lanes. The accident rates for sections 17, 1, and 2 are 0.82, 0.95,
and 1.09, respectively, and the ramp rates are 0,65, 0.70 and 0.71, respectively.

In general, the alignment (especially ramps) is forced into a more restricted area
as the freeway proceeds from south to north (from section 17, through 1 to 2), ap-
parently due to increasing right-of-way cost when approaching the densely populated
area. The more restricted area decreases off-the-traveled-way maneuverability, At
the same time, the average daily traffic increases and peak hour traffic is heavier.
Vehicles in trouble have no escape route and vehicles entering or leaving the freeway
must negotiate tight ramp patterns.

THE SAN DIEGO, VENTURA, AND GOLDEN STATE FREEWAYS
Section 20—LA-158-C1C, LA, A (New Route 405)

This 5-mi section of Rt. 158 (San Diego Freeway), between Venice Blvd, U.C. in
Culver City and Ovada Pl, Pedestrian U.C. near Santa Monica, displays the following
characteristics:

1. 58,500 ADT, 320 MVM (1959-61), 200 accidents.

2. Accident rates—expected, 1,20; actual, 0.63 or 53 percent of expected rate,

3. Eight lanes, 22-ft median, 10-it shoulder outside, 8-ft shoulder inside.

4, Alignment (Fig. 9) is good with 24 percent of the vertical alignment on grade
over 2 percent (4 percent maximum) and 27 percent of the horizontal alignment on
curve of under 5,000-ft radius (2, 400-ft minimum),

5. Ramps have much lower than average rates (0,37 actual vs 0.80 expected); ramp
acceleration and deceleration lane lengths both average 700 ft.

The success of this section may be attributed to better than average ramps, fairly
liberal design standards, and an ADT which produces low lane densities for an eight-
lane freeway. At a low lane density, emergency maneuvers can be made on the traveled
way. As the lane density increases, emergency maneuvers must be made elsewhere
to avoid collision with another vehicle, This section is primarily elevated and in most
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Figure 9. San Diego Freeway.

TABLE 14
ACCIDENT RATES, SECTION 20

Actual Expected % of
Year ADL Acc. Rate Acc, Rate Expected
1959 50, 000 0.56 1.16 48
1960 59, 000 0.51 1.21 42
1961 68, 000 0.67 1.23 60
1962 75, 000 0.78 1.25 62
1963  114,0002 1.13 1.35 84

aFreeway sections on both sides of study section opened
to traffic during thils period, causing sharp increase
in ADT.

TABLE 15
B Rate 4 Rate 4
(per MVM) (per MVM)
Single vehicle 0.36 28 0.32 51
Multiple vehicle 0.93 72 0,31 49
Tetal 1.29 100 0.6 100
Rear end 0.37 29 0.08 13
All other 0.92 71 0.55 87
Total 1.29 100 0.83 100

places the 10-ft shoulder is the limit to
safe off-the-traveled-way maneuvers.
Table 14 gives the ADT and the accident
rate for each year of the 5-yr period of
1959 to 1963.

Table 15 indicates that rear-end acci-
dents accounted for 13 percent of the total
accidents in this section, whereas the nor-
mal is 29 percent. Fifty-one percent of
the accidents were single-vehicle accidents
(28 percent is normal), The lack of rear-
end accidents and the high percentage of
single-vehicle accidents indicate that con-
gestion is not a major problem, The fact
that 51 percent of accidents were single
vehicle against a normal of 28 percent does
not show that this freeway is more suscep-
tible to single-vehicle accidents, but that
it is less susceptible to other types.

-LA (New

Figure 10. Ventura Freeway.

This 2.73-mi portion of Rt, 2 (Ventura
Freeway), between the junction of the San
Diego Freeway and Louise Ave., is an
elevated freeway. Facts about the section
include:

1. 79,300 ADT, 237 MVM (1959-61),
222 accidents.
2, Accident rates—expected, 1.27;

chain link barrier, and 8-ft shoulders.

4, Alignment (Fig. 10) is flat with only
eight percent of the vertical alignment on
grade over 2 percent but 42 percent of the
horizontal alignment on curves between
2,000- and 2, 500-ft radius.

5. Ramp rates are slightly high (0.97);
acceleration and deceleration lengths
average 500 and 800 ft, respectively.

During the first half of the study period,
this section had an ADT of only 50, 000.
The freeway sections to the east and west
nf this sectiaon were not opened to traffic
until mid-1960, As soon as the completed
gaps in the freeway were opened, the ADT
jumped from 50, 000 to 110,000. The ac-
cident rate for this section was dispropor-
tionately low when the freeway hada volume
that would produce low lane densities, but
when the lane densities reached normal
levels, the accident rate rose to the ex-
pected rate. A summary of accident rates
for the 2,73-mi study section is given in
Table 16,



TABLE 16
ACCIDENT RATES, SECTION 21

Actual Expected % of
Xear ADT Acc. Rate  Acc. Rate Expected
1959 49, 000 0.40 1.16 35
1960 79, 000 0.98 1.27 b d
1961 103, 000 1.12 1.32 85
1962 121, 000 1.10 1.36 81
1963 128, 000 1.58 1.38 115

Figure 11.

Golden State Freeway,

TABLE 17
ACCIDENT RATES, SECTION 22

Actual Expected % of
Year ADT Acc. Rate  Acc. Rate Expected
1959 41,000 0.60 1.13 53
1960 51,000 0.46 1,17 39
1961 64,000 0. 60 1.23 49
1962 113, 000 0.68 1.36 50
1963 114, 000 0.85 1.36 63

TABLE 18

% Acc. Ace. Rate per MVM

Condition

Section 22 Normal

Section 22

Normal

Violation:
Unsale lane change
Improper turn
Movement:
Rear end
Passing sideswipe

20
25

iy
32

6
T

29
18

0.12
0.15

0,10
0.19
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Apparently, as the lane density in-
creases, it becomes more difficult to a-
void conflicting vehicle movements on the
traveled way. Vehicles are thus forced to
leave the traveled way in an emergency
situation or conflict with other vehicleson
the traveled way.

In most places, this section has only
the 8-ft shoulder for emergency off-the-
traveled-way maneuvers on the right, The
median barrier on the left restricts the
space for emergency maneuvering to 11 ft,

Section 22—LA-161/4-LA;Gndl, LA (New
Route 5)

This 5.98-mi portion of Rt. 161 and 4
(Golden State Freeway), between Glendale
Blvd. in Griffith Park and Cypress Ave,
in the City of Burbank, displays the follow-
ing characteristics:

1. 51,000 ADT, 331 MVM (1959-61),
200 accidents.

2. Accident rates—expected, 1.17;
actual, 0.60 or 51 percent of expected
rate.

3. Eight lanes (except for a short six-
lane portion between Western and Alameda
Ave.), 22-ft traversable median, 10-ft
outside shoulders and 8-ft inside shoulders.

4, The ramps have better than average
rates (0.59); the acceleration and decelera~
tion lanes average 800 ft in length,

Thirty percent of this section is elevated
and 70 percent is at ground level (Fig. 11),
Clearance to the right within the ground
level portion is fairly good (20 to 40 ft).
Clearance to the right on the elevated por-
tion is limited to 10 ft between interchanges
but is approximately 30 ft within inter-
change areas due to the 20-ft traversable
divider between the main lanes and the
collector-distributor roads. The liberal
design of this section is further demon-
strated with shoulders on the long bridge
sections, two-lane collector-distributor
roads, and ramp shoulders continuing
across overcrossing structures.

The favorable record of this section may be attributed to liberal design standards,
better than average ramp design, and good capabilities for emergency off-the-traveled-
way maneuvers.

As indicated by Table 17, the accident rate in this section did not rise more than
expected when the volume increased. This could be due to good off-the-traveled-way
clearance allowing emergency maneuvers at higher lane densities. This section also
has a low percentage of rear-end accidents (lack of congestion) but high percentages of
improper turn and unsafe lane-change violations (Table 18).
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LONG BEACH FREEWAY
Section 12—LA-167-LBch, A, Com, Lyn, SGt. (New Route 7)

The 6.83-mi portion of Rt. 167 (Long Beach Freeway), between the Pacific Coast
Highway and Atlantic Ave. (south crossing in Compton), displays the following charac-
teristics:

1. 54,200 ADT, 405 MVM (1958-60), 250 accidents.,

2. Accident rates—expected, 1.18; actual, 0.62 or 52 percent of expected rate.

3. Six lanes, 16-ft curbed median on the south half of the section, and 40-ft travers-
able median on the north half of the section,

4, Thirty-six percent of the horizontal alignment is on curves under 5, 000-ft radius
and only 5 percent of the vertical alignment is on grade over 2 percent (Fig. 12).

5. Off-the-road clearance is good (20 to 40 ft).

The favorable record of this section is most probably a result of fairly liberal cross-
section design, good alignment and good off-the-traveled-way maneuverability, Table
19 gives accident data for the section that differs measurably from the normal. This
table indicates a high percentage of high-speed accidents, out-of-state residence drivers,
and drivers who had been drinking.

Despite the low overall accident rate of this section, a h-mi portion has a compara-
tively poor accident record (1.80 accidents per MVM). Within the poor portion is the
cloverleaf interchange at Del Amo Blvd. (Figs, 13 and 14), This interchange is on a
crest vertical curve and has steep ramp grades and low visibility. This %—mi portion
is responsible for 32 percent of all the accidents within the 6.83-mi section but has only
11 percent of the total exposure.

Section 25—LA-167-Com, A, Lyn, SGt (New Route 7)

The 4.96-mi portion of Rt, 167 (Long Beach Freeway), between Atlantic Ave, (south
crossing in Compton) and Firestone Blvd., displays the following characteristics:

3. Six lanes, 40-ft traversable median, 2-ft inside shoulders, and 8-ft outside
shoulders.

4, Thirty-three percent of horizontal alignment on curve with radius less than 5, 000
ft (mostly 2, 500-ft radius) and 12 percent of the vertical alignment on grade greater
than 2 percent (3 percent maximum).

5. A large part of this section is elevated and has guardrail protection on the right.
Potential off-the-traveled-way maneuverability is good in the median but is limited on
the right due to the guardrail.

This section operates at 75 percent of the expected rate, probably due to its
fairly liberal design standards. The only major point of accident concentration is

TABLE 19
ACCIDENT DATA, SECTION 12

% Acc,
Condition
Seclion 12 Normal

Weather:

Rain 2 6

Fog 8 3
Residence—Calif. , local 73 82
Driver's condition—H. B. L. 25 14
Speed—61 mph 25 12
Time of 'day (6 to 9 a.m.) 21 13
Cross-median 12 6

Figure 12, Long Beach Freeway.
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(1) at a 700-ft long, 40- ft wide (curb-to-
‘ curb) bridge with no shoulders. This
1 700-ft portion has an accident rate of
4 1.52, Accident data that differ meas-
urably from the average are summarized
in Table 20.

Section 26—LA-167-Bell, B, Ver. (New
Route 7)

This 4.76-mi portion of Rt, 167 (Long
Beach Freeway) lies between Firestone
Blvd. and Olympic Blvd. in Compton.
Facts about the section include:

: (2)
' 1, 74,500 ADT, 381 MVM (1959-61),
362 accidents.
=N 2. Accident rates—expected, 1,25;

actual, 0.95 or 76 percent of expected
rate,

3. Six lanes, 40-ft traversable median,
2-ft inside shoulders, and 8-ft outside
shoulders,

The 3.22-mi portion from Firestone
Blvd. to Atlantic Blvd. (north crossing
in Vernon) is designated in Table 2 as
section 26a, The next 1,54 mi from
Atlantic Blvd. (north crossing in Vernon)
to Olvmpic Blvd. is designated as sec-

i) Rpe SR e N L e
alignment in section 26a is on curve with
radii less than 5,000 ft (3,000 ft minimum),
whereas 33 percent of section 26b has
alignment under the 5,000-ft standard
(1,200 ft minimum). Section 26a is mostly
at ground level with good potential off-the-
Lraveled-way maneuverabilily for approxi-
mately 40 ft onthe right and in the median. It
has no grades over 2 percent, Section 26b has
Figure 1. Del Amo interchange. 45 percent of its vertical alignment on grades
between 2 and 3 percent. The section is
primarily elevated with little or no
potential for off-the-traveled-way maneu-

each Bivd

Long 8
-

TABLE 20 vering. The section also has two 40-ft
ACCIDENT DATA, SECTION 25 curb-to-curb bridge sections totaling 3,000
4 Acc.
Condition
Section 25  Normal
TABLE 21
Weather:
Rain 2 6 RAMP RATES
Fog 5 3
Speed—=61 mph 23 12 Section On-Ramps Off-Ramps All Ramps
Residence—Calif., local 89 82
Driver's condition—H. B. D, 25 14 26a 0.55 0.55 0.55
Time of day (morning peak— 26b 0.40 1.42 0. 86

6 to 8a,m.) 21 13 Normal 0.60 1.00 0. 80
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TABLE 22
ACCIDENT RATES, LONG BEACH FREEWAY
i . Actual Acc.  Expected Acc. % of
Bectlow ML  ADT Rate Rate Expected
12 6.83 54,200 0.62 1,18 52
25 4.96 72,400 0.94 1.25 75
26a  3.22 69,800 0.66 1,24 53
26b  1.54 80,100 1.47 1,27 116

ft in length. The ramps in section 26b have less liberal design characteristics than
those in section 26a. The section 26b ramps have only about half as much acceleration
and deceleration length and sharper radius curves. The ramp rates for the two sections
are given in Table 21,

A summary of accident rates for the Long Beach Freeway sections, givenin Table 22,
indicates a general increase in ADT from section 12 to section 26b, yet the design
standards, if anything, have decreased.

HARBOR AND PASADENA FREEWAYS
Section 24—1LA-165-LA (New Route 11)

The 3.2-mi portion of Rt. 165 (Harbor Freeway), between the four-level interchange
and 30th St., displays the following characteristics:

1., 160,700 ADT, 563 MVM (1959-61), 1,675 accidents,

2. Accident rates—expected, 1.44; actual, 2.98 or 206 percent of expected rate.

3. Eight lanes basic with the following variations: (a) four-level interchange to 2nd
St., 10 lanes (weaving section) for 0.5 mi; (b) 2nd St. to Wilshire Blvd., 0.55 mi, six
lanes with two-lane collector-distributor roads in each direction; (¢) Wilshire Blvd. to
11th St., 0.6 mi, four-lane southbound, three-lane northbound with the two-lane col-
lector-distributor road continued for the northbound traffic; and (d) 11th to 30th St.,
1.55 mi, eight lanes. A ‘e-mi portion was detoured for the first 11 mo of the study
period, during the construction of the Santa Monica interchange structures.

4, Thirty-four of the horizontal alignment (Fig. 15) is on curves under 5, 000-ft
radius (minimum curves 2,000-ft radius) and 26 percent of the alignment is on grade
greater than 2 percent (5 percent maximum).

5. Fills and concrete walls limit off-the-traveled-way maneuverability to the 8-ft
shoulders.

This section has an ADT ranging from 125,000 to 180,000 veh/day, There are 24
ramps within the 3.2-mi section for an average of 7.5 ramps per mile, The ramp
ADT's range from 4,000 to 25,000 veh/day and the northbound to westbound and north-
bound to eastbound freeway-to-freeway
connections at the four-level interchange
each accommodate more than 70, 000
veh/day. In spite of the high volumes,
the on-ramps have an average accident
rate of 0,56 (normal, 0,60) and the off-
ramps have an average rate of 1.11 (nor-
mal, 1.00).

The reader should, for the time being,
avoid the conclusion that the interchange
spacing is necessarily a causative factor

: in the higher than average accident rate
Figure 15. Harbor Freeway. on this section, The 24 ramps in 3.2 mi
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are the equivalent of six full interchanges, which would mean an average spacing of 0.53
mi, Other freeway sections with closely spaced interchanges (in this range) do not have
excessive rates. The ramp accident study now under way will shed more light on this
subject.

There are two major freeway-to-freeway interchanges in the section of the Harbor
Freeway being considered here. There are also three two-lane collector-distributor
road terminals, in addition to the freeway interchange ramp terminals, which are also
two-lane ramps. The tremendous volumes using these ramps and the jockeying for
position associated with these volumes are undoubtedly contributing factors in the acci-
dent rate. However, placing the ramps farther apart would not reduce these volumes
but might increase them. As a matter of fact, an attempt was made to space the ramps
at a greater distance by incorporating them with long collector-distributor roads, and
this may be part of the problem, since it causes most of the ramp traffic to have two
decisions instead of one for each entry or exit vehicle. (The accident rates shown here
include accidents on the collector-distributor roads and ramps as well as those on the
main line),

The staggering main line volume and the limited cross-section design with little or
no off-the-traveled-way maneuverability makes this freeway section very susceptible
to accidents, The accident rate would most likely be even higher if it were not for the
fairly good horizontal alignment.

Table 23 compares data from Section 24 with the normal data from Table 10, The
peak hours are not involved in the unusually high percentage of the total accidents within
the section, One explanation for this is that the staggering main line volume causes
congestion during many hours of the day.

It is interesting to note that although there are huge and notorious weaving volumes
on this section of the Harbor Freeway (e.g., the weave in 1, 800 ft between the Holly-
wood interchange and 1st St. is 3,700 vph during the morning peak hour), the number
of accidents attributed to sideswiping which should be associated with weaving is no
higher than average. A greater than average percentage of accidents seem to be oc-
curring at the lower speeds. Rear-end accidents and following-too-close violations are

parently better than average within this section.

Section 9—LA-165-LA (New Route 11)

The 1,9-mi portion of Rt, 165 (Pasadena
Freeway) lies between the four-level struc-

g ture and the junction of Rt, 205. Facts
SCIVEND D, FRCEION 24 about the section are as follows:
Conditi # Total Acc. 1, 109,000 ADT, 227 MVM (1958-60),
oneon Section 24  Normal 033 accidents.
2. Accident rates—expected, 1.35;
Driver's condition: actual, 2,35 or 174 percent of expected
H.B.D. 7 14 rate.
Tmsliesf day—(afternoon peak : ° 3. Six lanes from the 4-level inter-
4-6 p.m.) i7 i5 change to the Castelar St, overcrossing
Violation—following too close 51 18 (0.9 mi), primarily four 12-ft lanes and
g!wem.e“t—rear end 81 29 two 11-ft lanes; eight lanes through the
ideswipe 20 18

Speed (mph): remainder of the section (1,0 mi), pri-
0

3 9 marily four ll-ft lanes and four 10-1t

1-10 6 5 lanes; 6-ft curbed median with a portion
;i_gg ig g of the section on separate roadways, and

= 8 : ;
31-40 20.5 13 no shoulders with the exception of some
41-50 25 23 5-ft portions behind the rolled gutter-type
al-0 12 24 curb.,
i o 3 This section is the northerly extension

of the Harbor Freeway (section 24). Both
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sections experience the problems which
are associated with extremely high volumes,
Section 9 is old (completed in 1948) and

the lower design standards to which it was
built increases the accident probability
already augmented by the high volume,
Thirty-three percent of the horizontal
alignment is on curve with radii less than
5,000 ft. The lane widths are substandard;
the median is narrow and at places re-
placed by a concrete wall. There are no
shoulders with the exception of some 5-ft
portions behind the rolled gutter-type curb.
The section has four tunnels without shoul-
ders where off-the-traveled-way maneu-
verability is impossible. The ramps

Bakersfield |
b - F =

Figure 16. Eastbound on Pasadena Freeway,
showing left-hand off-ramp to Golden State

Freeway.
possess short or no speed change lanes.
Also contributing to this higher accident
rate is the presence of three low-standard,
high-volume, left-hand off-ramps (Fig. 16).
These ramps are located at Castelar St.
(Hill St.), Riverside Dr. and Figueroa St.
The southbound ramp at Castelar St, is a
continuation of the main line tangent align-
TABLE 24 ment as the freeway curves to the right.
ACCIDENT DATA, SECTION 9 The other two ramps have sharp curvesto
the left with mainline downhill grade. All
% Acc. three of these ramps have high accident
Condition - rates and account for 64 percent (118 out
] of 186) of all ramp accidents in the section
Violation—unsafe lane although carrying only 23 percent of the
change 22 6 ramp volume., The average ramp rate for
gL e 45 28 the three off-ramps is 4.04; the normal
it fixed object 37 28 s
Defective vehicle 5 10 rate for off-ramps is 1.00,
Residence—Calif. , local 90 82 There is one low volume (300 veh/day)
Driver's condition—H.B.D.; left-hand on-ramp at Amador St. that does
sleep, and other 11 22

not have a poor accident record.

Table 24 indicates that drivers using
this freeway section are more responsible
than normal. Drivers involvedinaccidents
had fewer defects, such as drinking or
fatigue, and the vehicles they were driving
were in better condition, The percentage of accidents involving fixed objects is high
because of the lack of shoulders and the large number of fixed objects close to the
traveled way, including continuous lighting. A congestion problem is suggested by the
high percentage of unsafe lane change violations and rear-end accidents.

Section 10—LA-205-Pas, S.Pas. (New Route 11)

The 3.5-mi portion of Rt, 205 (Pasadena Freeway), between the junction of Rt, 165
and Ave. 64 (Marmion Way) interchange, displays the following characteristics:

1. 78,500 ADT, 301 MVM (1958-60), 337 accidents.

2. Accident rates—expected, 1,26; actual, 1.12 or 89 percent of expected rate.

3. Six 11-ft lanes, 6-ft curbed median (median barrier in place after July 1961),
and no shoulders on the right with the exception of a few emergency parking areas.

This section is a continuation of the Pasadena Freeway to the east of section 9, It
was completed in 1940 and is California's first freeway. The alignment is poor with



Figure 17. Section 17: (a) Pasadena Freeway; (b) northbound off- and on-ramp at Ave.
43;  (c) southbound off- and cn-ramp at Ave., 43; and (d) emergency parking area.

grades up to 5 percent. Forty-seven percent of the horizontal alignment is on curves
with less than 5, 000-ft radius (Fig. 17a). Ramp acceleration and deceleration lanes

are far below present standards with some on-ramps having stop signs at the nose

(kig. 17b and c). Figure 17d shows one of the emergency parking areas which are al-
most the only possibility for off-the-traveled-way maneuvering. In spite of the apparent
design deficiencies, this seclion operates with an average accident rate (Table 25).

Section 11—LA-205-Pas, S.Pas (New Route 11)

The 1.1-mi portion of Rt. 205 (Pasadena Freeway), between the Marmion Way inter-
change and the Orange Grove Ave, interchange, displays the following characteristics:

1. 58,100 ADT, 70 MVM (1958-60), 106 accidents.

2. Accident rates—eypacted, 1,20; actual 1 51 or 128 percent of expected rate,
3. Six lanes (2- to 10-ft lanes and 4- to 11-ft lanes), 6-ft curbed median (barrier
in place after July 1961), and no shoulders with the exception of the emergency parking

area,

This section is the continuation of the Pasadena Freeway to the east of section 10
and the design situation is practically the same (Fig. 18), with the major difference
being the reduction of two-lane widths
from 11 to 10 ft. Section 11 has 38 per-
cent of its alignment on curves with radii
less than 5,000 ft, whereas seclion 10 has

TABLE 25
ACCIDENT DATA, SECTION 10

! Actual Acc.  Expected Acc. % of i i i
Study Period Sk iy Frpaicd 47 pgrcent of its alignment on curves with
radii less than 5,000 ft.
1oh3: 105a, 1060 ok 420 B Section 11 operates at only 126 percent
. At . .
1962 1.49 1.25 119 of the expected rate in spite of the apparent




(a)

Section 11:

Figure 18. (a) at Salonica
Ave.; (b) southbound on-ramp at Orange
Grove Ave., with stop sign; and (c) north-
bound on-ramp, with stop sign, and south-
bound off-ramp at Orange Grove Ave,

TABLE 26
ACCIDENT DATA, SECTIONS 10 AND 11
% Acc.
Condition
Sections Normal

Hit fixed object 55 28
Movement—rear end 27 29
Violation—unsafe lane

change 15 6
Defective vehicle 4 10
Residence—Calif. , local 88 82
Driver's condition—H.B.D.,

sleep, and other 9 22
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design deficiencies. Both sections 10
and 11 are lacking in potential off-the-
traveled-way maneuverability as indi-
cated by the high percentage of acci-
dents which involved fixed objects (Table
26).

Apparently congestion is not a major
problem within these sections. As
pointed out before, sections 9, 10 and
11 are continuous on the Pasadena Free-
way from the four-level structure to
the Orange Grove Ave. interchange. The
design standards are quite similar, yet
section 9 has an ADT greater than
100, 000; 45 percent of the accidents
were of the rear-end type and 37 per-
cent involved fixed objects. Sections
10 and 11 have two-thirds the ADT with
only 27 percent rear-end accidents but
55 percent of the accidents involving
fixed objects. Apparently the vehicles
in the high-volume area are hitting each
other and in the low-volume area they
hit fixed objects.

SAN BERNARDINO AND
RIVERSIDE FREEWAYS

Section 23—LA-26-Cla, Pom, C, WCov

(New Route 10)

The 11,12-mi portion of Rt, 26 (San
Bernardino Freeway), between Citrus St.
in the City of Covina and the Los
Angeles-San Bernardino Co. line, dis-
plays the following characteristics:

1, 49,900 ADT, 608 MVM (1959-61),
922 accidents.

2, Accident rates—expected, 1.16;
actual, 1,52 or 131 percent of expected
rate.

3. The west half of this section has
six lanes and a 16-ft curbed median with
median barrier installed in December
1961, The east half was widened from
four to six lanes in December 1960, It
has a 16-ft traversable median with no
median barrier during the study period
(Fig. 19).

This section has an ADT range of from
60, 000 on the west end to 45, 000 on the
east end. The west half of the section,
which includes the Kellogg Hill portion,
had an accident rate of 2.0 with an ex-
pected rate of 1,20. The high accident
rate in this west portion is probably due
to the greater differential in speeds be-
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Figure 19. San Bernardino Freeway.

tween truck and automobile traffic.
Trucks can only average about 16 mph
on the 4 to 6 percent upgrade portion
(3.5 mi long), whereas cars have no
trouble maintaining normal highway

SPeefis _Of 55? to 65. mph- The truck Figure 20, On-ramps, section 23, showing
traffic in this section is 11 percent and lack of merging distance,

the average for freeways is about 6 to

O snAnennaa 4 Tin rnsmnwal dlan vrrnmd a1l ~f

v blc'l. Tl 411 SCAACLul’ LIIT WCODOL liall v

this section has lower design standards

than the east half. The west half has 55 percent of its vertical alignment on 4 to
6 percent grade and 30 percent of its horizontal alighment on curve (between
2,000- and 3, 500-ft radius). The east half has 14 percent of its vertical alignment on
2 to 3 percent grade and 11 percent of its horizontal alignment on curve (between
3,000- and 5, 000-ft radius).

The east half of the section had an accident rate of 1.3 with an expected rate
of 1.1, It had an accident rate of 1.45 during the 2-yr period before conversion
to six lanes and a rate of 1,15 for the year after conversion. The construction
operation (from four to six lanes) did not cause a severe accldent problem, Ap-
proximately 20 accidents could be partially attributed to the construction opera-
tion,
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The four diamond interchanges on the far east end of this section have extremely
short acceleration lanes, averaging 260 ft from nose to end of taper (Fig. 20). These
on-ramps were designed in accordance with the acceleration distance theory (5), that
long straight ramp roadways provide enough distance to accelerate to 0.7 of freeway
design speed and, therefore, no merging distance is necessary. The seven on-ramps
accounted for 46 accidents during the study period for a ramp accident rate of 3.33
(normal, 0.60), The ramp rate for the entire section is 1.42 and if these seven ramps
were excluded, the rate would be 1,03. Apparently, the ramp terminals are too short
to allow proper merging and the entering vehicles must slow or stop, which in turn
causes many rear-end accidents.

Section 27—SBd-26-Mcl, Upl, Ont, D (New Route 10)

The 13.58-mi portion of Rt. 26 (San Bernardino Freeway) lies between the San
Bernardino-Los Angeles Co. line and Live Oak Ave. near the City of Fontana, Facts
about the section include:

1. 35,100 ADT, 522 MVM (1959-61), 757 accidents.

2, Accident rates—expected, 1.10; actual, 1.45 or 132 percent of expected rate.

3. This section had four lanes for all except the last month of the 3-yr study period,
at which time the easterly 6 mi of the section were opened for six lanes of traffic, The
freeway was widened on the inside (median side) between January and December 1961,
There was little increase in accident rates during the construction period. The section
has a 16- to 46-ft median, 10-ft shoulders, 8 percent of its length on fill section, 10
percent on cut section, and 82 percent constructed at ground level,

4, This section has good alignment (Fig. 21) with only 13 percent of its horizontal
alignment on curve under 5, 000-ft radius (3, 500-ft minimum) and only 9 percent of its
vertical on grade over 2 percent (4.5 percent maximum),

This section has an ADT range of from 45,000 at the west end to 29, 000 at the east
end. The section also experiences an exceptionally high Sunday afternoon volume which
is a result of weekend travelers returning home from trips into the Imperial Valley, the
Palm Springs area, and the Salton Sea area. This volume is at its greatest peak during
the months of October through April when the temperature is mild in the desert area,

Twenty-five percent of the total accidents in this section occurred westbound between
3:00 and 9:00 p.m. on Sundays in these seven months. During this period, there was
only 16 MVM of travel for an accident rate of 11.9, This situation is most critical in
the western 3-mi portion of this section, within which are three diamond interchanges
similar to and immediately east of the ones mentioned in section 23, Within the 3-mi
section and during the critical period, 80 accidents occurred with only 4 MVM of travel
for an accident rate of 20.0. Here again the ramp merging areas were apparently too
short to accommodate merging vehicles without causing a bottleneck in the already
critical traffic flow.

Many of the accidents which occurred during this critical period were rear-end ac-
cidents at fairly high speeds (following too far). As a result, the injuries per accident
(0.89) and the vehicles peraccident (2. 7) were higher than normal, whichis about0.,76and
1.9, respectively. Many of the accidents were a result of further congestion caused by other
accidents.

The volumes during this critical period ranged between 1,000 and 1, 500 vph/lane.
Apparently the higher accident rates occurred when the volumes were between 1, 200
and 1, 500 vph/lane for a period of from 1 to 3 hr.

At lane volumes of less than 750 vph, speeds are almost independent of volume,
Between 1, 000 and 1, 500 vph/lane, average speed drops from about 55 to 45 mph, owing
to lack of passing opportunities. The westbound traffic coming from the Palm Springs
area had been driving for a distance of 20 to 30 mi in a stream of high-speed charac-
teristics, with volumes less than 1,000 vph/lane. When they catch up with the upstream
end of the moving queue which forms as the volume and density build up and the speed
drops, they have the sun in their eyes and are possible fatigued and irritable at having
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to go home after the weekend in the desert. As a result, they apparently have trouble
perceiving the fact that a significant change in speed of the cars ahead has taken place.
Once one accident has happened, of course, traffic stops and then the situation is com-
pounded, with secondary collisions (counted as separate accidents) occurring at the up-
stream end of the stopped queue,

If the 6-hr period on Sunday had had an average accident rate, the total section would
have had an accident rate of 1.05 with an expected rate of 1,10,

The most probable solution to this accident problem may be to increase the freeway
capacity by adding additional lanes. The 5-mi portion of freeway between Vineyard Ave,
and the county line was widened to six lanes and opened for traffic in December of 1961,
This portion had an accident rate of 0,96 in 1962 with an expected rate of 1,13, The on-
ramp acceleration lanes at the diamond interchanges were also lengthened during the
widening project,

Section 23 (adjacent to section 27 to the west) experienced only a mild degree of the
6-hr Sunday afternoon congestion problem, Only 10 percent of the accidents in section
23 occurred during the critical period with approximately 5 percent of the vehicle miles,
Apparently the six-lane portion in that section did alleviate the congestion or the up-
stream end of the high-density flow was generally farther east.

Section 32—8SBd-26-D, Ria, Col (New Route 10)

The 8.23-mi portion of the San Bernardino Freeway, between Live Oak Ave, near
the City of Fontana and 5th St. in Colton, displayed the following characteristics:

1. 33,000 ADT, 197 MVM (1960-61), 222 accidents,

2, Accident rates—expected, 1.08; actual, 1.13 or 104 percent of expected rate,

3, Four lanes, median mostly traversable (46- to A6-ft variable) with only a “e-mi
section of 12-ft curbed median, good potential off-the-traveled-way maneuverability
with clearance to fixed objects of 30 to 60 ft on the right in most places.

4, Alignment (Fig. 22) is good with only 7 percent of the horizontal alignment on
curves under 5, 000 ft (4, 000-ft minimum) and 2 percent of the vertical alignment on
grade oreater than 2 nervcent (3 nercent maximum). The on-ramp acceleration lanes

Considering the design aspects and the ADT of this section, it would be expectedthat
the overall accident rate would be lower than average. In actuality, this section is sub-
ject to the same Sunday congestion problem experienced by the adjacent section 27,

Twenty-four percent of the accidents occurring in this section happened westbound
between 3:00 and 8:00 p.m. on Sunday during the months of January, February, March,
October and November. Seventy percent of these Sunday accidents occurred in a 2-hr
period between 5:00 and 7:00 p.m. The accident rate for this 2-hr period is 23.0. If
the 5-hr period on Sunday had had an average accident rate, this section would have had

an accident rate of 0.90 with an expected
rate of 1,08, A six-lane section may well
relieve this problem as illustrated in sec-
tions 23 and 27.

Section 31—SBd-43-F, Col, SBd. (New
Route 395 and 15)

This 8.55~-1ni portion of RL, 43, which
includes parts of the Riverside and San
Bernardino Freeways, lies between the
Los Angeles-Riverside Co, line and the
junction of Rt. 31 in San Bernardino,
Facts about the section include:

1. 32,000 ADT, 198 MVM (1960-61),
245 accidents,

2, Accidentrates—expected, 1,.07;actual,
Figure 22. San Bernardino Freeway. 1.19 or 111 percent of expected rate.




TABLE 27
STATISTICS, SECTION 381
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. % Curve No, Actual  Expected % of
Location ADT Lliﬁés M(ef‘:;“" <5,000-Ft ¥ E;;de ﬁfiﬁ‘lﬁiﬁﬁ{l‘i";f Left-Hand  Acc. Acc.,  Expected
Radius Ramps Rate Rate Rate
Co. line to jet. Rt. 26 25,000 4 46 11 29 Good 0 1.07 1,02 105
Jet. Rt. 26 to Mill St. 36, 500 4 42 42 22 Fair 2 1,62 1,10 147
Mill St, to ject, Rt, 31 317,000 6 22, 10 15 Fair-Poor & 1,07 1.10 97
Sep. Rdw

Figure 23. Section 31: (a) near south city limits of Colton (accident rate, 1.07); and

(b) near Colton Ave. (accident rate, 1.62).

The 2.25-mi portion from the junction of Rt. 26 to Mill St. (Table 2, section 31b)
has an above average accident rate, The remainder of the section (Table 2, section

31a) is about average (Table 27, Fig. 23),
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Figure 26, Construction of new ramp;
southbound on US 91 to westbound on San

‘\\\\\J Bernardino Freeway in Colton.

The southbound Rt. 43 to westbound
Rt. 26 off-ramp is a major contributor to
the high accident rate of section 31b (Fig.
24). The ramp accounted for 21 accidents
with 5.3 MV entering (actual rate of 3.96
vs expected rate of 1,00). The vehicles
apparently entered the ramp at too great
a speed to negotiate the 400-ft ramp curve,
The ramp is signed for 40 mph, but it has
the appearance of being a higher speed
Flgure 25. Drivers' view of off-ramp, ramp. The main line type overhead sign-
southbound Rt. 43 to westbound Rt. 26. ing for the southbound-westbound turn may
also contribute to the illusion. Figure 25
illustrates the drivers' view. Construction has begun on a new structure that will by-
pass this ramp and provide a high-speed freeway-to-freeway connection (Fig. 26).

FREEWAYS IN THE SAN DIEGO AREA
Section 28—SD-77-SD (New Route 395)

This section is on the Cabrillo Freeway and is the 8.5-mi portion of Rt. 77 north of
Rt. 200 (A St.) to Clairmont Mesa Blvd, Facts about the section include:

1. 35,600 ADT, 331 MVM (1959-61), 600 accidents.

2. Accident rates—expected, 1.10; actual, 1,82 or 165 percent of expected rate.

3. Four lanes (with the exception of a “e-mi portion of eight lanes), 12- and 16-ft
curbed median variable to 54-ft traversable, 2-ft shoulders on the left and 8-ft shoul-
ders on the right,
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TABLE 28
. Le Actual Expected % of
Section g ADT  pcc. Rate Acc. Rate Expected
262 4.75 41,300 2,30 1,19 204

28b 3.75 28, 200 0.981 1.05 87

This section has been split and de-
signated as section 28a (A St, to Genesee
Ave.) and section 28b (Genesee Ave, to
Clairmont Mesa Blvd.) in Table 2, Sec-
tion 28a was built in 1948 to considerably
lower design standards than Section 28b
which was built in 1956 and 1958, The
accident problem is concentrated in the
southerly 4.75-mi section as illustrated
in Table 28,

Figure 27, Section 28a,

Traveling from south to north, the first mile of section 28a has an accident rate of
1.25 and an expected rate of 1,00, It has a 54-ft traversable median, grades under 2
percent and over 1, 400-ft radius curves. Off-the-traveled-way maneuverability to the
right is poor and median traversability is hampered by trees (Fig. 27).

e -‘:"32?‘ H‘

Figure 28. Washington St. interchange; o~ location and direction of photos in Figure 29.
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Figure 29. Washington 8t. interchange.

TABLE 29
ACCIDENT DATA, SECTION 28

% Acc.
Condition _—
Section  Normal

Driver's condition:

H.B.D. 15 14

Sleep 3 5
Violation—following too close 33 18
Movement—rear end 35 29
Speed—31-40 mph 16 13
Time of day—afternoon peak

4to0 6 p.m, 32 15

Tigure 30. Section 28b; actual accident
rate, 0,91; expected accident rate, 1.05.

The next 2.5-mi portion of section 28a
has an accident rate of 3.0 with an ex-
pected rate of 1,10, It has a 6- to 16-ft
curbed median, 76 percent of its vertical
alignment on grade of from 4 to 6 per-
cent and 54 percent of its horizontal
alignment on curves between 600- and
4,000-ft radius, Within this 2,5-mi por-
tion is the Washington St. interchange
(Figs. 28 and 29). The %-mi portion
which includes this interchange has an ac-
cident rate of 5.6. The interchange area
is situated on a 600-ft radius horizontal
curve with a +4 percent grade enteringand
a -6 percent grade leaving, There is a
12-ft curbed median, little or no off-the-
traveled-way maneuverability to the left
or right; the situation is further compli-
cated by six high-volume (4,000 ADT
average) ramps.,

The next 1.25 mi of section 28a has an
accident rate of 1,60 with an expected rate
of 1,10. It has a 5 percent maximum
grade, 3,000-ft minimum radius horizontal
curve and a 1, 000-ft bridge with no shoul-
ders at the San Diego River. The bridge
has an accident rate of 1.7,

The on-ramps within section 28a have
an average acceleration lane length of 300
ft and an average ramp accident rate of
1.03 accidents per million ramp vehicles
as compared to a normal of about 0,80.

The next 3.75 mi (section 28b) have an
accident rate of 0,91 with an expectedrate
of 1.05., The horizontal alignment is pri-

marily tangent and the grades are less than 2 percent. Off-the-traveled-way maneu-
verability is good in most places (Fig. 30). The two interchanges within this section
have the main lane shoulders carried through the interchange area. The ramp accelera-

tion lanes have an average length of 720 ft.

The combined ramp rate is 1,08 with the

major offenders being the off-ramps (average rate, 1.38).
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TABLE 30 Section 28, as a whole, has a peak
ACCIDENT DATA, SECTION 13 hour congestion problem; Table 29 indicates
a high percentage of peak hour accidents
_— # Acc. followed by the high percent of following-
ondition " P
Section 13  Normal too-close violations and rear-end type ac-
_ cidents.

?;:1%11:1:?1:1(6 o 52 28 The rear-end type accident is more
e ” o frequent in section 28a (41,300 ADT) than
5-10 39 19 in section 28b (28,200 ADT). Figure 30

Driver's age—15-26 yr 46 25 is typical of the northern portion of this

Driver's condition study secti
H.B.D. 14 14 Y i,

Sleep and other 30 8

Violation Section 13—8D-2-SD (New Route 5)
Following too close 24 18
Unsafe lane change 14 6 This section is on the Balboa bypass,

M";eme“t from 1 mi south of Balboa Ave. lo 0,65

ear end 44 29 . .
Passing sideswipe 2 18 mi north of Balboa Ave. on Rt. 2 in San
Hit fixed object 44 28 Diego. Facts about the section include:
Light conditions—daylight 37 52

1. 26,600 ADT, 48 MVM (1958-60),
62 accidents.

2, Accident rates—expected, 1.03;
actual, 1,29 or 125 percent of expected
rate.

3. Four lanes, variable medianwidth,
2-ft inside shoulders and 8-ft outside
shoulders.

This section of freeway operates at 125
percent of the expected rate, has fair to
good off-the-traveled-way maneuverability,
and is located in the heart of the Balboa-La

.- = a m UL YUULLE ULLVOL D, LUVIUMMLILE & LAl BV Pt
.;e.ﬁ centage of servicemen, frequent this area.
As Table 30 indicates, the accidents in-

volved a large percentage of young, inex-
perienced, irresponsible, fatigued drivers

Figure 31. Montgomery Freeway.

TABLE 31 in old cars speeding in early morning
ACCIDENT DATA, SECTION 14 hours.
o # Acc. Section 14— SD-2-SD, ChV, G, NatC. (New
Condition 5
Section  Normal M

The 9.16-mi portion of Rt. 2 (Mont-

Single-vehicle accidents 39 28 X
Speed—41-50 mph 40 23 gomery Freeway) between the San Ysidro
Tightconditisn—daplizhe 35 52 iunction and the south city limite of Nation-
Time of day—12:00 to 7:00 a.m. 48 23 i Facts about th ction include:
Residence—Calif., local 71 82 al City . 2CLE 209 % suald

Driver's age—15-26 yr 43 25 1. 26,300 ADT, 264 MVM (1958-60),

Driver's condition: 400 accidents
H.B.D. 43 14 L . .

Sleep and other 9 8 2. Accident rates—expected, 1.03;

Automobile age (yr): actual, 1.52 or 148 percent of expected
0-2 40 39 rate,

Viosl;_tli?m. 32 i 3. Four lanes, 36- to 40-ft deterring
Following too close 12 18 earth median, 14 percent of horizontal
Unsafe lane change 6 6 alignment on curve under 5, 000-It radius

Movement: (Fig 31)

Rear end 42 29 ) *
Passing sideswipe 9 18 This section of US 101 is the major

Hit fixed object 36 28 - . ]

route between San Diego and Tijuana,
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Mexico. Tijuana is a typical border city
with scores of bars and night clubs oper-
ating on a 7-day-a-week, 24-hr-a-day
basis and providing popular entertainment
for thousands of sailors and marines in
the San Diego and Oceanside areas.

As Table 31 indicates, there was a high
percentage of accidents involving young
drivers and drivers who had been drinking.
There was a high percentage of early morn-
ing, single-vehicle accidents involving old-
Figure 32. Otay River bridge, showing er automobiles, A hlgh percentage of
northbound lanes looking sou‘E:h; guardrail rear-end type accidents is usually indica-

on other end of bridge. tive of a congestion problem; however,
this section has a relatively low ADT and
peak hour accidents are not excessive,

There arefour relatively narrow bridges
within this section. Two are located at
the Sweetwater River Channel and two are
at the Otay River. They are two lane,

26 ft in width (curb to curb) and have flared
guardrail approaches (Fig. 32).

Thirty-one percent of the total accidents
occurring in this section were concentrated
within the 5, 400-ft length that includes the
bridges. This portion carried only 16 per-
cent of the MVM for an accident rate of
2.94, I the 5, 400-ft portion were ex-
cluded, the remaining 8.14 mi would have
an accident rate of 1.24 with an expected
rate of 1,03,

There are two ramps within this section that seem to have some degree of accident
concentration, The first is a two-lane, left-hand on-ramp from eastbound Rt. 199 to
northbound Rt. 2 at Palm City. This ramp has an accident rate of 1.16 which is about
twice normal for an on-ramp. The second ramp is the northbound off-ramp to National
Ave, It is a buttonhook-type ramp with a 250-ft deceleration lane which ends with a 70-
ft radius curve that has a 37° delta (Fig. 33).

In July 1958, a shoulder stripe was installed in advance of the off-ramp. In August
1958, the ramp was fog sealed for color contrast with the main line, and the plywood
fence with black and white zebra stripes was installed in the head-on position down the
deceleration lane., In 1959, there were 9 ramp accidents with only 0.29 MV entering.

In January 1960, the shoulder stripe was lengthened in advance of the deceleration lane
and under the structure. There were 4 accidents in 1960, 4 in 1961, and 3 in 1962 with
approximately 0.32 MV entering per year.

Figure 33. Off-ramp to National Ave,

MISCELLANEOUS LOCATIONS
Section 4—Son-1-F, C (New Route 101)

This 20.1-mi portion of Rt, 1 between Petaluma and Santa Rosa (Petaluma-Santa
Rosa Freeway) displays the following characteristics:

1. 12,900 ADT, 284 MVM (1958-60), 171 accidents.

2. Accident rates—expected, 0.90; actual, 0.60 or 67 percent of expected rate.

3. Four lanes, 46-ft traversable median, 8-ft outside shoulders, and 5-ft inside
shoulders.

4, Off-the-traveled-way clearance is good with 40- to 60-ft clearance to the right-
of-way line.

5. Only 15 percent of the total alignment within this section is on curve,
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Figure 3k. Petaluma—Santa Rosa Freeway.

TABLE 32

ACCIDENT DATA, SECTION 4

The success of this section in accident
experience can be attributed to good align-
ment standards, liberal cross-section de-
sign, good off-the-traveled-way emergency
maneuverability and low volume even for
a four-lane freeway (Fig. 34).

As Table 32 indicates, accidents in this
section involved more driver defects,
greater speeds and a high percentage of
single-vehicle accidents. Yet in spite of
the high percentage of driver defect-caused
accidents, the overall rate is very low due
to the high geometric standards.

Section 7—Tul-4-F (New Route 99)

Condition
Section  Normal

Weather

Hain 9 0

Fog 7 3
Speed—> 60 mph 26 12
Driver's condition

H.B.D. 22 14

Sleep 18

Figure 35. Section 7.

This section is the 3.67-mi portion of
the US 99 freeway from the Visalia Airport
interchange to 1 mi north of Goshen. Facts
about the section are as follows:

1. 13,700 ADT, 55 MVM (1958-60),
90 accidents.

2. Accident rates—expected, 0,92;
actual, 1.64 or 178 percent of expected
rate.

3. Four 12-ft traffic lanes, 8-1t shoul-
ders on right, 2-ft shoulders on left and
46-ft traversable median (Fig. 35).

The Visalia Airportinterchange is a
meains cantrihiitar +a the hich anrident rate
0.85 mi long or 23 percent of the total
section accounted for 60 percent of the ac-
cidents in the total section. Of the 51 ac-
cidents occurring in the interchange, 20
were directly attributed to the 7 ramps
within the inlerchange. Two of these
ramps (F & G) accounted for 13 of the 20
ramp accidents (Fig. 36). These accidents
were all weaving accidents occurring in
the weave between the two ramps (F & G)
which is a two-lane weave across the main
lane northbound freeway traffic. Some of
the accidents cecurred when vehicles in the
outside main lane attempted to cross the
inside lane into the left-hand off-ramp (G),
Ramp (G) is a two-lane PCC left side off-
ramp and it is confuging to the main line
traffic as to which actually is the continua-
tion of the main lanes (Fig. 37).

All traffic from Visalia to Hanford must weave with the freeway traffic, Traffic
from Hanford to Visalia does not have to weave across freeway traffic; however, there
is an element of surprise at the off-ramp (B) (Fig. 38). The ramp is hidden from view
by the underpass until the motorist is almost too close to the ramp nose to make the
turn decision, Southbound freeway traffic going to Visalia expreiences the same sensa-
tion. The left-hand off-ramp from Visalia to southbound on the freeway (Ramp A) is
also confusing because of the limited visibility (Fig. 39).
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Tigure 38.
@

Figure 37. Ramps, Visalia Airporl inler-

change.
TABLE 33
DATA FROM VISALIA FREEWAY SECTION
% Acc,
Condition
Section 7 Normal
Singie vehicle 39 28
Light—daytime 44 52
Alignment—straight level 42 64
Residence—Calif., local 42 82
Driver's condition—sleep 15 5
Defective vehicle 15 10
Hit fixed object 37 28
Movement:
Rear end i6 z5
Passing sideswipe 24
Vinlation:
Following too close 6 18
Unsafe lane change 14 6

Figure 40, Hamilton Ave. interchange,

southern portion.
The 2.82-mi portion of the freeway

section which excludes the airport inter-
change has an accident rate of only 0.80. This portion includes the two interchanges
at Goshen,

The comparisons given in Table 33 point to the factors which were perhaps the major
contributors to the total section's accident rate. There were fewer local drivers and
more fatigued drivers involved than normal. The single-vehicle accidents generally
involved the fatigued or sleepy driver hitting fixed objects during the evening hours.
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The table indicates only 42 percent for straight level alignment accidents; however,
this section has 43 percent of its alignment on curve.

Section 16—SC1-5;239-LGts, D, Cmb, SJs;D, SJs (New Route 17 & 280)

The San Jose-Los Gatos Freeway, a 10,2-mi portion of Rt. 5 between San Jose and
Los Gatos, displays the following characteristics:

1. 32,000 ADT, 238 MVM (1960-61), 268 accidents.
2, Accident rates—expected, 1.07; actual, 1,20 or 112 percent of expected rate.
3. Four lanes, 34- to 46-ft traversable median, and 8-ft shoulders.

This freeway section has an average accident rate, Off-the-traveled-way maneu-
verability is fair., Thirty-one percent of the alignment is on curves under 5, 000-ft
radius and 16 percent is on grade greater than 2 percent.

Figure 40 is a view of the southern portion of the Hamilton Ave. interchange, looking
south, Figure 41 is an aerial view of the entire interchange. The Y.-mi section that
includes the interchange has an unusually high accident rate of 2.6. Immediately pre-
ceding the interchange, the northbound traffic must negotiate a 2, 300-it radius curve
on a -3 percent grade. There are two 150-ft long, 30-ft curb-to-curb (each direction)
bridges within the curve.

The northbound off-ramp to Hamilton Ave. has the appearance of the traveled way
extended at the end of the curve. The ramp has a 260-ft radius curve with a decelera-
tion length of 500 ft, It has an accident rate of 4.5 with 2 million vehicles entering,

The interchange is partially hidden from view by the railroad overhead when north-
bound and by a crest vertical curve preceding the interchange when southbound.

Other Sections

Sections 2, 3, 5, 8, 15, 29 and 33 operate relatively close to the expected accident
rate and present no new concept or design feature for discussion. The sections were
not abnormally hindered by the careless or drinking driver, and the designs could best

SUMMARY AND CONCLUSIONS

Thirty-three sections (200 mi) of freeways with widely divergent accident rates and
a total of 11,384 accidents were analyzed. The accidents occurred during the course
of 9,198 MVM of travel, to yield an average accident rate of 1.24 accidents per MVM,
The accident rates for the individual sections range from 4.52 Lo 0,60 accidents per
MVM.

The first part of the study indicated that some design features were associated with
higher accident rates than others. The trends which developed are as follows:

1, The alignment was broken down into 6 types which are, in order of low to high
accident type, straight level, straight upgrade, straight downgrade, curved level,
curved upgrade, and curved downgrade. With heavy truck traffic, the straight upgrade
is apparently more detrimental than the straight downgrade and all of the curved classi-
fications are practically the same.

2, Fixed objects are involved in about 28 percent of all freeway accidents, Piers,
abutments and bridge rails arc apparently the most vulnerable, with signs, guardrails,
and light standards following in that crder. Curbs, dikes and drainage structures fre-
quently act as fulecrums to convert simple skidding into roll-over accidents.

3. Long bridges with shoulders have better accident rates than long bridges without
shoulders,

4, Ramps associated with diamond-type interchanges are apparently the safest type.
On-ramps generally have better accident rates than off-ramps. The downhill on-ramp
is the best type of on-ramp and the uphill off-ramp is the best type oll-ramp. The left-
hand ramp (enters or leaves the freeway at high-speed lane) has a higher accident rate
than any other class,
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5. For any given ADT, a four-lane freeway has a higher accident rate than a six-
lane freeway and a six-lane freeway has a higher accident rate than an eight-lane.

The second part of the study indicated, in general, that the high accident sections
possessed the lower alignment standards, They had an average of 25 percent of their
horizontal alignment on curves with radii less than 5,000 ft, whereas the low accident
sections averaged 20 percent., The vertical alignment of the high accident sections
averaged 28 percent on grades greater than 2 percent. The low accident sections
averaged 11 percent,

Forty-three percent of the high accident sections' total length was within interchange
areas as compared to 36 percent for the low accident sections. The interchange on a
horizontal or vertical curve was more apt to be found in the high accident sections.

The high accident sections had an average ramp accident rate of 1,02 accidents per
MYV, whereas the low accident sections had an average ramp rate of 0,62, The high
ramp rates were associated with the left-hand connections, tight ramp turns and short
speed change lanes.

The high accident sections possessed more narrow bridges and less clearance to
fixed objects. Narrow curbed medians were characteristic of the high accident sections
and the wide traversable medians were generally associated with the low accident sec-
tions,

A few of the high accident sections experience congestion of short duration (weekend
traffic) that resulted in extremely high accident rates during those periods. Two of the
high accident sections experienced an unusual proportion of accidents involving irre-
sponsible or drinking drivers.

The low accident sections were characterized by open-type roadside which would
allow the driver to maneuver safely off the traveled way in the case of emergency.
Some of the low accident sections did not provide good off-the-traveled-way clearance,
but in every case the lane density (ADT/lane) was low enough to allow sufficient ma-
neuvering on the traveled way.
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Study Techniques for Planning

Freeway Surveillance and Control

JOSEPH A. WATTLEWORTH and WILLIAM R. McCASLAND
Respectively, Assistant Research Engineer and Associate Research Engineer,
Texas Transportation Institute

Four study techniques, found to be quite useful in planning the
peak period freeway surveillance and control activities on the
Gulf Freeway in Houston, are presented: (a) entrance ramp
origin-destination studies, (b) input-output studies of closed
freeway subsystems, (c) aerial photography, and (d) input-
output studies of critical intersections in the study area. Data
from these studies can be used to plan peak period ramp con-
trols because the demand and capacity can be estimated at each
bottleneck (both on the freeway and on the frontage roads and
streets) and to plan arterial street controls to provide for
diverted traffic because the travel patterns of freeway inter-
change traffic can be determined. The duration and severity
of control at each ramp which are required to prevent conges-
Livn can be estimated. The data are also useful in before-and-
after comparisons.

oTHE INCREASING severity of peak period freeway congestion has led to the estab-
lishment of freeway surveillance projects to study this problem., In addition, many
Proe cmseentincnd Atedineg kasa haan nndavtalan +a determine the canses of Deak period

congestion, Because of the increasing severity of peak period freeway congestion ana
the increasing interest in its remedies, a need exists for a means or technique of
studying a system composed of one direction of a freeway, perhaps several miles in
length. Specifically, it must be possible to locate the critical bottlenecks in the sys-
tem and to develop a control plan or geometric design changes to alleviate the problem
of congestion., In addition, a need exists for a means of measuring completely the
effect on the freeway system of any control, This evaluation should be made very
quickly after the end of the peak period.

Traditionally, data collection procedures have used point studies, such as time-
lapse photography, to determine operational characteristics of the traffic stream at a
point. In some cases, several point studies have been used to study a length of free~
way but, in these, primary interest has been devoted to the behavior at each individual
point, Aerial photography can be used to study a length of freeway and is very useful
to determine certain characteristics (especially density), but it is difficult to obtain
flow rates and volume counts from the air photos. Few attempts have been made to
study a length of freeway as a system.

When considering one direction of a congested freeway during the peak period and
attempting to determine operational controls to prevent or reduce this congestion,
several things are of interest., Freeway congestion sets in at a location when the
demand exceeds the capacity. Hence, for a freeway which is regularly congested
during the peak periods, one fact is already established, It is known that the demand
exceeds the capacity somewhere on the freeway under consideration during its con-
gested period., The problem is to determine at which locations and hy how much this
occurs.

Paper sponsored by Committee on Freeway Operations.
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On many congested freeways the area of congestion extends for several miles, In
these cases there are probably several bottlenecks and several exit and entrance ramps
in the congested area. The operation at any location is a function of the operation at
many other locations, so the problem is really that of studying a system of interdepend-
ent locations.

The need, therefore, exists for a technique of (a) identifying the bottlenecks, (b)
estimating the capacity of each bottleneck, and (¢) estimating the demand at each
bottleneck so the magnitude and duration of the excess demand can be determined,

This is needed to develop a rational peak period control system which can hold the
demand at each bottleneck less than or equal to its capacity. However, the freeway
cannot be considered independently of other traffic arteries in the same area when
developing a peak period control system for the freeway traffic. The traffic operation
on the frontage roads and major arterials that intersect the freeway may be affected
as much or more than the operation on the freeway itself, Therefore, the same re-
quirements that were set forth for studying a one-directional freeway system apply
equally well to studying those streets that accommodate the freeway interchange traffic
(i. e., traffic that enters and/or leaves the freeway within the system of interest) as
well as the local or non-freeway traffic; namely, to locate critical bottlenecks and to
estimate the demand and capacity of the bottlenecks., Also the development of a con-
trol system requires the reassignment in time or space of a portion of the freeway
interchange traffic, and the calculation of new estimates of demand rates at all of the
interchange locations on the freeway and streets. This reassignment requires some
knowledge of the travel patterns on the surface street systems, the available alternate
routes and the capacity restrictions on these routes.

SCOPE AND OBJECTIVES

The primary objective of this report is to present some study techniques which have
proved valuable in planning a peak period freeway surveillance and control project.
Some of these techniques were developed especially for use in the study of freeway
operations of the inbound Gulf Freeway system as part of the Gulf Freeway Surveil-
lance Project in Houston, but they all have general applications to the field of freeway
surveillance and control. Some data and applications of the Houston data are pre-
sented to illustrate the methods, but this should not detract from the generality of the
approach to the problem and the methods discussed herein,

The techniques presented, when used in combination, fulfill the following objectives:

1. To locate the critical bottlenecks on the freeway and arterial streets;

2, To determine the capacity flow rates at each bottleneck;

3. To determine the demand pattern at each freeway entrance ramp;

4, To determine the demand pattern at each critical freeway bottleneck;

5, To determine by how much and for how long the demand exceeds the capacity at
each bottleneck;

6. To provide data suitable for interpretation in terms of the type of control sys-
tems required to prevent freeway congestion;

7. To provide data that are suitable for use in before-and-after studies to be used
for evaluating control experiments and can be analyzed immediately after the data are
collected each day;

8. To provide data suitable for predicting the effect of a control and/or geometric
change;

9. To determine the travel patterns of the freeway interchange traffic on the city
street system; and

10. To provide data suitable for estimating the effects of a control system on the
demand pattern at each freeway entrance ramp.

ORIGIN-DESTINATION STUDIES

Study Technique

The study of travel patterns on city streets is generally developed from a flow
diagram or flow map of the traffic volumes using the city street system, These flow
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maps are developed from a series of spot counts at major intersections and along
major thoroughfares which give point data for the total number of vehicles using a
particular street, These volumes are then combined to determine the demand of
traffic on these various arterials, At some of the major intersections turning move-
ment counts are made to indicate the demand for separate turning lanes, separate
signal indications, or control for turning movements, These data do not give the
entire picture of the travel patterns in that there is no way to separate short trips
from through movements, or to distinguish the traffic that is destined for the freeway
from the other traffic. To better understand the travel patterns of the portion of the
interchange traffic which enters the freeway in the system of interest, origin and
destination (O-D) survey techniques were selected to determine not only the location
of the origin and destination of this interchange traffic but also the routes used to
approach the freeway and to exit from the freeway.

All study techniques designed to give information on the origin and destination of
motor vehicle trips were considered for use in this survey. Two requirements of the
study affecting the design of the technique were (a) that interference of traffic must
be minimized when working with freeway traffic; and (b) that the survey is made for a
specific group of motorists, namely, the interchange traffic,

The "lights-on'" technique was considered because it can be applied to a specific
segment of the traffic such as entrance ramp traffic (1). This procedure instructs
the motorists in the traffic stream to be studied to turn on their headlights. Observers
stationed at various locations record the lane in which the vehicles are traveling and
the time of day as they pass. This technique was rejected because the data would be
limited only to travel patterns of the interchange traffic on the freeway lanes.

The roadside interview technique was rejected because of the delay and inconvenience
to the motorist and the possible distraction to the freeway traffic. IHome or business
Interviews would require a very large sample to obtain efficient data from the particular
segment of freeway traffic being studied.

A technique which combines the use of field observations and mailed questionnaires
was developed for use in a Los Angeles freeway study and later adopted for use in a
study in Chicago (2. ). This nrocadure reanivea that tha licancs nlata simbhans ~f 217

ol the vehicles' owners are then obtained from the motor vehicle registration records
and questionnaires with return postage guaranteed envelopes inclosed are mailed to
these persons. Since favorable returns were received in these studies in Los Angeles
and Chicago, the same type of questionnaire form and mail return procedure was
selected for this study,

Howevcer, the method of distribtuion vl lhe questionnaires was changed, kach
motorist entering the ramp during the study period was stopped and issued a question-
naire, a return postage guaranteed envelope and a letter of explanation (Figs. 1 and 2),
The forms could usually be issued at a rate faster than the vehicles could merge into
the freeway so the motorists experienced little additional delay, This technique also
reduces the possibility of vehicles queueing at the ramp and thus distracting the atten-
tion of the freeway motorists., This procedure has several advantages:

1. Hundred percent distribution is assured. This means that 100 percent of the
traffic of interest has an opportunity to complete and return the questionnaires. When
forms are distributed by mail, the owner of each vehicle is contacted and he is not
necessarily the driver of the vehicle,

2. Recording and addressing errors are eliminated, The requirement to record
the license number of each vehicle entering the freeway increases the possibility of
not contacting the driver of the vehicle, either by recording the wrong license number,
by looking up the wrong license number, or by copying down the wrong address from
the records,

3. Motorists may fill out the form immediately after the trip is completed, thus
eliminating some of the problems of incomplete forms and bad data. The motorist is
able to recall more accurately the details of the trip and to give good information on
such questions as the time of arrival and time of departure for the trip, which are



203

The followlng questione concern the trip being mede at the time you recelve
this questionnaire,

1. Please draw a line directly on the above street map showing the route you
followed in reaching the indicated entrange ramp. If the origin of the trip 1s
not included in the area shown, extend the route to the border of the map.

2, Where did this trip begin?

Street Address City — Time of Day
3 Where did this trip end?

Street Address City Time of Day

b, What exit remp did you use to leave the freeway? (Check One)
Bxit No. T-Weyside Exit No., 4-Calhoun-Elgin Exit No, l-Sempson

Exit No. 6-Telephone Exit No, 3-Cullen Pense Street
——Fxit No. 5-lombardy ___ Exit No. 2-Scott US 75 North-Calhoun Bt,
5.  How often 18 this trip mede between 6:30 and 8:30 a.m. (Check One)
—Beldom Twice per week Four times per week

Once per week —Three times per week Five or more times per week
6. Do you ever use other routes to meke this trip? ___yes _ ___ mo.

If yes, what major streets are used?

After you have completed this questionnalre, please mail it back to ue in
the addressed envelope st your esrliest convenience to the Texas Highway Depart-
ment, Research Project, P, 0, Box 26656, Houston, Texas 77032,

THANK YOU FOR YOUR COOFERATION

Figure 1, Questionnaire for 0-D study, Gulf Freeway.

sometimes difficult to recall when related to a trip that occurred one or more days
past.

4. Time of arrival for each vehicle can easily be determined by taking periodic
time checks and noting the number of the questionnaire being distributed. By issuing
the questionnaires in order, the numbering system can indicate the rate of flow for
the metered input to the freeway and permits the data to be analyzed for shorter time
periods.

As the questionnaires are returned through the mails, the forms can be coded and
the origins and destinations can be assigned zone numbers according to the official
zoning index of the city being studied so that the information obtained from this survey
will complement that obtained in metropolitan O-D surveys of the city. This is helpful
in expanding the sample of questionnaires that are returned to the study. Since there
are several parameters and many questionnaires involved, the data should be translated
to punch cards so that machine sortings and tabulations can be made.
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IN REPLY REFER TO
FILE NO.

Dear Motorist:

We need your help in a 3pecial Traffic Study of the Culf Freewsy
which 15 being conducted in cooperation with the Texas Transportation
Institute. This study has the objective of providing safer and more
efficient operation on the (ulf Freeway. In order to dovelop better
traf'fic operation on freeways, it is necessasry to lesrn how the
individual motorist uses them,

You are not required to sign any form and the information provided
by you will be kept confidential, We would appreciate your completing
the attached questionnaire as accurately as possible and returning it
to our office,

Your participation and cooperation in this survey will be greatly
appreciated.

FMigure 2, Leller of explanstion.

Analyses

The anzlvsgia af the data cancicte naine wi

i g e e a—. ~sav sammu

step in preparing the data for presentation is to determine the reliability of the data
and to expand them for 100 percent return. It was found in studies conducted on the
Gulf Freeway inbound traffic for the morning peak period that more than 90 percent of
the traffic using the entrance ramps within the study area were repeat drivers who
made the same trip five or more times a week (4). This indicated that it was not
necessary lo repeat the study more than one day. The percent return was exceptionally
good on most of the eleven ramps being studied. A 40 percent return for a mailed
questionnaire is considered good, and the results received in Houston were in the
range of 45 to 65 percent return for individual ramps and averaged 55 percent for the
entire study. A breakdown of the percent return by time period or by section of the
area observed indicated a uniform rate of return from all segments of the traffic so
that a straight expansion based on percent return was considered reliable,

The following sections show huw lhe information can be analyzed and tabulated for
application to the planning and development of a control system,

Traffic Assigniment, —The route used to approach the freeway can be determined
from a sketch made on the questionnaire by the driver and from the location of the .
origin of the trip with respect to the entrance ramp used. This information is tallied
for each trip on a map of the major arterial streets leading to the freeway. Since the
time period in which each questionnaire was distributed is known, these data can be
obtained for any time period to indicate the volumes of interchange traffic on the street
system at any time of day. As the questionnaires are tabulated, volumes of interchange
traffic using each of the various streets leading to the freeway are calculated. These
volume counts can be used to determine the percent of turning movements at major
intersections involving interchange traffic, These data can be summarized for each
entrance ramp, or a combination of several entrance ramps, and by time of day for
one or more entrance ramps. Figure 3 shows a summary of the number of vehicles




Figure 3. Interchange traffic assignment, 6:45 to 8:30 a.m. volumes.

entering the freeway during the entire study period of 6:45 to 8:30 a. m. for the Gulf
Freeway survey. Figure 4 indicates the same information for a single ramp.

The volumes shown at some distance away from the freeway are assigned to the
system by engineering judgment based on the knowledge of the street system and loca-
tion of the trip origins. These estimates can be misleading due to the omission of
minor streets that can be used as feeders to the major street system. However, the
estimate becomes more reliable at the arterial streets closer to the freeway because
most traffic uses the major arterial system to approach the freeway, and the sketches
included on the questionnaires provide some information on the approach routing.

Summary Tables, —Some of the data can be summarized in tables for one or more
entrance ramps (Table 1), The data on the percent return, the exit ramp used, the
frequency of use, and the use of alternate routes can be presented in time intervals
compatible with the study control time. The distance in miles between the entrance
ramp and every downstream exit ramp can be included on this form to indicate the
number of short freeway trips that are generated from each of the entrance ramps in
the study area,.

Of particular interest in the estimation of demand at the freeway bottlenecks is the
percent of vehicles entering the freeway at any entrance ramp which exit at each
downstream exit ramp. Table 2 shows a summary of these data obtained from the
studies on the inbound Gulf Freeway (4).

Freeway Trip Lengths, —Based on the information developed in the preceding tables,
the distribution of trip lengths of traffic entering the study section from the entrance
ramps can be determined, as well as the average freeway trip from each ramp (3, 4).

Freeway Area of Influence, —With the addresses of the origins and destinations of
the interchange traffic trips known, the area of influence of the freeway can be deter-
mined. The locations of the origins can either be plotted separately according to
street address or can be grouped according to the official zoning system if the zones
are broken down into very small areas, A tabulation of the trips from zone of origin
to zone of destination can be made, and the desire lines drawn from the centroid of
the zones indicate graphically the overall influence of the freeway (Fig. 5).




Figure 4.

Assignment of interchange traffic entering Gulf Freeway at telephone entrance

ramp.

TABLE 1

RESULTS OF QUESTIONNAIRES RECEIVED FROM GRIGGS-MOSSROSE RAMP

Time of Day Traffic Entered Freeway (a. m.)

Question 6:50 7:00 7:16 7:30 7:45 8:00 8:15 Total Ez(rpanded
'otals
to to to to to to to
7:00 7:16 T:30 7:45 8:00 8:10 8:22
Total distributed 24 145 143 164 179 71 24 750 750
Total returned 14 101 93 113 114 45 13 493 750
Percent return 58. 4 69.6 65.0 69.0 63.6 63. 54,1 65,8 100.0
Exit ramp used:
No. 9—Woodridge - - - - - - - - -
No. B—Griggs - - - - - - - - -
No. 7T—Wayside 1 15 15 22 40 14 4 111 169
No. 6—Telephone - 1 o 5 7 3 2 25 38
No A—Tombardy - 4 3 e S 2 - 5 38
No. 4—Calhoun - 7 4 8 10 4 1 34 52
No. 3—Cullen - 2 3 5 5 1 1 17 26
No. 2—Scott - 2 3 1 1 ) | - 8 12
No. 1—Sampson 2 7 1 8 3 2 1 30 46
Pease 8 39 36 32 18 10 3 140 221
US 75—Calhoun 2 19 12 22 22 6 1 84 128
Did not indicate 1 5 3 2 - 2 - 13 20
Frequency of use:
Seldom - - - - - 3 - 3 5
Once/wk - 1 - - - 1 - 2 3
Twice/wk - - 2 - - - 1 3 5
Three/wk - 2 - - - - - 2 3
Four/wk - - 1 1 2 1 - 5 8
Five or more/wk 14 26 90 112 112 40 12 476 723
Did wol indleate - 2 - - - - 5 2 3
Other routes:
Yes 5 37 37 35 58 19 T 189 301
No 9 61 568 76 55 24 6 2817 497
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Figure 5. Houston District map, trip desire lines, Gulf Freeway, 6:45-8:30 a.m.

The areas of influence of the individual entrance and exit ramps can be indicated in
similar plots (Fig. 6). The origins and destinations of the interchange traffic that
used one of the entrance ramps within the study section are linked by desire lines
drawn to the freeway ramps used. These desire lines indicate the distribution of the
freeway trip lengths from each of the entrance ramps and the possible diversion routes
that could be used by some of the interchange traffic,

The areas of influence for individual exit ramps can also be shown in a similar
manner,

Application of Data, —Data developed from the O-D studies of freeway interchange
traffic have direct applications to the planning and implementation of freeway control.
Flow maps of the interchange traffic volumes on the city streets provide the informa-
tion for determining where the traffic might divert if access to the freeway is changed,
Possible alternate routes are easily determined from the traffic assignment map.
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The persons to be affected by changes in control could be contacted through the
mails or by personal handouts at the ramps to advise them of the control procedure
and alternate routes,

Figure 6. State 35 entrance ramp area of influence, O-D desire lines via freeway link,

6:45-8:30 a.m.

TABLE 2
0-D TARLFAU, PRAK-PRRIOD

Percent Exiting at

Entrances
SH225 SH35 Woodridge Exit8 Wayside Telephone Lombardy C“E”‘,:;“‘ Cullen Scott Sampson oare  Caiboun

Freeway at Broadway 1.2 5.7 1.8 2.1 11.2 3.8 0.7 9.5 2.6 Not calculated
Detroit - - 7.8 2,4 12,9 4.4 0.8 10.9 3.0 Not calculated
SH 225 - - 0.26 0.25 2.5 0.5 1.2 1.9 5.4 2.5 5.4 3. 35.2
SH 35 - - - 1.5 6.1 2,7 3.6 6,4 3.5 2.8 6.3 37.3 20.8
Woodridge - - - 0.0 8.6 1.3 3.8 8,3 4,7 2.6 6.0 353 2% R
Moaoarosc

(+ K Ilegal) - - - - 23.1 5.2 5.2 7.1 3,5 1.7 6.3 30.4 17.5
Griggs - - - - - 1.8 2.3 8.3 3.4 2,9 10.3 42.3 20.7
Wayside - - - - - 0.4 1.8 15.1 5.3 1.3 4.9 36.1 35.1
Telephone - - - - - - - 13.4 4,2 2.0 4.8 42,6 32.4
Dumble - - - - - - - B 5.8 pIS | 5.1 4.4 43,5
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The distribution of trip lengths can point out the need for design or control changes
that would eliminate the very short trip in favor of the longer trips.

The traffic assignment map indicates the more promising locations for the estab-
lishment of advisory or regulatory control to divert traffic to alternate routes,

FREEWAY DEMAND-CAPACITY STUDIES
Freeway Subsystem Input-Output Studies

This study technique has its theoretical basis in the continuity equations of traffic
flow which have been discussed in previous reports (5, 6). These equations state that
at any instant the rate at which vehicles are entering a closed system equals the rate
at which they are leaving the system plus the rate at which they are being accumulated
within the system, Alternately stated, the change in the number of vehicles in a closed
system in a time period equals the difference between the number of vehicles which
enter and the number of vehicles which leave the system during the time period,

When using this study technique in the operational analysis of a congested freeway
system, the first step is to determine the boundary points of the system of interest.
The upstream boundary should be upstream of all congestion so the counts at this loca-
tion represent the demand on the freeway. The downstream boundary should be down-
stream of present congestion and possible future congestion, (If control measures are
successful in increasing the flow out of the presently congested system, congestion
may develop at some downstream locations.) Air photo data can be quite useful in
guiding the selection of the boundaries of the system of interest,

When the system of interest is defined, manpower requirements and availability
will probably make it necessary to divide this system into closed subsystems for the
analysis. Each closed subsystem consists of a freeway input count, a freeway output
count and a count of each of the intermediate entrance and exit ramps, Two men are
required at each freeway count location and one man is required at each ramp count
location,

The subsystems should be mutually exclusive and collectively exhaustive; that is to
say, they do not overlap but together they include the entire system of interest. A
known or suspected bottleneck should be chosen as the division points between subsys-
tems. In this way the (freeway) counts there can be used in the estimation of the
capacity of these bottlenecks.

Data from all count locations should be recorded simultaneously at regular intervals
and, to eliminate the need to reset the counters and to facilitate the analyses, should
be recorded in cumulative form, Five-minute time periods proved very satisfactory
on the Gulf Freeway studies. In this way the total number of vehicles entering and
leaving the system in the time interval, as well as the change in the number of vehicles
within the system, can be determined.

The counts are progressively started and stopped by driving a signal car through the
subsystem being studied, At the beginning of the study the signal car drives through
the subsystem and the upstream freeway counters begin by counting the signal car as
soon as it crosses their reference line. FEach man counting at an entrance ramp
begins by counting the first vehicle on his ramp to enter the freeway after the signal
car passes; the exit ramp counters begin with the first vehicle to leave the freeway
after the signal car passes. The freeway output counters also begin by counting the
signal car as it crosses their reference line,

The driver of the signal car counts and records the net number of vehicles which
pass him in the study subsystem (both when starting and stopping the counts). If this
is done, the number of vehicles within the closed subsystem is known as soon as the
last count is started, The number of vehicles in the subsystem is also known once
each 5 min (each time the data are recorded), since the net number of vehicles
crossing the cordon line is known, (One can immediately see the similarity between
this technique and a parking accumulation study. Indeed, a peak period freeway study
is all too often a parking study.) By progressively stopping the counts in the same
way, a check on the counts is obtained since the total number of vehicles counted
entering the system should equal the total number counted leaving the system.
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At freeway count locations, the second man was used to obtain speed samples—one
sample per lane per minute., In this way the quality as well as quantity of flow was
determined and these data were used to aid in the location of critical bottlenecks.

Limitations of This Type of Study. —~When properly conducted, a study of this type
yields a wealth of valuable data, There are, however, many things which can void
part of these data.

It is essential that the watches of the study personnel be synchronized before the
study so that the count data are all recorded at the same times., This is necessary to
assure that at each recording time the number of vehicles in the system is accurate.
If, for example, a freeway count is recorded 30 sec late, it could be as much as 50 veh
in error (assuming a three-lane section flowing at 100 vpm). This error would also
be reflected in the number of vehicles in the system, which might be about 50 to 500
when correct, Thus, a 50-veh error could be a large percent error and would be
especially serious if it were carried through the entire study period, This can be a
more noticeable problem on short subsystems in which the number of vehicles in the
subsystem is small,

Similarly, the accuracy of the counts is extremely critical in studies of this type.
One inaccurate count can void all of the input-output analyses.

Also, because of the interdependence of count locations, it is essential that all of
the study personnel arrive on time for the study. This can become a special problem
when the morning peak traffic is studied (due to early hours involved), as in the case
reported here, When less than the proper number of men show up, the closed system
study has to be postponed (unless substitute personnel are available),

Data Analyses, —Several analyses can be made of the data of each of the subsystem
studies,

Total Input to the Subsystem vs Time, —If for each of the subsystems, coordinated
counts were made at two locations on the freeway and all of the entrance and exit ramps
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Figure 7. Input rate to Broadway—Griggs subsystem.
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Figure 8. Rate of accumulation on freeway from Broadway to Griggs overpass.

in between, for each subsystem, then, the input locations consisted of the upstream
freeway location and all of the entrance ramps in the subsystem,

Since all count data were recorded simultaneously each 5-min, the total number of
vehicles entering the subsystem in each 5-min period could be determined by adding
the individual inputs for each 5 min, When this is done, the resulting total input can
be plotted by 5-min time periods, Figure 7 shows an example of this plot obtained for
one subsystem on the Gulf Freeway studies,

Total Output from the Subsystem vs Time.—In a similar fashion, the total number
of vehicles leaving each subsystem in each 5-min period can be determined, The
resulting total output of each subsystem can be plotted by 5-min time periods.

Accumulation in Each Subsystem vs Time, —In a closed system, for any time period
the difference between the number entering the system and the number leaving the
system is the change in the number in the system. In each of the freeway subsystems
(each a closed system), the difference in the total input and total output for a 5-min
period is the number of vehicles accumulated or stored in the system during the time
period,

The difference between the total input and total output for each system can be calcu-
lated and plotted. Figure 8 shows an example of this type of plot obtained for the
same subsystem on the Gulf Freeway studies., From this figure it can be seen that
the greatest rate of accumulation takes place in this subsystem from 6:50 to 7:15a.m.,
that steady-state congestion prevails from about 7:15 to 7:30 a. m., and that the sub-
system clears from 7:30 to 8:05 a, m, This indicates that the demand exceeds the
capacity in this subsystem primarily between 6:50 and 7:15 a, m., and the entire
period of congestion lasts from 6:50-8:05 a, m.

Number of Vehicles in Each Subsystem vs Time, —For each subsystem, at the time
the data were recorded, the total number of vehicles which had entered the system
and the total number which had left the system from the beginning of the time period
are known, The difference between these gave the number of vehicles remaining in
the system,
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Figure 9. Number of vehicles on freewsy from Broadway to Griggs overpass.

AU UULUNTSE UL VEILICLES L EdCll SUPSYSLEIl Cdll e plotted as a4 Iuncrion oI tuume, rig-
ure 9 shows an example of a plot of the number of vehicles in one freeway subsystem
on the inbound Gulf Freeway.

Since the density in a subsystem equals the nuinber of vehicles in the subsystem
divided by the subsystem's length, the number of vehicles in each subsystem can
easily be converted into density which can be plotted against time,

Total Travel Time in Each Subsystem During the Peak Hour. —The area under the
curve of the number of vehicles in a system vs time in any time period is the total
travel time accumulated by all vehicles while they are in the system (5, 7). This
analysis can be performed to obtain the total travel time for each subsystem for the
peak hour or any other time pecriod. The total travel time of 579 veh-hr on one of
the inbound Gulf Freeway subsystems can be seen in Figure 9,

The total travel time in a freeway subsystem can be calenlated within 1 ta 2 hr after
the end of a study by one man with a desk calculator, This speed of analysis makes

control measure since it is desirable to know this effect immediately.

Accuracy and Error Dislribulion, —Since the tolal input count during the study period
should equal the total output count for each subsystem, a check on the accuracy of
each day's data is available.

The errors are distributed evenly throughout the study period. If, for example, on
a given day the total input count was 25 veh greater than the total output count and there
are 25 5-min time periods (6:30 to 8:35 a, m., for example), the output can essentially
be increased by one vehicle in each 5-min time period, In the Gulf Freeway studies
no data were used in the analyses if the discrepancy between input and output counts
was greater than 1 percent,

Capacity Counts. —In addition to the freeway counts which are a necessary part of
the closed subsystem studies, additional freeway counts can be made for the purpose
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Figure 10. Study period flow map, Broadway-Griggs subsystem.

of refining estimates of the capacity flow rate at each critical bottleneck. In these
studies, the volume count data were recorded each 5 min, and 15-min volumes were
used for the purpose of estimating capacities.

Speed samples were obtained at the count locations (a sample of one vehicle per
lane each minute using stopwatches to time sampled vehicles through a trap) during
each of these counts. The speed data were useful in indicating when the flow at a loca-
tion was reduced due to a backup of congestion from downstream,

Application of Data

Estimated O-D Data for Freeway., —The O-D surveys at the entrance ramps to a
freeway can be made with little trouble. Similar surveys for the freeway at the up-
stream input source, in all but a few exceptions, are not feasible, Hence, it is neces-
sary to estimate the peak period O-D data for this freeway input., The necessary
information at this location is the distribution of traffic at this location to the down-
stream exits, i.e., the percent of vehicles at the upstream freeway input which exit at
the downstream ramps. An example of some of the computations used to determine
these O-D percentages for the freeway input for the Gulf Freeway studies is used to
present the technique,

The O-D studies yielded information on the percent of vehicles which leave the
freeway at each downstream exit for each entrance ramp included in these studies.
However, similar data were not available for the Detroit St. entrance ramp and the
freeway near Broadway (both at the upstream end of the system of interest), It was
possible to combine the existing O-D data with the closed system counts to estimate
this data for the other two input sources (Detroit entrance and freeway near Broadway).

Figure 10 is a flow map containing the numbers used for some of the estimations,
Two very obvious calculations were made first, Of the 5,788 veh which entered the
system on the freeway at Broadway, 414 left on the SH 225 exit ramp and 328 left on
the SH 35 exit ramp. (It is almost impossible for vehicles to enter the Detroit entrance
ramp on the right and exit at SH 35 on the left—especially during the hours studied.)
This means that during the study period, 7.2 percent of the vehicles on the freeway at
Broadway exit at SH 225 and 5, 7 percent of them exit at SH 35.

Of the 450 veh exiting at the Woodridge exit ramp, 3 (0. 25 percent of 1,340) are
estimated to have come from the SH 225 entrance, This leaves 447 which had to come
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from the freeway at Broadway and the Detroit entrance, The assumption was made
that the O-D characteristics of the vehicles entering at the Detroit ramp are the same
as those of the vehicles which are on the freeway just upstream of the Detroit entrance
ramp, i.e.,those vehicles on the freeway at Broadway which do not exit at SH 225,

Of the 5,698 veh downstream of the Detroit entrance ramp, 447, or 7,8 percent, exited
at Woodridge., Thus, 7.8 percent of the vehicles entering at the Detroit entrance and
7. 3 percent of the vehicles on the freeway at Broadway (92,8 percent of 7.8) exited at
Woodridge.

Similar analyses were made to estimate the exiting percentages at the other output
locations of the Broadway-Griggs subsystem. A similar, somewhat more difficult
procedure (combining the data of more than one subsystem) was used to estimate the
percentages of vehicles from the Detroit entrance and freeway at Broadway which exit
downstream of the Broadway-Griggs subsystem, The estimated O-D data for the
freeway at Broadway and for the Detroit St. entrance ramp are included in Table 2.

Estimates of Demand at Freeway Bottlenecks (10). —Volume count data at each input
to the freeway can be combined with the O-D data and freeway capacity estimates to
obtain the demand rate at each of the known or suspected freeway bottlenecks. The
demand at a given bottleneck can come from all of the upstream freeway inputs, In
the case of the in-bound Gulf Freeway, all upstream inputs include the freeway at
Broadway and all of the entrance locations between Broadway and the bottleneck., The
demand at a bottleneck can be influenced by the capacity of upstream bottlenecks.

Some vehicles from each of the upstream inputs may go through the bottleneck and
some may exit upstream of the bottleneck, Thus, only some portion of each upstream
input volume represents demand at the bottleneck., If there are no bottlenecks upstream
of the one under consideration and if for each input the percentage of vehicles which
pass through it is known, an estimate of the demand in the ith time period is:

n
Dj = .El Bii¥ig, 30,0 nus s (1)
]:

fraction of vehicles from the j'? input which are destined for the bottleneck, again
during the ith time period.

On the inbound Gulf Freeway the farthest upstream (suspected) bottleneck was at
the SH 225 merge location and the freeway subsystem upstream of this location is
shown in Figure 11, The number at each input is the decimal fraction of vehicles
from that input which pass through the SII 225 merging section, Thus, for any time
period, the demand at the SH 225 merging section equals 0.871 x freeway volume at
Broadway + 1.00 x volume at the Detroit entrance ramp + 1, 00 x volume at the SH 225
entrance ramp.

In estimating the demand for a series of bottlenecks on one direction of a freeway,
it is best to first estimate the demand at the farthest upstream bottleneck using
Eq. 1. It is then assumed that at this bottleneck the flow equals demand or capacity
depending con {a) if demand is less than capacity and (b) if there is a gstorage of vehicles
upstream of the bottleneck (caused when demand exceeds the capacity), The demand
at the next downstream bottleneck, disregarding the bottleneck upstream of it, can be
obtained using Eq. 1. This must then be altered to take account of the storage of
vehicles at the upstream bottleneck, The demand at this downstream bottleneck can
then be compared to its capacity, The procedure can be repeated to obtain estimates
of the demands at successive downstream bottlenecks.

Five-minute demands were computed in this way at six bottlenecks on the inbound
Gulf Freeway. Figure 12 shows the demand estimate at the Griggs Rd. overpass
bottleneck,

In these computations no attempt was made to take into account the temporal separa-
tions of the various locations, In other words the demand at a bottleneck was esti-
mated during a certain time period using the upstream inputs during the same time
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Figure 11. Freeway subsystem upstream of SH 225 merging section.
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Figure 12. Demand at Griggs overpass.

period, thereby disregarding the travel times between the inputs and the bottleneck.
A more sophisticated demand analysis on a longer system could take this into account,
Estimates of Capacity at Freeway Bottlenecks, —The estimates of the capacity flow
rates at the freeway bottlenecks were straight forward (based on manual counts at the
bottlenecks ) and little explanation is needed. The count data were recorded by 5-min
time periods and the highest 15-min flow for each day of data was used as the basis
for the estimated capacity values, Many days of data were collected to estimate the
capacity values accurately,

Interpretation of Demand-Capacity Data

Before congestion develops on a freeway, the demand is less than the capacity at
each bottleneck on the freeway. As the peak period progresses, the demand will
increase to an amount greater than the capacity at one or more bottlenecks and con-
gestion will develop. The excess of demand over capacity is stored on the freeway
in the form of a queue of high density, As the queue backs past upstream exit ramps,
vehicles which are going to exit without passing through the bottleneck are trapped in
the queue and are thereby delayed, Thus, the queue reflects not only the amount of
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Figure 13. Demand and capacity at hypothetical freeway bottleneck.

excess demand but also some of the exiting vehicles. If the queue extends for several
miles, as is frequently the case, the number of exiting vehicles trapped in the queue
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If a control system is to prevent congestion, it must prevent the demand from ex-
ceeding the capacity at each bottleneck in the system. At any bottleneck the excess of
demand over capacity would have to be stored (on the ramp, frontage road, or street)
or diverted during the primary control period, which is the time during which the
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rate which again will keep the total demand at the bottleneck less than or equal to the
capacity. The portion of the control period during which stored vehicles are released
could he called the secondary control period,

The storage of the excess of demand over capacity as described in the previous
paragraph somewhat implies an entrance ramp metering scheme, If a short-time
ramp closure scheme were envisioned, the ramp would have to be closed only during
the primary control period since no vehicles wouldbe stored (i.e.,all would be diverted).
This would alter the demand at other ramps, however,

Since the demand-capacity study technique outlined in this report can be used to
estimate the demand rate as a function of time and also the capacity flow rate at each
bottleneck, it yields data which are amenable to interpretations regarding peak period
control. From the demand and capacity estimates, it is possible to estimate for each
bottleneck the length of time which the demand exceeds the capacity (primary control
period), the amount of excess demand in each time period, the number of vehicles
which would be stored at the end of each time period and the length of time required
to clear the stored vehicles (secondary control period),

Figure 13 shows the demand and capacity at a hypothetical bottleneck, From 7:05 to
7:20 a.m, the demand exceeds the capacity so this is the primary control period., The
number of vehicles which must be stored rises during the primary control period,
reaching a maximum at the transition from the primary to the secondary control
periods. The figure shows that a maximum of about 75 vehicles must be stored or
diverted at this bottleneck and the maximum storage occurs at 7:20 a, m,

The secondary control perivd which is required to clear all of the stored vehicles
in this example lasts from 7:20 to about 7:26 a, m. After 7:26 a, m,, the demand is
less than capacity and all stored vehicles have been cleared so the system can maintain
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congestion-free operation without strict controls. Hence, the total control period
lasts from 7:05 to 7:26 a. m,

The delay accruing to all vehicles while they are stored is equal to the area under
the curve of the number of stored vehicles vs time as shown in Figure 13,

FRONTAGE ROAD INTERSECTION STUDIES

The primary function of the frontage road is to provide access to the freeway, but
of increasing importance is the ability to provide additional capacity for the peak period
movement of freeway traffic to avoid overloading the freeway. The flexibility afforded
by this extra capacity can be useful under normal operation of the freeway but can be
even more beneficial in cases of severe reduction of capacity on the freeway, as in the
case of accidents, The at-grade intersections at the cross streets limit the capacity
of the frontage road. It is of importance, then, to have the highest capacity possible
at these intersections,

In most instances the intersections are part of a signalized diamond interchange so
that the problem of increasing capacity is that of providing the maximum green time
on the critical approach. Some design modifications can also be made to improve the
flow.

Three studies that can be made for each approach to the intersection are capacity-
demand determination, turning movement counts, and geometric design analysis,

Study Techniques

Capacity-Demand Studies, —Observations are made to determine the average starting
delay and headway for each movement from the approach, and the capacity per cycle
is calculated., These values are then checked from observed counts of the maximum
number of vehicles that enter the intersection during one cycle,

The demand for each approach is determined by the input-output count procedure
described earlier in this chapter. The boundary points of the system are the stop

Figure 14. Gulf Freeway—Wayside Dr. frontage road intersection, proposed U-turn bays
(scale: 1 in. = 80 ft).
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line at the intersection and the end of the queue waiting on the approach. The system
is closed by making counts at all driveways or streets that intersect the system be-
tween the boundary limits,

Two men on each approach are sufficient if there are few side counts to be made,
The counts are started simultaneously by a voice or hand signal, The observer at the
output of the system notes the number of vehicles in the system at the start. Data at
all count locations are recorded simultaneously at regular intervals, To eliminate
the need to reset the counters, the counts are recorded in cumulative form. The
counts are stopped simultaneously by a voice or hand signal and the observer at the
output station notes the number of vehicles remaining in the system,

It is essential that the counts at all locations be recorded at the same time. Since
the time intervals for recording data are usually very short, a 10- or 15-sec difference
can have a significant effect on the results. Also, the fact that the output of the sys-
tem is concentrated in the shorter time intervals of the green phases of the signal
cycle stresses the need for coordinated time checks,

It is advisable to select a time interval that is not an even multiple of the cycle
length. For example, if a cycle length of 60 sec is being used, a time interval other
than x minutes should be used, where x is a whole number, If the recording interval
coincides with the cycle length, the readings will be made at the same position relative
to the end of the green phase, To obtain comparable data on other approaches, or on
the same approach but on different days, the same relative position would have to be
used. By using a time interval other than a multiple of the cycle length, average data
for the approach are obtained.

Turning Movement Counts, —The distribution of traffic by lanes and by turning

movements is very important in the establishment of lane-use controls and the design
of signal timing. The demand for each traffic movement i3 detcrmined from vehicle
counts recorded at the end of the green phase for the approach, The lane distribution
is obtained from queue counts in the separate lanes recorded at the beginning of the
green phase for the approach, At diamond interchanges, the left-turning vehicles
from the frontage road to the cross street are observed at the second intersection to
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from plan views to determine if the capacities of the approaches can be increased,
The diamond interchange in Figure 14 can be improved if:

1. Minimum turning radii arc provided for the type of vehicles using the intersection
and the type of conlrol being employed. These two factors may change from time to
time without including the necessary design modifications.

2. Additional lanes can be added to the approaches to accommodate the traffic
demand.

3. U-turn bays or turning roadways can be added if sufficient demand for these
turning movements is evident, The pattern of turning movements on any approach can
change quickly as land use in the area changes.

Data Analyses

Capacity-Demand Studies, —Several analyses can be made on the data taken from
each approach,

Total Input to the Approach vs Time, —The input volumes to the system represent
the traffic demand on that intersection approach, These volumes can be plotted vs time
and compared to a horizontal line representing the capacity of the approach as shown
in Figure 15,

Number of Vehicles in the System vs Time, —At each time the data are recorded,
the total number of vehicles which had entered the system and the total number which
had left the system [rom the beginning of the time period are known, The difference
betwcen these gives the number of vehicles remaining in the system, i.e., waiting
for the traffic light,

Since the length of the system is variable and equal to the distance from the stop
line to the end of the queue, the number of vehicles in the system is the number of
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vehicles in the queue delayed by the traffic signal. The number of vehicles in the sys-
tem can be plotted as a function of time (Fig., 16), The area under the curve of the
number of vehicles in the system vs time in any time period is the total travel time
accumulated by all vehicles while they are in the system. In Figure 16 the average
total travel is 25,7 veh-hr during the 1-hr period from 7:00 to 8:00 a. m,

Turning Movement Studies, —These studies include two types.

Output Movements from System vs Time, —The total traffic demand on an intersec-
tion approach is represented by the total input volume to the system over the peak
period. This demand is divided into the several traffic movements which are based
on the vehicle counts at the output of the system and can be plotted against time and
compared to the capacity for each movement,

Total U-turn Movements, —The number of U-turn movements made during some
time period indicates the demand for the U-turn bay and the resulting increase in
capacity of the left-turn movement from the frontage road if separate turning roadways
are provided.

Application of Data

Capacity-Demand Studies. —The curves for the number of vehicles in the system can
be useful in the reapportionment of green time at an intersection. A comparison of the
curves for each of the four approaches will indicate if the total travel time can be re-
duced by shifting green time from one approach to another.

Total travel time parameters can be used to evaluate the effects of changes in design
and control such as (a) freeway control procedures that require rerouting the traffic
onto the frontage roads and major arterials, (b) changes in signal timing or lane-use
controi on the intersection approaches, or (¢) modifications in the geometric design
of the approach, such as adding turuing lanes aud increasing Lurning radii.

Turning Movement Studies. —The U-turn movements can be important in the opera-
tion of a diamond interchange. The capacity of the total interchange can be reduced by
one for every U-turn vehicle because of the effect on the cross street traffic, The usual
diamond interchange signal phasing uses two phase overlaps (Fig. 17). For these phase
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overlaps to be etfective, the area between the two intersections should be clear of
stopped vehicles, but this timing design does not clear those vehicles that make U-turns.
Therefore, they are stopped at the second intersection and reduce the capacity of the
cross street,

The overall delay caused by the intersection is also increased by the time the U-turn
vehicles must wait at the second intersection,

Evaluation of Geometric Design, —The analysis of the geometric design of the inter-
sections can determine if the capacity of an approach can be improved by design modi-
fications. The application of these results will depend on the studies of the traffic
demand requirements,

AERIAL PHOTOGRAPHY

The input-output studies provide a great deal of very valuable data for a particular
subsystem being studied, To obtain a true picture of the conditions of traffic on the
freeway, the system should include the entire length of freeway. However, a simul-
taneous study of several miles of freeway would require a very large field crew if input
and output counts were made at each access point,

Another method of data collection, aerial photography, can be used to obtain some
data which can also be obtained by the input-output studies and the air photo technique
requires a field crew of only three men, The length of the study area is limited only
by the frequency of coverage required.

The application of aerial photography to traffic studies is not new, but only in the
last 5 yr have there been any extensive studies of traffic operations by this method.
With the expansion of study areas into systems that cover several miles, the costs of
conducting aerial surveys is now comparable to those of conducting ground studies for
obtaining certain types of data.

Study Technique

Time-lapse photography where individual pictures are taken at short intervals of
time should be used in a study of this type. The information to be taken from the film
determines the technical requirements of the photograph. One of the most natural
applications of aerial photography in the study of freeway operation is in the deter-
mination of the number of vehicles within a system (similar to the data obtained in the
closed system input-output studies), Therefore, only vehicle counts will be made
and each picture can cover as large an area as will permit identification of the indi-
vidual vehicles, Also, since no time-dependent measurements, such as vehicle speeds
or gaps, are taken from the film, a minimum overlap from picture to picture is
acceptable and the interval between pictures does not have to be constant,

A procedure was adapted for use in the study of the Gulf Freeway, a distance of
6 mi. The flight crew consisted of three men—a pilot, photographer, and an assistant.
The plane was a fixed-wing Cessna 170, The flight plan was to make as many runs of
the study area as possible during the 2-hr peak period, The plane flew in a counter-
clockwise pattern from one end of the freeway to the other at an altitude of 1, 500 ft,
approximately 300 to 500 ft to the side of the freeway. Photographs were taken through
the window of the plane in both directions with a hand-held 35-mm camera equipped
with a 50-mm lens. A minimum overlap was used., During each run the assistant
recorded the time of the first and last pictures for the run, reloaded a spare camera,
set up an identification board which was photographed at the beginning of each run,
tagged the exposed film, and made appropriate notes of the flights,

Data Analysis

The times of day for the start and finish of each filming run were recorded. The
time interval between pictures within a run was assumed to be constant so that the
time of day for each picture could be estimated, Since several pictures on a run
were required to cover each subsystem, the time of day for the picture taken at the
center of each subsystem was used to reference the number of vehicles in the system,
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The number of vehicles in each of the subsystems was determined by first selecting
matched points on adjacent pictures so that there was no overlap of the roadway. The
matched points at the beginning and end of the freeway subsystems were those used in
the input-output studies. The number of vehicles observed between the matched points
on each slide were counted and summed for all slides included in each subsystem.

The total represents the number of vehicles in the system at the time of day the center
picture was taken. It is assumed that the number of vehicles in the subsystem does
not change during the time interval required to fly its length,

The number of vehicles in the subsystem can be plotted against time from this data
and the total travel time can be computed, Traffic volumes cannot be determined from
the aerial photographs but supplementary ground counts at a few locations can supply
this information. The data can be analyzed using any freeway subsystems of interest,
The same photographs can be used to make similar studies on the frontage roads as
well as to study the queues on freeway entrance ramps or signalized intersections near
the freeway. This technique also provides a good parameter, total travel time, for
measuring the effect of change in before-and-after studies.

Aerial photographs provide data for other studies such as the lane distribution of
traffic, the effect of accidents on traffic operations, the length of time required to
clear accidents from the moving lanes, the effect of trucks on the traffic stream,
and shoulder usage,

USE OF STUDY TECHNIQUES ON
GULF FREEWAY SURVEILLANCE PROJECT

The Texas Transportation Institute, in cooperation with the Texas Highway Depart-
ment and the U, S, Bureau of Public Roads, is conducting a peak period freeway sur-
veillance study on the Gull Freeway in Houslon, The sludies of the type described in
this report reached full momentum about Jan, 15, 1964. Until September 1964, most
of these studies were confined to the inbound Gulf Freeway in the morning peak period.
Studies of the outbound freeway traffic are planned for the near future.

O-D questionnaires were distributed to motorists on each inbound entrance ramp

on the gata Irom these studles, Incluaing, IOr €acn entrance ramp, tne aisiripurion ol
traffic among the downstream exits (4).

The inbound Gulf Freeway was divided into five closed subsystems and input-output
studies were run on each, One week of data was collected for each subsystem. TFrom
these studies it was possible to identify three major bottlenecks, to establish flow
patterns at each entrance ramp and the upstream freeway input, and to estimate the
total travel time accruing to all vehicles in each subsystem during the peak period.

The freeway counts from the closed subsystem studies and supplementary capacity
counts were used to estimate the capacity of each of the major bottlenecks, The
entrance ramp and freeway input count data, combined with the O-D data and bottleneck
capacity estimates, were uged to estimate the demand at each of the three freeway
bottlenecks (8).

Critical intersections in the freeway area of inﬂuences especially those of the
frontage roads and the crossing arterials, were studied and some signal retiming
was accomplished (9),

A ramp control plan was developed based on the demand and capacity estimates at
the three major bolllenecks, The philosophy of the controls was 1o keep the demand
less than or equal to capacity at the two downstream bottlenecks, (A critical frontage
road intersection temporarily precluded a more comprehensive and restrictive control
plan which would probably have diverted a large volume of traffic through the critical
signal but which would have further improved freeway operations.) In August, four
ramps were closed for 20, 25, 40 and 40 min) during their primary control periods
and one was metered for 40 min at a rate based on the demand and capacity estimates.
The control was highly successful and produced a marked improvement in the freeway
operation and had little or no adverse effect on the alternate routes, The details of
this study are contained in another report,
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Air photo studies were made to provide a before-and-after comparison for this
study,

CONCLUSIONS

1. The O-D technique for obtaining travel patterns of the freeway interchange
traffic provides very reliable results, Only in locations where the stoppage of traific
is hazardous should the method of questionnaire distribution be changed.

2, The design of the questionnaire can be improved. The definition of the trip for
which the questions are asked should be included in the explanation to avoid confusions
of morning and afternoon trips,

3. The high percent return indicated an acceptance by the public of this type of
survey and their interest in a cure to the problem of peak period freeway congestion,

4, The information received from this type of survey has been most valuable in
several phases of research on the development of control techniques for improving
freeway operations,

5. The study technique using input-output counts on closed freeway subsystems is
an excellent method of quantifying the problem of freeway congestion.

6. The input-output data are also quite useful in before-and-after comparisons
since total system travel time is one by-product.

7. Demand at freeway bottlenecks can be estimated by combining count data at each
freeway input with the O-D data and bottleneck capacity data.

8. By comparing the demand rate to the capacity flow rate at a critical bottleneck,
it is possible to estimate the duration and severity of control that would be required to
prevent congestion, as well as the number of vehicles that would have to be stored
(queued) or diverted from the freeway at the control location,

9, Aerial photography is a good method for determining the number of vehicles
using a given facility at a given time, The technique using a 35-mm camera was found
to be sufficient for this determination.

10. The design evaluation of existing frontage road intersections can, in many cases,
prove fruitful by leading to improvements in design or control which can increase the
capacity of the intersection,
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Effect of Grades on Service Volume

LEONARD NEWMAN and KARL MOSKOWIT?Z
Assistant Traffic Engineers, California Division of Highways

The problem of determining effects of trucks or any slow-mov-
ing vehicle on the operating characteristics of a section of
multilane road is discussed. The action of trucks in reducing
the service volume of a road is described and is related to the
number of trucks, speed of trucks (steepness of grade), and
length of grade. Relationships between these factors are de-
veloped and presented in the form of a proposed design chart
for determining equal service volumes which would be suitable
for rural conditions for any combination of grade, autos, and
trucks. The use of this chart in determining when additional
lanes should be added and the effects of trucks on maximum
capacity of a road are described.

®*THE PURPOSE of this paper is to develop a level-of-service curve for multilane
highways that will show the effect of grades and trucks on the service volume for a given
level of service, and more particularly, for the level of service that has been adopted
as design capacity for rural freeways by AASHO, i.e., 2,000 cars per hour on two
lanes in one direction on a level grade.

The 1950 edition of the Highway Capacity Manual stated that one truck was equivalent
to two passenger cars in level terrain, four passenger cars in rolling terrain, and eight
passenger cars in mountainous terrain (1). This statement can be plotted in graphical
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terrain, the service volume would be 1,820 vph, consisting of 182 trucks and 1, 638
autos, and in rolling terrain it would be 1,540 vph, consisting of 154 trucks and 1, 386
autos. This was shown in Table 9 of the Highway Capacity Manual as 91 and 77 percent,
respectively, of passenger car "capacity" on level terrain.

The Highway Capacity Manual truck equivalency factor (1) was a broad approximation
and many design engineers have felt a need for capacity charts which were more sensi-
tive to such measurable factors as length and steepness of grade. How long does a
grade have to be to qualify as mountainous? Are the hills of the San Francisco Bay
Area ''rolling' and the Sierra Nevada "mountainous"? Trucks seem to have as much
effect in the former as in the latter location. In fact, a large portion of the Interstate
highway across the Sierra follows river grades and the trucks roll along at 50 mph
there just the same as they do in level terrain.

Attempts have been made to determine truck equivalency factors by measuring time
headways between vehicles which were classified as car-car, car-truck, truck-car,
truck-truck, in each lane. These attempts, in which the author participated, were not
successful because observations had to be at a precise (unobserved) combination of
trucks and cars to help determine the locus of the graph shown in Figure 1. In Figure
1, truck equivalent is the slope of the line. If observations are made at any pair of
ordinates except right on the sloping line, they do not have any quality which would
help determine either the position or slope of the line. For example, the two points
(x1, ¥1,) and (x2, y2) shown in Figure 1 are of no use in plotting the graph and really
only show the traffic demand at the places and times of observation. Actual measure-
ments at several points in California showed extreme variation in truck equivalents

Paper sponsored by Committee on Highway Capacity.
ook
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Figure 1. Effect of trucks on service vol-
ume, two lanes in one direction (2). Figure 2.

and some absurdities such as a truck equivalent less than 1 on a plus 6 percent grade.
These would plot on Figure 1 somewhat as shown in Figure 2.

The slopes shown at points 1, 2, and 3 of Figure 2 are only of small dimensions
(Ay/Ax) but they were calculated for each observation and plotted (erratically, as in-
dicated). A plus slope would indicate a truck equivalent of less than 1, and is perfectly
possible to calculate from observed data, but as can be seen, this does not say any-
thing useful about the ""capacity' curve itself.

One of the problems involved relates to a clear understanding of what is meant by a
"level of service,' or what was formerly called "'practical capacity.'" Basically it
is a matter of probability. Figure 3 shows time-distance graphs of several vehicles
in a stream of traffic on a short segment of two-lane one-way roadway.

It is seen that all the vehicles in Figure 3 enjoyed free movement except No. 8
which had to slow down and wait for No. 9 to gain an acceptable headway before it
could move into Lz and pass No. 7. There is a chance that this will happen no matter
how low the volume is. The chance (probability) increases as each of the following in-
creases:

1. Volume (number of vehicles per unit of time) of slow vehicles and of faster ve-
hicles;

2. Difference in vehicle speeds (increased steepness of grade causing this to in-
crease); and

3. Length of road under consideration (length of grade).

At some volume far below capacity, the chance of this happening is high enough that
the traveling public decide they need a wider road. This is basically an economic de-
cision. That is to say, the public appear to be willing to keep on building and paying
for more highways as long as they encounter restrictions to free flow exceeding some
amount. As interpreted by the American Association of State Highway Officials (AASHO),
on rural highways this amount is not more than 30 hr/yr during which 2, 000 passenger
cars per hour or more pass a given point on two lanes in one direction on level grade.

LEGEND

=== Veh, in left lone
Veh. in right lane

O Veh. number

DISTANCE —==

Figure 3.
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DEVELOPMENT OF DESIGN CHART FOR RURAL CONDITIONS

Basically, we are concerned with finding an acceptable level of operation and re-
lating it to length of grade, steepness of grade, and number of trucks. We assume that
the acceptable flow rate is related to the frequency of passing opportunities that occur
for vehicles overtaking a slow-moving vehicle. Passing opportunities are related to
the three factors noted.

What do we mean by acceptable level of operation for a section of rural freeway with
two lanes in one direction? In the design sense, we should expect pretty much free
flow with little slowing in the left lane and very few autos caught in the right lane. We
can say for sure we want no stoppages in the left lane. With our knowledge of traffic
flow, what conditions bring this about?

Effects with Trucks in Right Lane Only

Since we are considering freeways, we assume good alignment and that slow-moving
vehicles can be seen by an auto driver in the right lane for some distance before he
would have to slow appreciably. This auto driver, on seeing the truck, would then
simply merge into the left lane. He would have as much time to do this as he would
normally have to merge into a freeway at any high-standard on-ramp.

We know from observation that the maximum auto rate-of-flow that can pass a single
truck or series of trucks in the right lane varies from 1,800 to about 2,400 vph. And
for smooth flow with no queuing upstream, the maximum passing rate is limited to 2, 000
vph. As an example, if a flow rate greater than 2,000 vph is going by a truck and if
a car caught behind the truck tries to merge into this stream, there is a high probability
of breakdown in the left lane. Of course, there is a chance that this car would not try
Lo pass but if there are several ears canght and the grade is of significant length, it is
certain that some will attempt to pass, causing severe congestion.

When merging volumes at a good ramp are below 1, 500 vph, there is little or no
congestion and no ramp vehicles in queue. On a grade with trucks in the right lane,
the same holds true and if total auto flow rate 1s less than 1, 500 Vph there w111 be no
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right lane. (If a lane is completely blocked and the public is aware of it, as they are
aware of grades, 1,500 autos per hour can be handled in a two-lane to one-lane merge
with little trouble or speed reduction,)

Based on this discussion, Figure 4 represents what we consider a rural design level
of service with trucks in the right lane only. With no trucks, design volume is 2, 000
vph (in two lanes). This is considered to be an acceptable volume giving free flow with
little restrictions to desired speeds. With the introduction of a few trucks, the ac-
ceptable number of autos decreases, but fairly gradually. With just several trucks per
hour, acceptable auto volume is still 1,900. Though flow around these trucks will in-
volve some localized turbulence, this high auto flow is still considered acceptable be-
cause much of the auto traffic will not encounter the truck and the flow rate in the left
lane passmg the truck will take place over a very short space. In other words, the high
fiow rate passing the truck wiil be only for about 7 mi, As the frequency of trucks in-
creases, most traffic will encounter trucks and acceptable passing auto rates are re-
duced to 1,500 vph. Flow rates of 1, 500 in the left lane still take place over a relatively
short space, as many autos move back to the right lane on passing a truck. As truck flow
rates increase even more, very few autos will go back to the right lane and most autos
will be in the left lane for the entire length of grade. In this case, 1,500 vph in one
lane is considered too high to maintain rural free-flow conditions and, therefore, ac-
ceptable auto flow rate decreases to 1,200 vph. (In actual practice, when trucks are
this nu)merous, they will not stay in the right lane and acceptable auto rates are even
lower.

As long as trucks stay in the right lanc, the length of grade is not a controlling factor.
For example, even with a great number of trucks, if they are all in the right lane, a
flow rate of 1,200 autos per hour in the left lane can be handled reasonably well for any
length.
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right lane.

The effects of different steepness of grade are indicated in Figure 4 by the different
scales for each grade. Although the exact weighting of various grades was determined
in connection with truck passing effects, it also represents fairly closely the degree of
interference even with all trucks in the right lane. In other words, a flow rate of 1, 200
autos per hour would encounter roughly the same number of slow vehicles in the right
lane with 75 trucks per hour on a 6 percent grade, 84 trucks per hour on a 5 percent
grade, 104 trucks per hour on a 4 percent grade, etc.

As an example of the use of this chart, assume a location with a predicted one-way
peak volume of 1,300 vph including 10 percent trucks and the section contains a sus-
tained 4 percent grade, 8,000 ft long. (A sustained grade is considered one where
average truck speed is reduced to 35 mph or less.) Since the 130 trucks and 1,170
autos on a 4 percent grade plot below the capacity line, operation would generally be
acceptable and a climbing lane would not be required.

Effects with Trucks in Left Lane

As the number of trucks and/or the length of grade and/or the steepness of grade
increase, the chances of trucks overtaking and passing other trucks increase greatly.
This becomes a much more-important limitation on capacity. The number and duration
of passing maneuvers can be estimated from the speed distribution of trucks, the num-
ber of trucks, and the length of grade. This number varies with the length of grade
and with the square of the number of trucks and is related to the speed distribution of
the trucks. (See Appendix A and B for a more detailed explanation.)

In other words for a given number and speed of trucks if the grade is twice as long,
there will be twice as many passing maneuvers. For a given length of grade and speed
of trucks, twice as many trucks will result in 4 times as many passings. For a given
number of trucks and length of grade, the duration of passing maneuvers is related to
the average speed of trucks as described in Appendix B; i.e., if trucks average 20
mph, slow trucks are in the left lane 1.55 times longer than if the trucks average 25
mph.
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Figure 5 was drawn using these relationships such that any point on these curves
will result in an equal amount of total delay to auto traffic, and level of operation is,
therefore, assumed to be equivalent. In other words, on a given grade with 1, 000 autos
and 75 trucks, there will be a certain number of autos delayed by truck passing ma-
neuvers. If there are 150 trucks, there will be 4 times as many passings, and if there
are 250 autos in the stream, then the same number of autos will be delayed by trucks
in the left lane. Therefore, 75 trucks and 1,000 autos are equivalent to 150 trucks and
250 autos.

The level of operation or position of the curves on the graph was determined sub-
jectively by observing several grades. It was determined, for example, that on an
8, 000-ft 3 percent grade with 150 trucks per hour, acceptable operation would result if
auto flow did not exceed 1,000 per hour (Fig. 5). The curves, therefore, represent
equal operation for any combination. Two other combinations of conditions subjectively
determined to be acceptable also are shown and fit the curves fairly well.

This level of service is not exactly the same as with 2, 000 vph on a level section
without trucks. As long as there is even one truck in the left lane, there is a prob-
ability that some autos will be delayed. There is almost no probability of an auto being
delayed this amount on a level section without trucks. It would be economically fool-
hardy to try to provide this service on a grade only several thousand feet long, and
drivers do not require or expect it. The type of service provided in this chart is still
high level and very few autos would be delayed. Some will be caught, but there will be
no long queues. The percentage of autos delayed is not constant, though the amount of
delay and absolute number of autos delayed is relatively constant.

Using the same example as previously to illustrate use of the chart, the 1,170 autos
and 130 trucks would plot above the acceptable operation curve for an 8, 000-ft grade
and, therefore, operation would be less than desirable. A climbing lane should then be
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Flgure 5. Effect of trucks on auto volume at given level ol service when truck-passing-
truck maneuvers control (superimposed on Figure 4 curve).
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provided, although the chart also indicates that if 4,000 ft of passing lane were pro-
vided, operation on the remaining 4, 000-ft section would be acceptable.

In effect, then, for a given combination of truck and grade conditions, we evaluate
them using Figures 4 and 5, taking the lower of the two acceptable volume levels.
Therefore, Figure 5 combines the two graphs. For convenience and practicality in
constructing the final design chart, we round the corners where the truck passing con-
trol intersects nontruck passing control. Figure 6 shows the final chart.

USE OF DESIGN CHART FOR RURAL CONDITIONS

In using this chart, it should be recognized that the curves represent average con-
ditions and there can be a great amount of variability. In other words, if trucks on a
particular grade are faster than the normal speed distribution used in developing the
chart, operation will not be as critical for a certain combination of autos, trucks and
grade. Conversely, if the trucks are slower than normal, operation will be more crit-
ical.

Volumes indicated on the chart are full hour volumes. Therefore, this also intro-
duces variability since volume rates can fluctuate significantly within an hour. For
example, if an hour flow is 1,500 veh, there is a chance that the flow rate, when there
are several trucks on the grade, could be 1, 800 vph.

However, the curves in general take care of normal variability and if the conditions
of the chart are satisfied, only in rare cases would severe congestion result. Actual
capacity would never be exceeded.

The design chart is for two lanes only. When more lanes are available, we assume
that trucks will still only use the right two lanes or could be required to by law, so that
the additional lanes could handle, based on rural conditions, 1,000 autos per hour per
lane. Therefore, assuming conditions of a grade were such that acceptable hour flow
were 1, 200 veh including 100 trucks in the two lanes, if three lanes were available,
acceptable flow would be 2, 200 veh including 100 trucks. If four lanes were available,
the figure would be 3,200 with 100 trucks.

2,000

1,500

R -
= -~
= ii i
8 11 24, 000" EL u
o GRADE 12,000 4,000 il
GRADE GRA 5

| , 000 41
w 1,000 % 8,000 - GRA DEJJ-——
@ GRADE
o == 16,000' =
- 6RADE
>
a

500
b
=
L 1L Sy T
B —

§ 11
36160 19 38 57. 75 94 13 132 151
€5 5200 21 42 63 84 105, 126 147 167
34 %25_0 26 52 78 104 130 156 82 208
a3 52 30_0 35 70 105 140 175 210 245 280
5 2?8 35.0 52 105 157 210 262 314 367 420

o

o TRUCKS PER HOUR

(vehicles with 6 or more tires)

Figure 6. Equivalent service volumes relating trucks, grades, and autos on two-lane
one-way roadways.
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On grades less than 2 percent where truck speeds are not reduced to 35 mph, effects
of trucks are generally based on the greater space occupied by trucks and slightly lower
speeds maintained. In this case, reductions in free-flow volume of 2, 000 autos per
hour without trucks can be based on an equivalency of one truck equaling two autos.

One other point should be noted concerning the lengths of grade indicated in the
chart. They represent sustained grades which are grades long enough to reduce av-
erage truck speed to 35 mph or less. The vertical curve or length of grade necessary
to slow the trucks from 50 to 35 mph does not have to be considered. The length in-
dicated on the chart is the length the trucks are at 35 mph or less. It takes about 2,000
ft for trucks to slow to 35 and then accelerate from 35 to 50 mph on a 6 percent grade
compared to about 3,400 ft on a 3 percent grade (2). If we want to be more precise
and were evaluating a 6 percent grade against a 3 percent grade, then the 8, 000-ft
grade curve, for example, would actually represent about 10, 000 ft of 6 percent grade
but 11, 400 ft of 3 percent grade.

In summary, if predicted traffic conditions and grade conditions plot above the ac-
ceptable volume curves, an additional lane should be provided if flow on the grade is
to be maintained at a quality roughly equivalent to the same flow on level or rolling
terrain.

The chart, however, indicates that for some conditions, a climbing lane would not
have to be added the full length of a grade to bring operating conditions to an acceptable
level. For example, assume a 24, 000-ft 6 percent grade with predicted traffic of 1,000
autos and 75 trucks. This plots well above the curve of acceptable operation for a
24,000-ft grade, and a climbing lane should be provided. But if only 16, 000 ft of climb-
ing lane were provided leaving 8, 000 ft of two-lane 6 percent grade, then flow conditions
would be acceptable since the traffic and grade conditions plot below the acceptable
operation curve for an 8, 000-ft grade. The physical picture this represents is that
with 24, 000 ft of two-lane grade, trucks will be in the left lane frequently enough to
cause numerous delays to the auto stream. If the length of two-lane grade is only
8, 000 ft, there is much less chance that trucks will catch up with each other; conse-
aquentlv, there will be fewer trucks in the left lane and infreauent delavs to the autn

in general, 1I a truck lane 1s not provided the whole length ot a grade, it should be
used on the upper part of the grade. This will not require merging of slow trucks on
the grade. It is important that a climbing lane be carried far enough so that trucks
can accelerate to about 40 mph before enlering the main lanes. Also, trucks that do
not decelerate as slowly as normal do not need a truck lane at the beginning of the
grade.

However, it is much safer to provide a truck lane the whole length. In the example,
16, 000 ft of climbing lane increased auto design volume by 700. But 24, 000 ft of climb-
ing lane increases auto design volume by at least 1,000 and virtually insures that the
grade will have as much capacity as the approach section.

URBAN FLOW CONDITIONS

Tie discussion and design chart presented deal sirictiy with rural conditions where
most trips are long and essentially free-flow conditions are desired. Although we have
not yet developed charts in this detail for urban conditions, some discussion is in order.
In any section of freeway, the most important thing is to insure that enough lanes are
provided so that demand will not exceed the capacity of the section. Capacity of a rural
freeway is no different from that of an urban freeway.

Sustained grades of any slope (defined as a grade long enough and steep enough to re-
duce truck speeds to 35 mph or less) greatly reduce capacity and since most urban
freeways will operate near capacity, as a general rule an added lane should be provided
on all sustained grades in urban areas in which design hour volumes are within 1, 000
vph of normal capacity on a level section.

For example, on a four-lane section (one-way) with estimated peak hour traffic of
5,000 veh, an extra lane should be provided on any sustained grade. Similarly, an
extra lane should be provided for 3,500 veh on three lanes and 2, 000 vehicles on two
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lanes. Even if truck volumes are relatively light, these lanes should still be pro-
vided.

Design hour volumes of 1,500 veh/lane cannot be handled without severe congestion
on any sustained grade when there is a truck on this grade at 35 mph or less. And
once a stoppage occurs, conditions become even worse because trucks which ordinarily
would traverse the grade at a reasonable speed cannot, once they have been stopped,
accelerate to this speed.

Several grades have been observed at maximum capacity. One four-lane one-way
5.5 percent grade, only 4, 600 ft long, with 150 trucks and buses, had a maximum ca-
pacity of about 6,000 autos per hour. This is about 1,500 vph less than capacity of a
level four-lane section. Another grade, 10,000 ft long, three lanes wide at 6 percent,
with only 100 trucks and buses, had a maximum capacity of about 3, 800 autos, about
1,700 to 1, 800 vph less than capacity on a level three-lane section.

REFERENCES

1. U.S. Bureau of Public Roads. Highway Capacity Manual. U.S. Govt. Print. Of-
fice, 1950.
2. Calif, Div. of Highways Traffic Bull. No. 2.

Appendix A

DATA ON TRUCK CHARACTERISTICS AND EFFECTS
OBTAINED AT CORDELIA GRADE (I-80)

To obtain more information on the behavior and effect of trucks, a study was made
of operation on a grade located about midway between Sacramento and San Francisco
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on the two westbound lanes of I-80. The location is rural and the nature of the traffic
tends to make it high speed. Through vehicles have been on 50 mi of continuous free-
way and expressway, although they passed through several construction zones. Figure
7 shows the profile of the grade and the observation points. The 1962 two-way ADT at
this location was 26,000 veh with a seasonal peak of 33, 500,

Data were gathered by time-lapse photography taken simultaneously at two points:
(a) near the bottom of the grade, and (b) 5,000 ft up the grade. Photography was in
color and a clock was framed in the picture at each camera. Thus, it was relatively
simple to match vehicles and determine elapsed time between the two observation points.
This was done for 100 percent of the trucks and about 60 percent of the autos. Matching
of all trucks also made it possible to determine truck-passing-truck maneuvers. All
analysis was made from the films.

Speeds shown or noted were always based on travel time between the two observa-
tion points because we believed effects on auto travel could best be determined in this
manner. Spot speeds would not reflect delays at points not observed.
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The study was made in August 1963 for a 2-hr period. For the period studied, 5-
min total flow rate varied from 875 to 1,580 vph. Truck rates (including buses and
autos with trailers) varied from 85 to 225 trucks per hour.

Figure 8 shows that for a complete hour with 140 trucks (median speed of 41 mph
with 66 truck-passing-truck maneuvers), 950 autos traveled through the section at a
median speed of 55 mph, and 5 percent were at 45 mph or less. Figure 9 shows that
for a separate 50-min period with a truck flow rate of 140 trucks per hour (median
speed of 35 mph with 70 truck-passing-truck maneuvers per hour), 1,150 autos per
hour traveled through the section at a median speed of 51 mph; 15 percent traveled at
45 mph or less.

For a 5-min period (Fig. 10) with 130 trucks per hour and 1,030 autos per hour,
median auto speed was 57 mph with none less than 48 mph. There was only one truck-
passing-truck maneuver during the 5-min period and average truck speed was 46 mph.
Therefore, at this volume of trucks and autos, there was little or no delay to autos.
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Figure 11 shows that the average frec flow autc specd on all California freeways in

1962 was 56.7 mph.

In another 5-min period (Fig. 12) with 190 trucks per hour and 1, 380 autos, median
autc speed was again 57 mph. This also reflects little delay to autos in spite of a large
number of trucks with a median speed of 34 mph and numerous truck-passing-truck
maneuvers. However, on examining the truck passing maneuvers, it can be seen that
the passing trucks were reasonably fast and the passed trucks were slow. Under these
conditions, the duration of a passing maneuver tends to be minimized. This figure
points out that, despite a large number of trucks, as long as the left lane is not
seriously blocked there is little delay to autos when the auto flow rate is 1, 400 vph.

During another 5-min period (Fig. 13) with 170 trucks per hour and 1,420 autos per
hour, median auto speed was only 46 mph. Median truck speed was 32 mph. Although
truck passings were not as numerous as in the period illustrated in Figure 12, the
passing (rucks were considerably slower. The effect with 1,420 autos per hour as
reflected by the auto speeds is severe.
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Figure 11. Free-flow speed curves for all California freeways, prepared by California

Division of Highways, Traffic Department.

We can assume that the desired speed is about 57 mph or about 60 sec to traverse
the study section. In this instance, the average car took 75 sec or a delay of 15 sec
per car. Twenty-five percent of the cars took 87 sec or longer. These are serious
delays and reflect undesirable operation with large speed differentials between autos
even in the left lane. Actually when an average auto speed is, for example, 40 mph
over the 5, 000-ft section, the spot speed on the section could vary from zero to 60 mph.
There were, in fact, complete stoppages in the left lane at times.

It can be seen that operation at these auto volume levels is not as dependent on total
number of trucks as it is on the number and type in the left lane.

Figure 14 plots the number of truck-passing-truck maneuvers against total number
of trucks. Theory of probability indicates that the number of trucks catching up with
other trucks varies with the square of total number of trucks. Figure 14 indicates
that passing maneuvers follow this same pattern. Other studies have shown this same
trend.

In summary, study of this grade indicates the validity of the previous discussion
that as long as there are no trucks (or no slow ones) in the left lane of a two-lane sec-
tion, there will be little or no delay as long as auto volume is 1,500 vph or less. How-
ever, with an appreciable number of trucks, there will be enough truck-passing-truck
maneuvers to lower auto capacity below 1, 500 vph.

On this particular grade with an hour volume of 140 trucks, buses and trailers and
1,150 autos (Fig. 9), operation is less than acceptable for design purposes. With these
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itions, median auto speed (wver a D, 000-Ii seciion of ihe grade) was 51 mph with

15 percent at or less than 45 mph. At times there were actual stoppages.

purposes under rural conditions,

For the same number of trucks and 950 autos (Fig. 8), median auto speed was 55
mph, slighily iess than the unrestricted speed of 57 mph. Only 5 percent were at or
less than 45 mph. In this case this would probably be considered acceptable for design
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Appendix B

DEVELOPMENT OF DESIGN CAPACITY CHART

This section describes the development of the relationships between truck frequency,
length and steepness of grade shown in Figure 5 indicating limits of free-flow volumes
for two lanes in one direction when truck-passing-truck maneuvers are the control.

To illustrate how truck passing maneuvers affect operation, we first stipulate that
as soon as a truck catches another he will pass. (Our studies indicate this is generally
true regardless of auto volumes.) We assume that a truck going 19 mph passing one
going 10 mph would encroach on the left lane long enough to gain about 300 ft on the
passed truck. This would take about 26 sec and he would travel about 680 ft in the left
lane. (At this point it might be well to point out that though absolute numbers and
arbitrary rules, such as gaining 300 ft, are used, they are used only in the sense of
developing relationships. The numbers are not used to determine amounts of delay,
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etc., but only to obtain a relative effect. Changing the values would not change the
relative effects significantly.) It would take a car about 9 sec to travel the same
distance (680 ft). Thus. when a truck started the passing maneuver, a car would have
to be 17 sec back in order to just catch the truck as he was getting back into the right
lane. Five seconds are added so that the car will still be behind the truck a certain
dislance when the truck moves back to the right lane so that the auto will not slow in
anticipation that the truck will not clear the left lane. This means that if no slowdown
is to occur in the left lane, no car can arrive within 22 sec after the truck starts his
passing maneuver. If the auto flow rate is 1, 500 per hour, there is zero probability
that no car will arrive at a point in a 22-sec period. There is a 42 percent chance
that 10 cars or more will arrive. It is obvious then that if free flow is desired in the
left lane, acceptable flow rates will have to be less than 1, 500 vph if there are many
truck-passing-truck maneuvers.
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Knowing the speed distribution of trucks, number of trucks, and length of grade, the
number of expected passing can be determined. Using this relationship, curves in
Figure 5 were developed such that total delay for a given number of autos at a point on
any curve will be equal. This equivalence is in relative terms and a particular amount
of delay cannot be inferred from the curves.

Truck speed distributions obtained for the development of the truck acceleration
curves in Traffic Bulletin No. 2 (2) were used as basic data. Figure 15 reproduces
from this bulletin the average crawl speed on various grades of loaded as well as un-
loaded trucks.

Truck speeds were grouped as shown in Figure 16. For example, if the average
speed of all trucks on a particular grade is 20 mph, 30 percent will be 15 mph or less.
These groupings are used to calculate the relative number of truck passing maneuvers
for different grades. These are given in Table 1 and are based strictly on the prob-
ability of trucks at various speeds overtaking trucks at'the lesser speeds indicated.
This was done by first assuming 100 trucks per hour at an average speed of 20 mph
on a section of grade, 2,000 ft long. Thirty of the trucks will have an average speed of
10 mph (5 to 15 mph) and 22 an average of 18 mph (16 to 20 mph). It would take a 10-
mph truck 137 sec to traverse the 2,000 ft. It would take an 18-mph truck 76 sec to
traverse the same distance. Therefore, if the 18-mph truck arrives at the beginning
of the 2, 000-ft section within 137 - 76 or 61 sec after the 10-mph truck arrives, it will
catch up. Since there are 22 trucks at 18 mph on the average they will cross a given
point every 164 sec. Therefore, when a 10-mph truck passes the start of the section
on the average (over many trials), 61/164 or 0.37 18-mph trucks will arrive soon
enough to catch the 10-mph truck within 2,000 ft. Since there are 30 10-mph trucks,
on the average 0.37 X 30 or 11 18-mph trucks will catch up with the 10-mph trucks at
some point on the 2, 000-ft section of grade during the hour.

It follows that if the section is twice as long, there will be twice as many 18-mph
trucks catching 10-mph trucks. If the section is 4, 000 ft long, the 10-mph truck takes
274 sec to traverse the grade and the 18-mph truck 152 sec. Therefore, any 18-mph
truck arriving within 122 sec after the 10-mph truck will catch up. With 22 trucks per
hour at 18 mph, each time a 10-mph truck arrives at the beginning of the section, on the
average 0. 74 18-mph will arrive. If there are 30 10-mph trucks, 22 18-mph trucks
will catch 10-mph trucks on the 4, 000-ft section or twice the number on the 2, 000-ft
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section. It also follows that if there are twice as many trucks there will be 4 times as
many overtakings.

Development of Relative Scale for Different Truck Speeds

In calculating the number of seconds an auio must be behind a truck when the truck
starts his passing maneuver so that the auto will not be delayed by the passing maneuver,
the following procedure is used:

1. A basic stipulation is that the passing truck on the average will encroach on the
left lane long enough to gain about 300 ft on the passed truck:
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Distance (D Distance (@)
i = — i e
\Possing truck at (P_(Eng truck at
beginning of pass end of pass
-Time A -Time B

Distance (D+®@ =300"

2. When the passing truck is completing his pass any approaching auto must still be
a certain number of seconds behind the truck so that he will not have braked appreciably
in anticipation that the truck will not clear the left lane (reaction time):

* Assume thot ot time B approoching
outo, in order not to be delayed, must be -
5 seconds behind truck if truck is going 20mph
4 " n n n an " "

" " " " 25 m ph
3 . " " " 3om ph
2 0" " " " " " 35mph

Approoching auto assed truck Possing truck at

Time B (end of pass)

3. Using this criteria, Table 2 was prepared which gives the necessary time gap
an auto must be behind various speed trucks when the truck starts its pass, if the auto
is not to be delayed. The necessary gap also indicates in a relative way the amount of

TABLE 1
EXPECTED NUMBER OF TRUCKS OVERTAKING OTHER TRUCKS?2

Number Overtaking at Avg. Truck Speed
Type of Maneuver

16 Mph 20 Mph 25 Mph 30 Mph 35 Mph

18-mph tr. catching  10-mph tr. 16 11 5 2 0.3
23-mph tr. catching  10-mph tr. 12 8 6 2 0.3
28-mph tr. catching 10-mph tr. 7 7 4 2 0.7
35-mph tr, catching  10-mph tr. 14 16 9 4 1.3
Total 19 12 24 10 3.0
23-mph tr. catching  18-mph tr. 1 1 1 1 0.5
28-mph tr. catching  18-mph tr. 1 1.5 2 1.5 1.0
35-mph tr. catching  18-mph tr. 3 4.5 4 3.5 2.5
Total 5 70 =y 6.0 40
28-mph tr. catching  23-mph tr. 0.5 0.4 0.6 0.6 0.4
35-mph tr. catching  23-mph tr. 1] 1.5 1.8 1.6 1.1
Total 15 19 2.4 2.2 1.5
35-mph tr. catching  28-mph tr. 0.2 0.4 0.5 0.6 0.8
Overall total 56 51 31 19 9

®Per 100 trucks per hour on 2,000-ft section of grede, based on grouping shown in Figure
16; number of overtakings proportional to length of grade and square of number of
trucks.
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TABLE 2
Time
Time for
for Pass. Dist. 55-Mph Reac. Wacoogar
Type of Maneuver Truck to Traveled Auto to Time Gap ( )g
Gain 300 Ft (£t) Travel (sec) @p ARet
(sec) Dist,
(sec)
18-mph tr. passing 10-mph tr. 25.6 680 8.5 ] 22
23-mph tr. passing 10-mph tr. 15.8 530 6.5 4 13
23-mph tr. pasging 18-mph tr. 41.1 1,380 17.5 4 28
28-mph tr. passing 10-mph tr. 11.4 470 6.0 3 8
28-mph tr. passing 18-mph tr. 20.4 840 10.5 3 13
28-mph tr. passing 23-mph tr. 40.5 1,670 21.0 3 23
35-mph tr. passing 10-mph tr. 8.2 420 5.0 2 5
35-mph tr. passing 18-mph tr. 12.0 620 8.0 2 6
35-mph tr, passing 23-mph tr. 17.0 880 11.0 2 8
35-mph tr, passing 28-mph tr. 28.4 1,510 19.0 2 11

E‘Time for passing truck to gain 300 ft minus time for 55-mph to travel distance plus reaction
time.

total delay time. For example, if an 18-mph truck passed a 10-mph truck and pulled
out directly in front of an auto, that auto would be delayed approximately 22 sec. If

a 28-mph truck passed a 23-mph truck directly in front of an auto, that auto would be
delayed about 23 sec or about the same total amount. What this table does not indicate
is that even though for this example the delay is the same, subjectively perhaps the
delay behind the 10-mph truck is worse than delay behind the 28-mph truck.

4, From Table 1 and Step 3, Table 3 is derived which indicates the total time that
no auto may arrive so that no delay will occur for a case with 100 trucks per hour and
a 2,000-ft length. Although this table is not used directly the sums are used to weight
relative effects of different grades when other conditions are equal.

This essentially relates the amount of delay which can be attributed to 100 trucks at
various average speeds due to passing maneuvers. Since the number of passings is

- - a =

( x)2%716 =582 = 100v0. 81 = 90 trucks at 16 mph = 100 trucks at 20 mph
(100) 124 trucks at 25 mph = 100 trucks at 20 mph
167 trucks at 30 mph = 100 trucks at 20 mph
250 trucks at 35 mph = 100 trucks at 20 mph

This gives the relative truck scale used at the bottom of Figurc 6 in the text.

In summary, when truck passings control, equivalent service volume is related to
the square of the number of trucks, proportional to length of grade, and is related to
speeds of trucks as follows: 16 mph = 0.9; 20 mph = 1, 00; 25 mph = 1. 24; 30 mph =
1.67; 35 mph = 2.50. Therefore, if we say from subjective observation that on an
8, 000-ft grade with 150 trucks per hour with an average speed of 30 mph, a volume of
1, 000 autos per hour will result in good operation without undue delays to autos. We

TABLE 3
TOTAL TIME WHEN NO AUTO MAY ARRIVE2

At Averayge Truck Speed

16 Mph 20 Mph 25 Mph 30 Mph 35 Mph
Passing

No. Requir. Time No. Requir. Time No. Requir. Time No. Requir, Tlme No. Requir, Time
Passinga Gap (sec)  Passings Gap (sec)  Passings Gap (sec)  Paasinge Gap (sec)  Passings Gap {aec)

18-mph tr. passing  10-mph tr. 18 22 352 11 22 242 5 22 110 2 22 44 0,3 22 7
23-mph tr. passing  10-mph tr. 12 13 156 8 13 104 B 13 8 2 13 26 0,3 13 4
23-mph tr, passing  18-mph tr. 1 28 28 1 28 28 1 28 28 1 28 28 0,5 28 18
28-mph tr. paseing  10-mph tr. 7 ] 56 7 8 56 4 [ 32 2 8 16 0.7 8 [
28-muph tr. passing  18-mph tr. 1 13 13 1.5 13 20 2 13 26 1.5 13 20 1,0 13 13
28-mph tr. passing  23-mph tr. 0,5 23 13 0.4 21 [ 0.6 23 13 0.6 2 13 0.4 23 9
35-mph tr, passing  10-mph tr. 14 5 0 18 5 80 9 5 45 4 5 20 1.3 5 7
35-mph tr. paseing  18-mph tr, 3 [ 18 4.5 ] 27 4 [ 24 3.5 8 21 2,5 6 15
35-mph tr. passing  23-mph Lr. 1 ] 8 L5 8 12 1.8 8 14 18 8 13 L1 8 9
35-wiphi L, passhiy  28-mph Lr, 0.2 1 3 0.4 1 4 0.3 11 s 0.0 11 U 0.8 1 8
Total 716 502 376 208 3

80 that no delay will occur for case with 100 trucks per hour and 2,000-ft length; total time = No, paseings x required gap for eech passs
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can then relate any combination of trucks, grade, and speed to this same level of
operation or same amount of delay.

Example: Given conditions of 100 trucks per hour, a 12, 000-ft grade, and speed of
25 mph, what is the auto capacity?

Equiv. No. of trucks at 30 mph = % x 100 = 135
Adjustment for No. = G%)>2 x 1,000 = 1,235 autos
8,000

Adjustment for length of grade = X 1,235 = 825 autos per hour

S Sl
12,000



Study of Operational Characteristics of Left-Hand
Entrance and Exit Ramps on Urban Freeways

R.D. WORRALL, Research Engineer; J.S. DRAKE, J.H. BUHR, T.J. SOLTMAN,
Research Assistants; and D.S. BERRY, Chairman; Civil Engineering Department,
Northwestern University

The paper is essentially a companion to an earlier report deal-
ing with left-hand exit ramps for freeways and is divided into
three main sections: (a) a study of the general operating char-
acteristics of left- and right-hand entrance ramps on urban
freeways; (b) an analysis of traffic behavior along a 2-mi sec-
tion of urban freeway containing two internal diamond inter-
changes; and (c) a comparative study of the reported accident
rates at a sample of right- and left-hand entrance and exit
ramps on urban freeways in the Chicago area.

Brief descriptions are given of study locations and study
techniques, together with a discussion of major results. Con-
clusions are drawn concerning the operational efficiency, rela-
tive safety and general suitability of left-hand entrance and exit
ramps for urban freeways under the type of site conditions
existing in the Chicago area.

*THIS PAPER is essentially a companion to an earlier report by Berry, Ross and
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somewhat further, discusses a complementary study of left-hand entrance ramps and
presents the results of a study of reported accident rates at a sample of left- and
right hand entrance and exit ramps in the Chicago area.

OPERATIONAL STUDIES—LEFT- AND RIGHT-HAND ENTRANCE RAMPS

The operational problems posed by a left-hand entrance ramp on a high-volume
urban freeway differ considerably from those posed by a left-hand exit ramp. In the
case of a left-hand exit, the major operational problems are generally associated with
increases in the incidence of weaving and hazardous maneuvers immediately upstream
of the ramp nose (1). In the case of a left-hand entrance, however, the major prob-
lems arise from the fact that ramp vehicles are forced to merge with through traffic
traveling in the high-speed, high-volume left lane of the freeway, rather than in the
lower speed, lower volume right-hand lane. The studies described in this first sec-
tion of the paper assess some of the operational problems which are likely to occur at
left-hand entrance ramps by comparing the operation of a series of left-hand ramps
located in the Chicago area with an equivalent sample of "typical right-hand entrance
ramps.

Field studies were conducted at four left-hand and two right-hand entrance ramps
on the Eisenhower and Kennedy Expressways in Chicago (Table 1). The studies encom-
passed a total of 24 hr of observations, during typical morning and afternoon weekday
traffic conditions. They included a period of over 2 hr in the early morning, during
which severe congestion backed up into the vicinity of one of the left-hand ramps

Paper sponsored by Committee on Freeway Operations.

24l



245

TABLE 1
CHARACTERISTICS OF ENTRANCE RAMP STUDY LOCATIONS

Freeway Characteristics Ramp Characteristics Volume Characteristics (AWDT)

Location of Entrance Ramp Asoel) Lane Freeway Vol Ramp Vol

No. Lanes Alignment Leogth () Width (ft) Grade (%) Upsgeam of AE Nowd
ose

Left-hand entrance ramps 3 Depressed fwy., 1,075 16 -3 53, 300 10, 700
Harlem Ave. EB, Eisen- tangent and level. (parallel)
hower Expwy.
Harlem Ave. WB, Eisen- 3 Depressed fwy., 800 16 -3 53, 300 7,600
hower Expwy. tangent and level, (dir. taper)
Austin Blvd. WB, Eisen- 3 Depressed fwy., 1, 100 16 -3 59, 500 4,500
hower Expwy. tangent and level. (parallel)
Diversey Ave. SB, Ken- 4 Embanked fwy., 900 16 +3 72,000 3,500
nedy Expwy. slight curve left, (parallel)

level.

Right-hand entrance ramps
First Ave. WB, Eisen- 3 Depressed fwy., 350 16 -2 52, 500 4,500
hower Expwy. tangent and level. (dir. taper)
Sayre Ave. SB, Kennedy 3 Depressed fwy., 800 16 -2 52, 700 1,300
Expwy. tangent and level. (parallel)

studied (Harlem Ave. eastbound (EB) entrance ramp, Eisenhower Expressway) from
a point more than 2 mi downstream. Field data were collected at all locations by
means of time-lapse movie photography, supplemented by "direct observation' meas-
urements.

With one exception (Diversey Ave. southbound (SB) left-hand entrance ramp,
Kennedy Expressway), all of the locations studied were situated on three-lane
level sections of six-lane depressed freeway. The Austin Blvd. and Harlem
Ave. left-hand entrance ramps were elements of two internal diamond inter-
changes, located 1% mi apart on the Eisenhower Expressway in west suburban

Chicago. The First Ave. and Sayre
Ave. right-hand entrance ramps were

% both elements of conventional external
diamond interchanges, also situated in
suburban areas on the Eisenhower and
Kennedy Expressways, respectively. The
Diversey Ave. left-hand entrance ramp
entered into a four-lane elevated sec-
tion of the Kennedy Expressway at a
point some 6 mi north of the city
center. It was the only ramp studied
whose approach to the freeway lay
on an upgrade and which did not form
part of a diamond interchange.

Figure 1 shows the location of

Edens Expressway

i

{External Diamond
Interchange}

Sayre Avenue

P

(tsolaled Left-Hand
Entrance Ramp)

_~Diversey Avenue

Kennedy Expressway

g3 8Tz i3

58§05 5.t each of the ramps studied within the

<5E s- ek Chicago area expressway system. Fig-

£ 3= - ures 2 and 3 are aerial views of the
N e N Harlem Ave. and First Ave. inter-

““Eisenhower Expressway

changes and Figures 4 through 9 are
ground-level photographs of the six
entrance ramps studied.

Don Ryan
0 1 2 3 4 Expressway
PR S G S—

Approx, Scale {Miles)

Volume Studies

Figure 1. Operational studies—location of Figure_s 19; 1.1 and 12 i11u§trate t!le. ]
interchanges studied in first section of  Volume distributions by lane in the vicinity

report. of the Harlem Ave. EB left-hand entrance
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Figure 2. Aerial view of Harlem Ave. internal diamond interchange, Eisenhower Express-
way, Chlicago.

Figure 3. Aerial view of First Ave. external diamond interchange, Eisenhower Express-
way, Chicagoc.
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Figure 4. Harlem Ave. EB left-hand en- Figure 5. First Ave. WB right-hand en-
trance ramp, Eisenhower Expressway, trance ramp, Eisenhower Expressway,
Chicago. Chicago.

Figure 6. Austin Blvd., WB left-hand en- Figure 7. Harlem Ave., WB Ileft-hand en-
trance ramp, Eisenhower Expressway, trance ramp, Bisenhower Expressway,
Chicago. Chicago.

Figure 9. Diversey Ave. SB isolated
Figure 8. Sayre Ave. SB right-hand en- left-hand entrance ramp, Kennedy Express-
trance ramp, Kennedy Expressway, Chicago. way, Chicago.
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Figure 11. Volume distributions by lane in viecinity of Harlem Ave. EB left-hand en-
trance ramp, Eisenhower Expressway, Chicago: (a) at nose of left-hand exit ramp, 1,700
ft upstream; (b) at nose; and (c¢) at point 3,300 Ft downstream.
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Figure 12. Volume distribution by lane in vicinity of Diversey Ave. SB isolated left-
hand entrance ramp, Kennedy Expressway, Chicago: (a) "average" lane distribution on
eight-lane freeway; (b) at nose; and (c) at end of acceleration lane.

ramp, the Diversey Ave. SB left-hand entrance ramp and the First Ave. westbound
(WB) right-hand entrance ramp.

Figure 10 compares the lane distributions at the nose and at the end of the accelera-
tion lane of the Harlem Ave. EB left-hand ramp and First Ave. WB right-hand ramp
for four different levels of mainstream freeway volume. These volume levels (i.e.,

v. low < 40 vpm, low < 54 vpm, medium 55 to 84 vpm, and high = 856 vpm), measured
at a point immediately upstream of the ramp nose, correspond to the levels used in
the exit-ramp study referred to earlier (l). From this figure it may be concluded
that:

1. The left-lane volumes at the nose of the Harlem Ave. left-hand entrance ramp
were consistently lower and the center- and right-lane volumes consistently higher
than the comparable volumes at the nose of the First Ave. right-hand on-ramp. The
proportion of traffic traveling in the extreme left lane on the approach to the Harlem
Ave. left-hand entrance ramp was considerably lower at all volume levels than that
using the adjacent center lane, but still higher than the proportion traveling in the
right lane.

2. Immediately downstream from the left-hand entrance, the left lane carried
from 1 to 3 percent more traffic than the center lane, and 11 to 19 percent more than
the right lane. Downstream from the right-hand entrance, the distribution of traffic
was much more uniform; the maximum difference between individual lane proportions
in this case was only 6 percent (as opposed to 19 percent downstream of the left-hand
on-ramp). There was a tendency in both cases for the lane distributions to even out
at higher volume levels.

3. At both locations, the distribution of trucks in the freeway lanes opposite the
ramp nose was roughly 60 percent in the right lane, 36 percent in the center lane and
only 4 percent in the left lane, reflecting the presence of "Trucks Use Two Right
Lanes' signs along the expressway. Immediately downstream of the left-hand ramp,
however, the left lane carried over 35 percent of the total commercial traffic, due to
the large number of trucks and buses entering from the left-hand on-ramp.

In interpreting the data of Figure 10, it is important to note that the Harlem Ave.
left-hand entrance ramp was located only some 1,700 ft downstream of a left-hand exit
ramp which carried an ADT of 7,600 veh. The pronounced effect of this off-ramp on
the volume distribution in the vicinity of the on-ramp is illustrated in Figure 11.
Clearly, the 6 to 9 percent difference between the left- and center-lane volumes ob-
served at the nose of the left-hand entrance ramp may be largely attributed to the
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effect of the left-hand exit ramp immediately upstream. There was apparently no
tendency for the left lane to "fill up" over the 1, 700 ft between the left-hand exit and
entrance ramps. This point is discussed in more detail later. Figure 1lc illustrates
the distribution of main line traffic at a point 3, 300 ft downstream of the Harlem Ave.
left-hand entrance. At this point, approximately halfway between the Harlem Ave.
and Austin Blvd. interchanges, the volume distribution appears to have stabilized,
with the left and center lanes carrying approximately the same proportions of traffic
at all flow levels.

As might be expected, a single isolated low-volume left-hand entrance ramp had
considerably less effect than an internal diamond interchange on the mainline volume
distribution. In the case of such an isolated ramp, the volume distributions in the
vicinity of the entrance ramp differed very little from the distributions determined on
an "average' four-lane section of freeway (average distributions computed from data
collected on the Eisenhower Expressway in Chicago), though there was again a ten-
dency for the left-hand lane to carry a slightly lower volume than ''normal" on the ap-
pr?ach to the on-ramp and a higher volume at the end of the acceleration lane (Fig.
12).

Speed Studies

Observations of average-minute-lane-speeds (average of the individual speeds of a
series of vehicles passing a given point in a given lane of a freeway within 1 min) ad-
jacent to the Harlem Ave. left-hand and First Ave. right-hand entrance ramps were
classified according to the following general conditions of flow:

1. Off-peak—three-lane density < 35 vpm/lane (free flow);

2. Peak uncongested—three-lane density between 35 and 60 vpm/lane (no complete
stoppages); and

3.) Peak congested—three-lane density > 60 vpm/lane (regular stoppages in all
lanes).

For each of these flow conditions, cumulative distributions of average-minute-~lane-

delerminea 10xr ue speeas ol entering venlieles, measurea 1 Ulls cdse OVer d ovu-iL
trap length located on the ramp proper immediately upstream of the ramp nose.

These ramp speeds are also plotted on Figure 13. The distributions of peak-con-
gested and peak-uncongested ramp speeds were not significantly different at the Har-
lem Ave. left-hand entrance ramp, and no peak congested flow condition was observed
at the First Ave. right-hand entrance ramp; consequently, no rurves are plotted in
Figure 13 for the Harlem Ave. ramp peak congested or the First Ave. peak congested
conditions.

Ofi-Peak Speeds. —During off-peak periods, the distribution of average-minute-
speeds in the left lane adjacent to the left-hand on-ramp was significantly lower (at the
5 percent level of significance) and that of right-lane speeds was significantly higher
(at the 5 percent level of significance) than in the comparable lanes adjacent to the
right-hand entrance. There was no significant difference. however, in the distributions
of the center-lane speeds.

The average speeds of ramp vehicles approaching the nose of the left-hand entrance
were about 4 to 6 mph higher than the equivalent speeds measured at the right-hand
ramp. This difference was significant at the 10 percent level. The average specd of
entering trucks was approximately 4 mph lower than that of entering automobiles at
the left-hand ramp, and 3 mph lower at the right-hand ramp. These differences were
not statistically significant.

Comparison of the average speed differentials between entering vehicles and ve-
hicles traveling in the adjacent through lane at each ramp indicated that this differential
varied from 8 to 15 mph at the left-hand ramp to 6 to 12 mph at the right-hand ramp.
The distributions of average speed differentials at the two locations were not, however,
significantly different at the 10 percent level. There was a tendency at both locations
for entering speeds to be slightly lower during periods of very heavy flow.
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Figure 13. Distributions of average-minute-lane~speeds and average-minute-ramp-speeds

at Harlem Ave. EB left-hand entrance ramp and First Ave. WB right-hand entrance ramp,
Eisenhower Expressway, Chicago.

The average speeds in the vicinity of the Diversey Ave. left-hand entrance ramp (not
illustrated in Figure 13) followed the same general pattern, with ramp vehicle speeds
very slightly lower and truck speeds about 5 mph lower than automobile speeds in the
main through lanes.

Peak Uncongested Speeds. —The average peak uncongested speeds in all three lanes
adjacent to the left-hand entrance ramp were significantly higher (at the 5 percent
level of significance) than the comparable speeds adjacent to the right-hand ramp over
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the whole volume range studied. Similarly, the average speeds of entering vehicles
were significantly higher at all volume levels (again at the 5 percent level) at the left-
hand than at the right-hand on-ramp. There was again no significant difference between
the speeds of entering trucks and entering automobiles.

As the total volume increased adjacent to the left-hand entrance ramp, the average
speed of through traffic in the left lane dropped below that for the center lane. The
left-lane speed again remained consistently higher, however, than the right-lane speed.

Peak Congested Speeds. —During the peak congested period, there was a considerable
backup of traffic irom downstream of the Harlem Ave. interchange. This backup
greatly reduced average speeds in all lanes near the left-hand entrance ramps. How-
ever, the mean speed in the left lane during that period was somewhat lower than that
in the center lane. Congestion caused by high-density merging maneuvers at the left-
hand entrance undoubtedly contributed to the lowering of left-lane speeds.

Headways and Gap Availability

Figure 14 summarizes the relative availability of time gaps in the adjacent lane at
the nose of the Harlem Ave. EB left-hand entrance ramp and the First Ave. WB right-
hand entrance ramp on the Eisenhower Expressway. The time-gap distributions are
presented in terms of the percentage of time expended in gaps greater than or equal to
a given value. They refer only to gaps in the lane adjacent to the acceleration lane at
each ramp (i.e., in the extreme left lane at Harlem Ave. and in the extreme right
lane at First Ave.). Distinction is again drawn between the distributions obtained at
four different levels of mainstream volume (< 40, < 54, 55-84, = 85 vpm). A total of
2,067 and 1, 810 gaps were observed at the left- and right-hand ramps, respectively.

Before discussing the results of this study, it should be noted that the analysis in
its present form is somewhat limited in scope. At each study location, observations
were restricted solely to the ramp nose. No attempt was made to study the variation
in the size of individual time gaps over the length of the acceleration lanes. Similar-
ly, all observations were made during periods of free flow on the expressway. No
analyses were made of gap availability during periods of high-density forced flow,

'd.l)llll,y dl uUlg gliurdalle ralp nuse,

With these qualifications accepted, the following statements may be made concern-
ing the distribution of time headways and the availability of time gaps in the lanes ad-
jacent to the two ramps studied:

1. The modal time-gap size (at all volume levels) in the left lane adjacent to the
Harlem Ave. left-hand entrance ramp was 1 to 2 sec. This mode became more exag-
gerated as the total three-lane volume increased. The total amount of time expended
in such gaps, however, was very small, less than 5 percent of the total study time at
all volume levels. By comparison, the modal value for time gaps in the adjacent
right lane at the First Ave. right-hand entrance ramp varied from 3 to 4 sec at low
total volumes to 1 to 2 sec at high volumes. Again, the total amount of time expended
in such gaps was very small. ‘

2. At all except high total volume levels, there was a significant difference (at the
5 percent level) between the total amount of time expended in time gaps less than t in
the adjacent lanes at the two locations. During periods of very low flow (< 40 vpm), a
significantly larger proportion of time was expended in gaps of less than 5 sec in the
lane adjacent to the left-hand entrance ramp than in the comparable lane at the right-
hand entrance ramp. During periods of low (< 54 vpm) and medium (55-84 vpm) total
flow, however, the position was reversed and a significantly higher proportion of time
was expended in time gaps of less than 5 sec at the right-hand entrance ramp than at
the left-hand entrance ramp (Fig. 14). If a value of approximately 5 sec is assumed
for the minimum acceptable gap size at each location, the results indicate that the
probability of an entering driver encountering an acceptable gap was higher at the
right-hand ramp during periods of low and medium flow and at the left-hand ramp
during periods of very low flow. At high total flows (> 84 vpm), there was no significant
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Figure 14, Time-gap distributions din adjacent lane at Harlem Ave. EB left-hand en-
trance ramp and First Ave. WB right-hand entrance ramp, Eisenhower Expressway, Chicago.

difference between the time-expended distributions at the two locations (Fig. 14).
During this flow condition, therefore, the probability of an entering driver finding an
acceptable gap was approximately the same at each location.

3. At the right- and left-hand ramps studied, the proportion of acceptable gaps
(i.e., gaps =5 sec in the adjacent lane) decreased with increase in total three-lane
volume.

Lane Changing

The intensity of lane changing in the vicinity of the left- and right-hand entrance
ramps studied is summarized in Table 2. On the basis of these data it would appear
that:

1. Immediately upstream of the nose of the entrance ramps, the intensity of lane
changing (measured in terms of the total number of lane changes between all lanes
per 1,000 ft/min) was 1.6 times higher approaching the left-hand entrance ramp than
on the approach to the right-hand entrance ramp. Values of the ratio:

Avg. No. lane changes per 1,000 ft/min upstream of left-hand entrance
Avg. No. lane changes per 1,000 ft/min upstream of right-hand entrance

for different interlane movements were as follows:
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TABLE 2

LANE CHANGES IN VICINITY OF HARLEM AVE. EB LEFT-HAND ENTRANCE RAMP AND FIRST
AVE. WB RIGHT-HAND ENTRANCE RAMP, EISENHOWER EXPRESSWAY, CHICAGO, AS
FUNCTION OF RAMP AND MAINSTREAM MINUTE VOLUME LEVELS

Lane Changes (No. /1,000 ft/min)

Ramp Ramp

Type Vol. & Low Fwy. VOl.b Med. Fwy. Vol_b High Fwy. VOl.b

L-C C-R R-C C-L L-C C-R RC C(C-L L-C C-R R-C C-L

(a) Within 1,000-ft section of freeway immediately upstream

RH T 1.10 0.59 0.98 0.82 0.65 0.42 0.91 0.85 0.47 0.41 0.62 0.76
LH 1.37 1,20 0.96 1,13 1.70 1.48 0.75 0.86 1.35 1.28 0.68 0.39
lﬁg Medium 0.91 0.68 1.21 0.97 0.62 0.39 0.99 0.48 0.69 0.67 0.76 0.88

1.43 1.38 1.19 0.93 1,76 1.66 1.22 1.33 1.44 1,33 1,03 1,33
RH Hieh 0.82 0.41 1,15 0.81 0.65 0.51 1.04 0.51 0.52 0.46 0.83 0.61
LH g 1.38 0.83% 1,11 0.55 1.55 0.83 0.42 0.37 1.27 0.61 0.42 0.37

(b) Adjacent to acceleration lanes

RH Low 1.00 0.8 1,16 1.05 0.82 0.73 0.99 0.91 0.68 0.67 0.79 0.71
LH 3.00 1.16 0.79 1,04 1.43 1.30 1,56 1.17 1.29 0.92 0.68 1,01
RH Mo 0.7 0.90 1.27 0.98 1,01 1,12 2,13 1.07 O0.71 0.89 1.21 0.90
LH 3.78 1.21 0.68 1,53 2,91 2.89 1,14 0.8 1.29 0.81 0.62 0.73
RH Hish 0.69 0.91 1.72 1,21 0.63 1,15 2,78 1.42 0.61 1.07 2.30 1.14
LH g 5.91 1.21 0.45 0.76 4.80 114 0,45 1.60 3.75 0.52 0.38 1,35

a -
bl,ow, <5 vpm; medium, 6-15 vpm; and high, 216 vpm.
Low, <54 vpm; medium, 55-84 vpm; and high, 285 vpm.

¥rom center to right lane = 2, 3/1,

From right to center lane = 0.8/1, and

From center to left lane = 1.2/1,
for an overall average ol 1.6/1.

2. The predominate lane-changing movement upstream of the left-hand entrance
was to the right (i.e., from the left lane to the center lane and from the center lane to
the right lane) at all volume levels. Upstream of the right-hand ramp, there was a
more even amount of lane changing between all lanes, though again there was a slight
predominance of movements away from the ramp. At both locations, the intensity of
lane changing first increased and then decreased with continuing increases in freeway
flow. Individual maneuver lengths (not illustrated here) varied from 70 to 500 ft and
tended to be shorter at higher total flows.

3. There were 1.8 times as many lane changes per 1,000 ft/min adjacent to the
acceleration lane of the left-hand ramp as there were adjacent to the acceleration lane
of the right-hand ramp. Values of the ratio:

Avg. No. lane changes per 1,000 ft/min adjacent to left-hand ramp
Avg. No. lane changes per 1,000 ft/min adjacent to right-hand ramp

for different inlerlane movements in this case were:

From left to center lane = 4.3/1,
From center to right lane = 1.3/1,
From right to center lane = 0.6/1, and
From center to left lane =1.1/1,

for an overall average of 1.8/1. The predominate movements at both locations were
again away from thc cntrance ramps. Again the intensity of lane changing increased
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and then decreased with increase in freeway volume. Movements away from both
ramps increased directly as ramp volumes increased. During peak volumes, a sepa-
rate analysis indicated that there was a net lane changing over the length of the left-
hand ramp acceleration lane of 12, 8 lane changes per 100 ft/hr, compared with a net
figure of 2.3 lane changes per 100 ft/hr adjacent to the right-hand ramp. At lower
volumes these figures increased to 16.2 and 12. 3 lane changes per 100 ft/hr, re-
spectively. (These figures include movements between all mainstream lanes.)

4, Table 3 summarizes the intensity of lane changing within the 1, 700 ft of road-
way separating the left-hand exit and entrance ramps at the Harlem Ave. EB inter-
change. It is apparent that there was no tendency for time gaps created in the left-
lane traffic stream due to vehicles exiting at the left-hand exit ramp to fill up between
the nose of the exit ramp and the nose of the entrance ramp 1, 700 ft downstream.
This conclusion is based on a total sample of 4 hr of lane-changing data.

Hazardous Maneuvers

A qualitative analysis of the incidence of hazardous maneuvers was performed at
each of the ramps studied. For the purposes of the analysis a hazardous maneuver
is defined as a maneuver by an entering vehicle which caused the driver of a following
through vehicle to change his speed or direction violently. Although no attempt was
made to develop a precise quantitative definition of a hazardous maneuver, errors of
definition were kept to a minimum by insuring that the same individual performed all
of the analyses.

There was very little difference in the overall incidence of hazardous maneuvers
at the left- and right-hand ramps studied. No significant relationship could be de-
veloped between the incidence of hazardous maneuvers and traffic volume for the range
of daytime volumes studied. At the four left-hand ramps, an average of 18.7 haz-
ardous entries per 1,000 ramp vehicles were observed. At the two right-hand ramps,
the comparable average figure was 17.6/1,000 ramp vehicles.

At the four left-hand entrances, an average of three hazardous maneuvers per ramp
per hour were observed in which through vehicles made use of the acceleration lane
to pass other through vehicles. At the right-hand entrance ramps, only one such
maneuver was observed during a period of 8 hr. A relatively large percentage of the
hazardous direct entries (i.e., entering maneuvers in which the entering vehicle cut
directly across one or more lanes of traffic) observed at all of the left-hand entrance
ramps studied involved trucks. This was due primarily to a regulation requiring

trucks to use the two extreme right-hand
lanes on the freeway. No such tendency
was observed at the right-hand ramps.

TABLE 3
Zone of Entry Onto Through Lanes
LANE CHANGES WITHIN 1,700-FT SECTION
OF FREEWAY2 Figure 15 illustrates the variation of
- point of entry onto the main freeway lanes
Fwy. Vol.b Lane Change e i (the point at which a vehicle's front
: : Direction Changes (No./min) 1€ DOLNL 4t WHICH 3. VERLCIeAS 1oL NEal=
side wheel finally crosses from the accel-
Low L-IC{ g gg eration lane onto the adjacent through lane)
g:c 2 18 for the Harlem Ave. EB left-hand entrance
C-L 2. 11 ramp, the First Ave. WB right-hand en-
Medium L-C 3.20 trance ramp and the Sayre Ave. SB right-
C-R 2.42 hand entrance ramp. In each case, the
R-C 291 a5 ] i
c-1 9. 88 data are subdivided into conditions of peak
High L-C 2.96 and off-peak flow in the mainstream. Con-
C-R 2. ‘156 gested and uncongested observations were
EIE §'7g combined in the case of the peak flow con-
' dition.
®Between noses of Harlem Ave. EB left-hand exit and At the Harlem Ave. left-hand entrance
6 i i =
bi;‘wfa?;ﬁgﬁf’migixlj%’;‘jgﬁ’?;;fsﬁ;ﬁg’h‘;g;“;ggs ramp, the zones of entry were concentrated

vpm. mainly in the first 400 ft during off-peak
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and (c) First Ave., WB right-hand entrance ramp, Eisenhower Expressway.

periods and in the first 200 and last 350 ft during the peak periods. The equivalent
distributions at the First Ave. right-hand entrance ramp, which has a very short
acceleration lane, were more uniform for both volume conditions. The absence of an
adequate acceleration lane, however, encouraged a number of drivers to stop at the
nose of the ramp to wait for an acceptable gap, thereby creating an increased number
of early entries. The Sayre Ave. entrance ramp observations, for a right-hand ramp
provided with an 800-ft long acceleration lane, showed an even distribution of points
of entry at all volume levels.
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The results of the Harlem Ave. zone-of-entry studies, when considered in isolation,
indicate that the use of a long acceleration lane by no means guarantees satisfactory
operation of a left-hand entrance ramp. At high total volumes, a large number of
drivers were forced to the end of the acceleration lane without finding an acceptable
gap and were then brought to a complete halt. Obviously, such a procedure reduces
the efficiency of ramp operation. It should be noted, however, that the acceleration
lane was sufficiently long to prevent backups due to such stoppages from extending up
the ramp proper.

During off-peak periods, relatively few entering vehicles made full use of the extra
length of acceleration lane provided for their benefit, whereas a number of through
vehicles utilized the speed-change lane as a fourth through lane to pass other vehicles.
This latter practice clearly constitutes a hazardous maneuver that might be dealt with
by reducing the length of the acceleration lane. Such a proposition, however, is in
conflict with the conclusions of the preceding paragraph. A more satisfactory solution
might be to extend the ramp nose by some 200 ft beyond its present position.

SYSTEM STUDY—EISENHOWER EXPRESSWAY EB

Figure 16 illustrates a 2-mi section of the eastbound Eisenhower Expressway in
west suburban Chicago. This section of freeway contains two internal diamond inter-
changes, at Harlem Ave. and Austin Blvd., spaced about 7, 300 ft apart.

Traffic operations within this section of freeway were studied on four separate oc-
casions in the spring and summer of 1964, during the evening inbound peak period
(between 4:00 and 6:30 p. m.). The condition during this period was studied to avoid
congestion backing up into the study area from downstream, as occurred regularly in
the morning peak period.

Data were collected by means of coordinated time-lapse movie photography. Films
were taken simultaneously from each of eight locations illustrated in Figure 16. Each
series of films was synchronized by stopwatch timing supplemented by a series of
timed runs through the study section in a marked vehicle. All cameras were equipped
with synchronous electric motors connected to the main freeway lighting circuit, giv-
ing a constant film speed in each case of 60 ft/min. Shoulder markings 25 ft apart
were laid down at each study location to provide a distance scale for the analysis.
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t + t f i t t + + 1
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Figure 16. Eisenhower Expressway EB system study-map of study section showing eight
camera locations.
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Entrance Ramp Merge Rates and Development of
Congestion in Adjacent Freeway Section

At each camera location a speed/volume profile was prepared for each lane and
ramp, showing the variation of average-minute-volumes and average-minute-speeds
with time throughout the study period. Figure 17 reproduces a section of one of these
diagrams, covering a period of 40 min during which a shock wave was propagated in
the vicinity of the Ridgeland Ave. overpass and reflected back along the expressway
beyond Harlem Ave. Figures 18 and 19 illustrate the variation of speeds upstream of
the same ramp for two separate periods of 50 min during which high average merge
rates were sustained at the left-hand entrance ramp.

On the basis of these diagrams, it may be concluded that:

1. Extremely high merge rates (i.e., ramp volume plus through volume in left
lane) were maintained throughout the study period at the Harlem Ave. entrance ramp.
These rates ranged from a 2-hr average flow rate of 1,968 vph to an average 50-min
rate of 2,034 vph to sporadic peaks maintained for only a few minutes in excess of
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Figure 18, FEntrance ramp merge rates (uncongested condition) at nose of Harlem Ave.
left-hand entrance ramp, Eisenhower Expressway, Chicago: (a) minute merge volume pro-
files; and (b) minute speed profiles for left lane in vicinity of ramp.

2,200 vph. Average-minute-speeds in the left lane at a point 700 ft upstream of the
ramp nose varied from 10 to 58 mph and, in the same lane at a point immediately
downstream of the merge area, from 12 to 52 mph. At no time during the entire
study period did the sustained high merge rates result directly in a total breakdown
of flow upstream of the ramp. The 10-mph average speeds mentioned and shown in
Figures 17 and 19 resulted not from congestion backing up from the merge area, but
from a shock wave propagated at a point some 6,000 ft downstream of the ramp (see
paragraph 3).

2. For a period of over 50 min, an average merge rate in excess 1,700 vph was
maintained at the left-hand entrance ramp without average-minute-speeds in the left
lane upstream of the ramp ever falling below 45 mph (Fig. 18). During this period,
there was one 5-min merge rate of 1,920 vph and a series of intermittent 1-min merge
rates of over 2,000 vph. Throughout the 50 min, the average rate of flow in the left
lane approaching the ramp nose was 1,100 vph, with a minimum minute flow rate of
660 vph and a maximum minute flow rate of 1, 680 vph.

3. During a separate period of 50 min, an average merge rate of 2,034 vph was
observed at the Harlem Ave. entrance ramp (Fig. 17). This period included one
period of 10 min during which the average merge rate was 2,360 vph, and four sepa-
rate 5-min periods during which the average merge rate exceeded 2,000 vph. At no
time during the 50 min did the 5-min merge rate drop below 1, 872 vph. The average
left-lane flow rate approaching the ramp throughout the period was 1, 469 vph. During
this same period, average-minute-speeds in the left lane upstream of the entrance
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lefti-hand entrance ramp, Eisenhower Expressway, Chicago: (a) minute merge volume pro-

ramp dropped to a minimum value of 10 mph (Fig. 19). This maximum slowdown was
not, however, created solely by the queueing of freeway vchicles in the left lane up-
stream of the ramp, but was attributable in large part to the effects of a shock wave
reflected back into the vicinity of the ramp from a point f, 000 ft downstream (Fig. 17).

4, During the 50-min period of high sustained merge rates previously mentioned,

a condition of extreme forced flow or supersaturation was created in the left lane of
the freeway downstream from the entrance ramp. In this condition, the flow in the
left lane was extremely sensitive to even relatively minor disturbances. The shock
wave illustrated in Figure 17 was propagated in the vicinity of Ridgeland Ave. by a
series of abrupt lane changes in and out of the left lane which caused vehicles in that
lane to decelerate sharply. This shock wave was reflected back along the left lane of
the freeway and its effect was magnified by the sustained high merge rates at the Har-
lem Ave. entrance ramp, producing a 17-min period of congestion (average-minute-
left-lane-speed < 35 mph) adjacent to the ramp's acceleration lane and a 23-min con-
gested period immediately upstream of the ramp nose. The total cffcets of this shock
wave and the accompanying slowdowns caused by the sustained high merge rates at the
left-hand entrance were totally dissipated and average-minute-left-lane-speeds re-
turned to their original 45- to 50-mph level upstream of the ramp within a period of
25 min without the average 10-min merge rate ever falling below 1,900 vph.

5. Figures 18 and 19 illustrate a number of extremely high, but short-lived, merge
rates in excess of 2,000 vph. Almost without exception, such a merge rate, if sus-
tained for more than 1 min, resulted in a significant drop in the average left-lane speed
upstream of the ramp nose.
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6. Lane changing adjacent to the acceleration lane of the left-hand entrance ramp
has already been discussed. It should be noted here, however, that throughout the
study period an average net volume of approximately 125 to 150 vph moved out of the
left lane over the length of the merge area. This net lane changing reduced the maxi-
mum sustained 50-min merge rate of 2,034 vph to a left-lane flow downstream of the
ramp of 1,904 vph.

7. There was no indication (Fig. 17) that the Austin Blvd. left-hand exit ramp
caused any congestion in the adjacent freeway section.

8. The analyses previously described represent the initial stages of a more detailed
series of investigations which are currently in progress at Northwestern University.
These investigations include analyses of gap acceptance on both a static and dynamic,
basis, the study of maximal permissible merge rates and ramp capacity under all con-
ditions of flow, and an analysis of the entire 2-mi section of freeway considered as a
system.

Lane Distribution of Ramp Vehicles Upstream and Downstream
of Left-Hand Exit and Entrance Ramps

Using two of the four sets of films described, an analysis was made of the lane
distributions of ramp vehicles at varying distances upstream and downstream of the
pair of left-hand entrance and exit ramps. The films yielded approximately 2 hr of
data. The first hour encompassed primarily free-flow operations on the freeway, and
the second hour primarily forced-flow or near-capacity conditions.

Entrance ramp vehicles, entering from the Harlem Ave. EB left-hand entrance
ramp, were traced through the study section by means of a master chart on which were
recorded the classification, make, year, color and other distinguishing characteristics
of each ramp vehicle. From this chart, the number of entrance ramp vehicles traveling
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Figure 20. Distribution of entrance ramp vehicles by lane downstream of Harlem Ave.
EB left-hand entrance ramp, Eisenhower Expressway, Chicago.
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in each lane of the freeway was determined, on a minute-by-minute basis, at four dif-
ferent locations downstream of the entrance ramp nose (Fig. 20). Concurrent with
these observations, classified counts of minute-lane-volumes were also made at each
location. A similar analysis technique was adopted for vehicles exiting via the Austin
Blvd. EB left-hand exit ramp. The average proportion of commercial vehicles within
the section throughout the entire study period was 11 percent.

Figure 20 summarizes the results of the entrance ramp studies in general terms.
The curves represent the overall average lane distributions of entrance ramp vehicles
at varying distances downstream of the entrance ramp nose for the entire study period
(i.e., the curves connect the percentage lane distributions computed at each study lo-
cation on the basis, not of the average of a series of successive minute observations,
but of a single aggregate observation period of approximately 2 hr). The extreme
variability of the individual minute observations is indicated in Table 4. Because of
this variability, it was considered more meaningful to plot a single aggregate curve
for the entire study period than an average minute observation curve.

Despite the acknowledged variability of the data, it is clear from Figure 20 that the
proportion of ramp vehicles remaining in the left-lane downstream of the entrance
ramp fell off rapidly as the distance from the ramp nose increased. It also appears
(Table 4) that the frequency distributions of the sets of minute observations became
more uniform as distance from the ramp nose increased.

In an effort to develop an understanding of the variables influencing the behavior of
entrance ramp vehicles, their lane distribution at varying distances from the ramp
nose was analyzed as a function of total mainstream volume. In this connection, it is
interesting to note that the mere separation of the second hour of data (mainstream
flow rate of 5,050 vph at Oak Park, 60 min of observations) from the first hour (main-
stream flow rate of 3, 607 vph, 57 min of observations) revealed notable differences
in lane distribution percentages.

Total three-lane volume was broken down again intothe general categories of high
(> 84 vpm), medium (55-84 vpm), and low (< 55 vpm) flow rates. Figure 21 illustrates
the variation in the average proportion of entrance ramp vehicles remaining in the
left lane, at varving distances downstream of the ramn nose. for each different level
in torm to those illustrated for the left lane. The curves for the right lane (also not
illustrated) indicate virtually no variation with total volume level.

In Figure 21, the curves for high and medium total volume levels almost coincide,
both tending towards an asymptotic value of approximately 50 percent at a distance of
6, 100 ft downstream of the ramp nose. The low-volume curve indicates a more rapid
transition to thio noymptotc, at a point in this case some 2, 200 ft downstream of the
ramp nose. The subsequent increase in the proportion of ramp vehicles traveling in
the left lane is simply a reflection of normal weaving and lane-changing maneuvers on
a six-lane freeway. Throughout the study period, less than 5 percent of the traffic
entering the freeway via the Harlem Ave. left-hand entrance ramp was destined for
the Austin Blvd. left-hand exit ramp. All of this traffic remained in the left lane
throughout the study section.

LANE DISTRIBUTION OF LEFT-HAND ENTRANCE RAMP VEHICLES2

aneb c
Dist. Downgiveam  Saniple # Veh in Lane Std. Dev. ¢ (%) RangeC (%)

Location of Ramp Nose (fit) Size (min)

Left Center Right Left Center Right Left Center Right

Home Ave. 600 117 86 12 2 13 12 4 33-100 0-67 0-17
Oak Park Ave, 1,800 118 62 28 10 20 20 12 0-100 0-100 0-67
Ridgeland Ave. 4,700 112 54 30 16 18 16 12 20-100 0-80 0-50
Lombard Ave. 5,900 102 52 31 17 18 16 12 0-100 0-80 0-50
“M selected pointt downatretim of Harlem Ave, EB left-hand entrance ramp, Eisenhower Expressway.

BMean of minute sample observations,
Cof minute cbservatlon percenluges.
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downstream of Harlem Ave, EB left-hand entrance ramp, Eisenhower Expressway, Chicago,
as function of total volume.

An analysis of the effects of ramp volume and mainstream volume level on the be-
havior of entering vehicles yielded only inconclusive results. There was a general
tendency for the proportion of vehicles remaining in the left lane to increase at all
points within the study section with increase in total volume. The behavior of ramp
vehicles under conditions of forced flow in the mainstream also appeared to differ con-
siderably from their behavior under conditions of free flow. The scatter of points
was too wide, however, and the sample of data too small to permit any detailed con-
clusions to be drawn.

The results of the companion exit ramp studies are summarized in Table 5 and
Figure 22. Figure 22 also indicates the location of directional signs at distances
%, 1 and 2 miles upstream of the exit ramp nose. All of these signs emphasized the
fact that the approaching ramp was located on the left rather than the right side of the
traveled way.

TABLE 5
LANE DISTRIBUTION OF LEFT-HAND EXIT RAMP VEHICLES?2
i b c c
) Dist, Upstream gasople € Veh in Lane Std. Dev. ¢ (%) Range® (%)
Lgeation of Ramp Nose (ft)  Size (min)
P Left Center Right Left Center Right Left Center Right
Harlem Ave. 7,300 104 T4 21 8 20 18 11 0-100 0-67 0-50
Home Ave. 5,900 105 81 16 3 19 18 9 0-100 0-100 0-50
Oak Park Ave. 4,700 108 91 8 1 14 12 7 33-100 0-50 0-50
Ridgeland Ave. 1, 800 105 97 2 1 11 9 6 50-100 0-50 0-50

%5t selected pointa upstream of Austin Blvd, EB left-hand exit ramp, Eisenhower Expressway.
Mean of minute sample observations.
€0f minute observation percentages.
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left-hand exit ramp, Eisenhower Expressway, Chicago.

As in the case of the entrance ramp data, the distributions were again highly dis-
persed, due largely to the effects of a number of extremely low minute ramp volume
observations. In this case, however, the arrival pattern of ramp vehicles at the exit
ramp nose was relatively uniform over the entire hour. Minute volumes were low
merely because the overall demand for the ramp was low.

Whereas the entrance ramp relationships tended to stable asymptotes within the
study section, the exit ramip curves failed to do so. Undoubtedly, a substantial move-
ment of exit ramp vehicles into the left lane occurred upstream of the study section,
between the Harlem Ave. camera location and the first directional sign located approxi-
mately 1 mi farther upstream. The curves indicate clearly that drivers wishing to
use the left-hand exit tended to move into the left lane far in advance of the ramp nose,
perhaps as a result of the directional signing or perhaps for fear of missing the ramp
coiupletely. Over 70 percent of all exiting vehicles were positioned in the left lane of
the freeway at a point 7, 250 ft upstream of the left-hand exit ramp. Total freeway
volume had no apparent effect on the lateral placement of exit ramp vehicles at any
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point in the section. These resulls all tend to confirm those of a previous more

limited study (1).
ACCIDENT STUDIES

A number of previous studies (2, 3, 4, 5) have indicated that the average accident
rate at left-hand ramps is generally higher, and frequently more severe, than that
observed at comparable right-hand terminals. None of these studies, however, was
based on more than a very limited sample of study locations, and none of them included
any detailed statistical comparison of the two design types.
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The final section of this paper describes a series of comparative accident studies,
conducted over a 2-yr period at 75 entrance and exit ramps (20 left-hand and 55 right-
hand ramps) on urban expressways in the Chicago area. The studies include analyses
of the simple frequency of occurrence of ramp accidents at left- and right-hand ramps,
of the characteristics of these accidents, of the factors contributing to them and of the
effect of different ramp configurations on the pattern of mainstream accidents.

Selection and Description of Study Locations and Sources of Data

A total of 20 left-hand (16 entrances and 4 exits) and 55 right-hand ramps (26 en-
trances and 29 exits) were selected for study (Fig. 23). To reduce errors resulting
from differential levels of accident reporting, the selection of study locations was re-
stricted to three intensively patrolled urban freeways in the Chicago area.

Of the 20 left-hand ramps selected for study, eight (four exits and four entrances)
were elements of two internal diamond interchanges, located 1% mi apart on a six-
lane section of the Eisenhower Expressway in west suburban Chicago. Another iso-
lated left-hand entrance ramp was located on the eight-lane section of the Kennedy Ex-~
pressway, some 8 mi northwest of the Loop. This was the only left-hand entrance
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Figure 23. Accident analyses—study locations.
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studied whose approach to the freeway was located on an upgrade. The remaining 11
left-hand ramps (all entrance ramps) composed part of a compact downtown distributor
system leading from the Kennedy Expressway immediately to the west of the Loop.
These 11 entrance ramps, together with a parallel set of 11 right-hand exits, provide
the main distributory system linking the expressway with the downtown street network.
The entire system occupies slightly less than 0.8 mi of expressway.

The general design and volume characteristics of the 20 left-hand ramps differed
considerably. The two internal diamond interchanges and the single isolated left-hand
entrance ramp were all designed to high standards (Table 1). The minimum accelera-
tion lane length was 800 ft and minimum deceleration length 450 ft. Ramp grades were
approximately +3 percent and ramp widths 16 to 18 ft. Adequate directional signing
was provided at all locations. The 11 downtown left-hand entrance ramps, in con-
trast, were substandard in design. They were provided with very short acceleration
lanes (350 ft), had extremely poor sight lines and, as already mentioned, were "nested"
together into a compact ramp system that paralleled a similar compact sequence of
right-hand exits. All of the 11 ramps were single-lane designs with grades of -3 per-
cent. Average weekday daily traffic (AWDT) volumes at the various locations varied
from 1, 200 to 10, 700 veh on the entrance ramps, and from 4,300 to 10, 700 veh on the
exit ramps. The adjacent freeway sections carried between 48, 500 and 54, 800 AWDT
(three-lane sections) and between 63, 600 and 91, 600 AWDT (four-lane sections).

In selecting the sample of right-hand ramps for comparison, it was not possible to
choose locations which reproduced exactly the characteristics of the left-hand ramps
described. Instead, a sample of right-hand ramps was selected that encompassed, as
far as possible, the entire range of volume and design characteristics to be found at
the left-hand ramps.

As in the case of the left-hand ramps, the sample of right-hand locations ranged
from high standard designs with 1, 000-ft speed-change lanes to substandard facilities
spaced very closely together. Of the 26 entrance ramps studied, nine had parallel ac-
celeration lanes, eight had direct taper designs and nine had acceleration lanes which
were continuous with the deceleration lane of an adjacent off-ramp. Of the 29 exit

and from 300 to 850 ft for deceleration lanes. Ramp gradients varied from +3 to -3
percent (all but one of the entrance ramps were either level or on a downgrade and all
but two of the exit ramps were on an upgrade). Ramp widths varied from 14 to 18 {t;
all the ramps studied were again single-lane designs. Approximately 50 percent of
both entrance and exit ramps were located on eight-lane sections of freeway, and 50
percent on six-lane sections. All but three of the 55 ramps were elements of diamond
interchanges. Traffic volumes again varied considerably: from 1, 300 to 12,000 AWDT
on the entrance ramps, from 1, 100 to 13,800 AWDT on the exit ramps, and from

53, 600 to 60, 900 (three-lane) and 54, 800 to 84, 400 (four-lane) on the adjacent free-
way sections.

Data for the accident analyses were obtained from copies of original police accident
reports, filed by the City of Chicago Police Department and the Illinois State Highway
Patrol for the Z-yr period from January i962 to December 1963, Furiher general data
were obtained from a series of punched card summaries of individual freeway acci-
dents, prepared for Illinois by the Chicago Area Transportation Study. Twenty-four-
hour volume data for 1961 and 1963 were provided for each location by the Iilinois
Division of Highways. These data were corrected to yield average, 24-hr weekday
volume figures for 1962 and 1963 for each ramp and for each adjacent freeway section.
Approximate annual volumes were then computed by multiplying these 24-hr figures
by 340 to allow for weekends and holidays (7).

Analysis Techniques

The annual number of accidents occurring both on the ramp itself and also within
the Y4-mi section of freeway immediately upstream of and adjacent to the ramp's
speed-change lane were computed separately for each study location for 1962 and



267

1963. These computations yielded a total of 32 "ramp-years' of data for the left-hand
entrance ramps and 8 "ramp-years" for left-hand exit ramps. Ramp accidents were
defined for the purposes of this study as all those accidents which occurred either on
the ramp itself, on the speed-change lane, or that involved vehicles in the act of either
entering or leaving a speed-change lane. They were further subclassified according
to whether they occurred at the upper or lower terminal of the ramp or on the body of
the ramp proper.

A final series of analyses were made to determine the annual number of accidents
occurring within each of the eight "sections' of freeway defined in Figure 23.

Each set of data was broken down according to the severity of the individual acci-
dents, the type of collisions, and the class and number of vehicles involved. Data on
the major factors which contributed to the cause of each accident (such as lane chang-
ing, failure to yield right-of-way, and speed) were unfortunately not reported in suffi-
cient detail to warrant any form of rigorous analysis.

Annual ramp and freeway accident rates were computed for each location, using six
different "exposure indices'" as denominators:

Avg. annual ramp volume
Avg. annual freeway volume’

Exposure index 1 =

Avg. annual ramp volume .

Exposire tndes: 2= Avg. annual lane volume on freeway’

Avg. annual ramp volume |,

Exposure index 3 = Avg. annual merge volume’

Avg. annual ramp volume x avg. annual freeway volume,

Exposure index 4 =

No. of freeway lanes :
Exposure index 5 = Avg. annual freeway volume 1 : and
No. of freeway lanes freeway volume

Peak hour ramp volume

Epusnre fndex 6 = Avg. peak hour lane volume on [reeway

None of these relatively complicated exposure indices were any more significantly re-
lated to accident occurrence than were simple stratified combinations of average daily
ramp volume and average daily freeway volume. For this reason, the following simple
volume classification system was adopted for the purposes of statistical analysis:

Freeway Volume—Low, 45,000 AWDT; medium, 45,000-70,000 AWDT; and high,
70,000 AWDT.

Ramp Volume—Low, 4,000 AWDT; medium, 4,000-8,000 AWDT; and high, 8, 000
AWDT.

Detailed ramp accident rates were not computed for the 11 left-hand entrance ramps
on Kennedy Expressway for 1962 because of the considerable fluctuations which oc-
curred during that period in individual ramp volumes.

A number of serious problems arose in the analysis of the accident data because of
inaccuracies or incompleteness in the original accident reports. Of these, by far the
most serious was that of accurately locating the point of occurrence of an accident on
the freeway. Very few of the original reports specified locations to an accuracy of
more than half a block length (i.e., approximately 100 to 125 yd) and most were con-
siderably less accurate. It was possible, however, to determine from the information
in the original accident report whether a ramp accident occurred at the upper or lower
terminal of the ramp or on the body of the ramp itself. In the case of freeway acci-
dents, such a procedure was not feasible and, therefore, the analysis was restricted
to a general study of the number and general characteristics of all accidents occurring
over an approximate two-block length (i.e., approximately ¥ mi) upstream of each
ramp.
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Detailed Ramp Accident Studies. —Average corrected annual ramp accident rates
for the left-hand and right-hand ramps studied are given in Table 6, classified accord-
ing to the three levels of ramp and freeway volume defined previously:

Corrected annual ramp accident rate = Annual No. ramp accidents per
millions of ramp vehicles per year

In every case (for both entrance and exit ramps) the average corrected accident rate
at the left-hand ramps exceeded that at the right-hand ramps carrying equivalent traf-
fic volumes. Averaged over all volume levels, the respective rates were 1. 55 for
left-hand vs 0.97 for right-hand entrance ramps (60 percent higher) and 1. 52 vs 0. 80
for left-hand and right-hand exits (90 percent higher). For each ramp volume/freeway
volume combination for which data on both left- and right-hand ramps were available,
a student's "t" test was run to determine whether .any significant difference in average
corrected accident rates existed between left- and right-hand designs. Table 6 sum-
marizes the results of these statistical tests.

Of the 17 combinations for which comparisons were possible, seven showed dif -
ferences that were significant at the 20 percent level or higher (five significant at the
10 percent level and three at the 5 percent level). The remaining ten combinations
showed no significant difference in average accident rates, although, as previously
noted, the rates at the left-hand ramps were consistently higher than those at the com-
parable right-hand ramps. It is also interesting to note that entrance-ramp accident
rates, though by no means consistently higher, tended to be slightly greater than com-
parable exit-ramp accident rates. This latter statement applies equally to both left-
and right-hand ramps. The incompleteness of the matrix in Table 6 precluded the
performance of any more rigorous statistical tests.

Figure 24 illustrates some of the major characteristics of ramp accidents observed
at the sample of right- and left-hand ramps. In terms of accident severity, it would
appear that apart from a slightly higher proportion of personal injury accidents at
left-hand exits, there was v1rtua11y no dlfference between the left- and rlght hand en-
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was an increased proportion of sideswipe accidents (39 percent vs 18 percent for en-
trance ramps, 24 percent vs 11 percent for exit ramps). Only in the case of the en-
trance ramps, however, was this difference statistically significant (at the 10 percent

TABLE 6
AVERAGE ANNUAL RAMP ACCIDENT RATES PER MILLION RAMP VEHICLES FOR RIGHT- AND LEFT-HAND ENTRANCE AND EXIT RAMPS

Accident Rate

Ramp Vol. Accident < 45,000 AWDT 45,000-70, 000 AWDT >170,000 AWDT All Volumes
(AWDT) Data
On-Ramps Off-Ramps On-Ramps Off-Ramps On-Ramps Off-Ramps On-Ramps Olf-Ramps
Left Right Left Right Left Right LefL nghl Left  Right Left Right Left Right Left Right
~4, 500 Accudent — U, 04 - v 1,82 L.11 - 1,42 2,13 1,09 - u 1.85 1,05 - 0.94
rate
sample, 0 4 0 4 3 14 0 17 6 4 0 1 9 22 0 22
RH vs LH No sig. diff. Diff. sig. at No sig. diff.
20% level
4,000-R, 00N Accident - - - 0.60 2.32 0.60 0.97 0.71 0.03 0.86 0.60 1.43  0.77 0.07 0.64
rate
sample, 0 0 0 5 3 12 4 10 5 8 o 7 8 18 4 22
RH vs LH Diff. sig. at No sig. dilf. No sig. diff. Difi, sig. at No sig. diff.
5% level 10% level
>8,000 Accident 1.34 1.19 2,17 0.85 - 1.15 - 1.04 1.34 1.17 2.17 0.32
rate
sample, 0 0 0 0 4 B 4 9 0 4 0 5 4 12 4 14
RH vs LH No sig. diff. Diff, slg. at No sig. diff. Diff. sig. at
5% level 6% levol
AlL Accident — 0,84 - 0.33 1.60 0,97 1.52  1.00 1.69 1.01 - 0.72 1.55 0,97 1.52 0,80
Volumes rate
sample, 0 4 0 9 10 34 8 36 11 14 0 13 21 52 8 58
RH vs LH Diff. sig. at No sig. difif. No sig. diff. Diff. sig. at No sig. diff.

10% level 20% level
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Figure 24. Characteristics of accidents at left- and right-hand ramps in Chicago area.

Fixed Object Accidents

Others and Undefined

level). At all ramps, the major proportion of ramp accidents involved car-car colli-
sions, with a slightly higher proportion of truck accidents at left-hand exit ramps and

a higher percent of fixed object accidents at all exit ramps. Neither of these differences
was significant at the 10 percent level.

A comparison of the factors contributing to the occurrence of accidents yielded a
wide dispersion of results. At all ramps, whether left- or right-hand, it would appear
that such features as acceleration or deceleration lane length, ramp width, ramp grade,
ramp and freeway alignment and sight distance had a considerable effect on the occur-
rence of accidents. In no case, however, could a significant relationship be developed
between any one of these variables and accident rate. A simple multiple correlation
analysis indicated that, apart from volume, no one individual characteristic had a
predominant effect on accident rate, and even the influence of volume was apparently
subordinate to the combined effects of the other characteristics. No significant rela-
tionships could be developed between accident rate and either freeway or ramp volume
level. It should be borne in mind, however, that the sample of ramps studied was
somewhat small for this type of analysis and that this fact may account partially for the
lack of significant results.

Studies of Mainstream Accidents Upstream of Left- and Right-Hand Entrance and
Exit Ramps. —studies also were made of the mainstream accidents occurring in the Ya-
mi section of freeway 1mmed1ate1y upstream of each entrance and exit ramp. In the
case of entrance ramps, the Ys-mi section was measured from the end of the accelera-
tion lane, and in the case of exit ramps from the ramp gore. As in the case of the ramp
accident analyses, there was again no significant relationship between ramp volume,
freeway volume or merge volume and accident rate. A similar series of statistical
tests to those carried out on the ramp accident data indicated that for all combinations
of ramp and freeway volume, there was no significant difference between the average
corrected upstream accident rates at right- and left-hand terminals. There were,
however, slight increases in the average severity, frequency of sideswipes and number
of weaving accidents upstream of left-hand entrances and exits, as compared to right-
hand entrances and exits. None of these differences was statistically significant at the
20 percent level.

In most cases it was apparent that a high upstream accident rate was dependent not
as much on the type of ramp as on the alignment and profile of the through lanes. At
the Austin Blvd. WB ramps, for example, the width of the freeway drops from four
lanes to three, the decrease effected by the termination of the right-hand lane exactly
opposite the Austin Blvd. left-hand exit. This decrease in freeway width has a far
greater effect on the upstream accident rate than does the presence of the left-hand exit.
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TABLE 17

SECTIONAL STUDIES—ANNUAL ACCIDENTS/MVM FOR FREEWAY
SECTIONS CONTAINING DIFFERENT COMBINATIONS OF RIGHT-
AND LEFT-HAND RAMPS

Ann. Acc./MVM
Section LI:?“;S L(?:;Aig)ﬂl No. Ramps Ra;\naf s/ _
1962 1963
A, Eisenhower Expressway 6 1.0 2LHon, 2LH 4.0 2.11 2.20
off, all direct  (100% left)
ramps.
B, Kennedy Expressway, 8 0.9 11 LH on, 11 24.6 5.82 6.98
400 5-299 N RH off, all di-  (50% left)
rect ramps.
C, Eisenhower Expressway, 8 1.0 5 RHon, 4 RH 9.0 3.51 4,84
1100 W-1949 W off, all direct  (all right)
ramps.
D, Kennedy Expressway, 6 2.2 TRHon, TRH 6.4 1.76 1.68
5100 N-7500 W off, direct; 1 (all right)
RHon, 2 RH
off, loops.
E, Eisenhower Expressway, 6 2.1 TRHon, 7RH 8.1 4.10 3.21
8200 W-9899 W off, direct; 1 (all right)
RHon, 2 RH
off, loops.
F, Eisenhower Expressway, 8 2.9 8 RH on, 8 RH 5.5 2,70 2.15
2700 W-5099 W off, all direct (all right)
ramps.
G, Edens Expressway, 6400 6 3.2 2 full clover 5.0 1.70 2.39
N-8999 N leaves. (all right)
H, Kennedy Expressway, 6 1.4 1RHon, 1 RH 7.1 0.89 1.32
7500 W-9000 W off, direct; 1 (all right)

full clover leaf,

Sectional Accident Studies. —A series of eight sections of freeway, varying in length
from 0,8 to 3.0 mi, were chosen (Fig. 17) on the Edens, Kennedy and Eisenhower
Expressways, containing different combinations of left- and right-hand entrance and
exit ramps. For each section, the total number of accidents occurring during 1962
and 1963 were computed and these totals then converted into annual accident rates per
million vehicle miles (MVM). Table 7 summarizes the results of these studies; Fig-
ure 25 illustrates the monthly variation in accident rates for each of the sections be-
tween January and December 1963. From these analyses, it is apparent that the dis-
tribution of monthly accident rates along section A, containing the Harlem Ave. inter-
nal diamond interchange on the Eisenhower Expressway (but excluding the Austin Blvd.
interchange where the width of the adjacent freeway section changes from four to three
lanes), did not differ significantly from the average rates observed along sections D,
E, F, Gand H, all of which contained various combinations of right-hand ramps.

Section B, the downtown section of Kennedy Expressway containing the complex
distributor system of left-hand entrances and right-hand exits, had a significantly
higher distribution of accident rates than any of the other seven sections studied. How-
ever, the accident ratc for section B is by no means attributable solely to the presence
of the left-hand entrance ramps. The section carries consistently heavy volumes of
traffic with substantial weaving and lane-changing movements and is also subjected to
congestion backing up from downstream locations in both directions of travel.

The correction of the data, illustrated in Figure 21, to allow for variations in
average ramp spacing within the eight sections studied resulted in a much more com-
pact set of monthly accident distributions. In particular, the average monthly accident
rate for section B dropped from 6. 98 to 0,32 acc./MVM/ramp. Similar, but less
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Figure 25. Monthly variations in sectional accident rates.

pronounced reductions occurred for the other seven sections. A comparison of the
resultant distributions of monthly accident rates per MVM per ramp indicated that
none of these corrected distributions differed significantly at the 10 percent level.

CONCLUSIONS

On the basis of the studies described in this paper, the following conclusions may be
drawn concerning the operation of left-hand ramps located on six-lane tangent sections
of depressed urban freeway situated in level terrain in the Chicago area. The ramps
studied carried average AWDT volumes of 1,300 to 10, 700 veh. %;.)0 percent trucks)
and the; adjacent freeway sections AWDT volumes of 100, 000 to 120,000 veh. (9 percent
trucks).

1. None of the left-hand ramps studied caused any prolonged disruption of flow in
the adjacent freeway lanes.

2. The distributions by lane of average-minute-volumes, average-minute-speeds,
and individual time headways on the approach to a left-hand entrance forming part of
an internal diamond interchange were significantly different from those observed on
the approach to a comparable right-hand entrance carrying similar traffic volumes and
forming part of an external diamond interchange.

3. Average merging speeds and the speed differentials between entering and through
vehicles were higher at left-hand entrance ramps than at right-hand entrance ramps.

4. There was a higher incidence of mainstream lane changing in the vicinity of the
left-hand entrance ramps studied than at the comparable right-hand entrances.

5. No significant difference was observed in the incidence of hazardous maneuvers
at right- and left-hand entrance ramps.

6. A single low-volume left-hand entrance ramp provided with a 900-ft acceleration
lane had apparently little effect on traffic behavior in the adjacent freeway section.

7. Extremely high merging rates, in excess of 1,800 vph, were observed at a left-
hand entrance ramp provided with a 1,075-ft acceleration lane on a level three-lane
section of depressed freeway without causing average left-lane speeds upstream of the
ramp to fall below 45 mph. A 50-min average merge rate of 2,034 vph was observed
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at the same entrance ramp without a prolonged drop in speeds being observed in the
left lane upstream of the ramp. Periodic 1-min merge rates in excess of 2,400 vph
caused brief slowdowns upstream of the ramp, but at no time caused complete break-
downs in flow. Throughout the study period the flow in the left lane approaching the
ramp averaged 1,400 vph.

8. A prolonged merge rate in excess of 1,800 vph at a left-hand entrance resulted
in a supersaturated flow condition in the left lane downstream of the entrance ramp.
In this condition, the flow in the left lane was extremely sensitive to even small dis-
turbances.

9. Approximately 60 percent of all vehicles entering a three-lane section of free-
way via a left-hand entrance ramp were still positioned in the extreme left-hand lane
at a point 2, 050 ft downstream of the ramp nose. Approximately 50 percent of the
vehicles still remained in the left lane at a point 6, 100 ft downstream.

10. Over 70 percent of all exiting vehicles were already positioned in the left lane
at a point 7, 250 ft upstream of a left-hand exit ramp. The first directional sign for
this ramp was located 2 mi upstream of the ramp nose.

11. Variations in total freeway volume appeared to have relatively little effect on
the lateral placement of ramp vehicles upstream and downstream of left-hand en-
trances and exits.

12. On level sections of heavily traveled urban freeway in the Chicago area, the
average reported accident rate per million ramp vehicles (MRV) was consistently
higher at left-hand entrances and exits than at right-hand entrances and exits. At
right-hand entrances, the average ramp accident rate was 0.97 acc./MRYV, vs 1.55
at left-hand entrances; at right-hand exits the equivalent rate was 0. 80 compared with
1.52 at left-hand exits. The differences in average accident rates, both overall and
grouped according to ramp/freeway volume combinations, were not consistently sig-
nificant at the 20 percent level.

13. At both left- and right-hand ramps, the absolute number of ramp accidents
increased with increases in ramp volume. In neither case, however, could a simple
relationship be found between accident rate and volume. Ind1v1dua1 de51gn charac-
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14. There was no significant difference in the average severity of accidents oc-
curring at left- and right-hand entrance and exit ramps.

15. There was no significant difference in the through lane accident rates upstream
of left- and right-hand entrance and exit ramps.

16. Average accident rates tended to be slightly though not consistently higher at
entrance ramps than at equivalent exit ramps. This statement applies to both left- and
right-hand ramps.

17. With the exception of a 0. 8-mi section of downtown distributor freeway con-
taining 11 left-hand entrance ramps and 11 right-hand exit ramps (total for both direc-
tions), there was no significant difference between the distribution of monthly accident
rates along sections of freeway containing primarily left-hand ramps and along sections
containing exclusively right-hand ramps. For normal spacings (i.e., less than eight
ramps per mile in both directions), the average spacing of ramps within the study sec-
tion did not have any significant effect on the overall accident rate.
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Freeway Pedestrian Accidents: 1958-1962
ROGER T. JOHNSON, Traffic Department, California Division of Highways

e¢FREEWAYS are not designed to accommodate pedestrians and for this reason most
freeway ramps are posted to inform pedestrians that they are prohibited from entering.
Dismounted vehicle occupants, persons who drive onto the freeway and dismount from
their vehicle for some reason, are not specifically prohibited from walking along the
freeway.

In addition, all freeways are fenced to prevent entry by pedestrians, animals, and
vehicles. In urban areas, a 6-ft chain link fence is placed along the right-of-way. In
rural areas, a4-ft wirefenceisused. Pedestrian barriers consisting of 4- or 6-ft chain
link fence are often placed in the median within interchange areas to prevent pedes-
trians from crossing the freeways. A cable chain link median barrier, installed on
approximately 150 mi of freeway, also serves as a continuous pedestrian barrier and
50 mi of blocked-out metal beam median barrier act as a lesser deterrent.

In spite of fences, signs, and barriers, there are still approximately 130 pedes-
trian accidents on freeways each year. Of these, approximately 55 are fatal, com-
prising 13 percent of all freeway fatal accidents.

STATISTICAL BREAKDOWN OF PEDESTRIAN ACCIDENTS

Freeway fatal accidents in California between 1958 and 1962 can be classified as
indicated in Table 1. The Division of Highways is doing research on both cross-median

and wrmme.wav aecidanta nan froowavae and the Oalifarnia Hichwavy Patenl is stadvine

this seemed to be a type of accident for which specific preventatives could be devised.

Table 2 gives the number of pedestrian and total freeway accidents by severity for
the 5 yr included in this study (1958-1962) and for 1963. The 416 pedestrian accidents
were widely scattered throughout the freeway system with no locations having a con-
centration of pedestrian accidents.

Table 3 indicates why edach pedeslrlan was on [ool on tie freeway and whal he was
doing when struck. Other tables, made to determine whether there were differences
between urban and rural pedestrian accidents, indicate that the numbers of rural and

urban pedestrian accidents are almost
equal; they are distributed throughout the
various classifications in Table 3 in a
similar manner,

mismansan mand A ¢l

each pedestrian accident, regardless of

TABLE 1 why the pedestrians were on the freeway.
ACCIDENTS, 1958-1962 it is obvious that one should stand as far
away from the main stream of traffic as
Type Fiat Tatal possible. Some pedestrians, such as
Single vehicle 50.5 those working on the freeway, have little
Pedestrian _ 12.7 control over where they stand. However,
gz:g:g:d(z:%s:i-;g:g;iﬁ A EmgEa) ;?:g most pedestrians do have a choice and yet

some stand on the traveled way.

Paper sponsored by Committee on Highway Safety.
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TABLE 2
SEVERITY OF PEDESTRIAN AND ALL FREEWAY ACCIDENTS

275

No. Pedestrian Accidents

All Freeway Accidents

Year
Fatal Injury PDO Total Fatal Injury PDO Total
1958 32 202 0 52 170 3,339 4,913 8,422
1959 18 142 0 32 215 4,172 5,623 10,010
1960 36 417 0 83 259 5,902 7,871 14,032
1961 36 83 0 119 267 7,160 9,136 16, 563
1962 _51 _19 0 130 390 9,081 11,350 20, 821
Total 173 243 0 416 1,301 29,654 38,893 69, 848
1963 55 115 0 170 400 10,511 13,756 24,667
®Poes not include urban freeways.
TABLE 3
NUMBER OF FREEWAY PEDESTRIAN ACCIDENTS, 1958-1962
Why Pedestrians Were on Freeway
What Pedestrians
Reason
Were Doing . Trying N Total
When Struck Disabled Prior Working® to Hitgh Unknown
Veh. Acc. Cross hiking or not No %
Stated '
Walking parallel to
centerline on:
Traveled way 1 1 0 0 2 1 15 3.5
Shoulder 5 0 0 0 0 1 6 1.4
Median 0 0 0 0 0 1 1 0.2
Ramp 3 0 0 0 5 5 13 3.1
Total 9 1 0 0 7 18 35 8.2
Standing on:
Traveled way 18 25 15 0 0 9 67 16.2
Shoulder 10 9 15 0 2 2 38 9.2
Median 1 4 5 0 0 0 10 2.4
Ramp 5 4 3 0 1 4 17 44
Total 34 42 38 0 3 15 137 31.9
Working on
vehicle on:
Traveled way 38 0 0 0 0 0 38 9.2
Shoulder 29 0 0 0 0 0 29 7.1
Median 3 0 0 0 0 0 3 0.7
Ramp 0 1 0 0 0 Y 1 0.2
Total 70 1 0 0 0 0 71 17.2
Crossing freeway 13 5 0 138 11 3 170  40.8
Unknown or not stated 2 2 0 0 1 3 8 1.9
Total
No. 128 51 38 138 22 39 416 o
% 30.8 12.4 9.1 33.2 5.2 9.3 —  100.0
aBx‘eeaukrlcwn of those working on freeway:
Div. of highway personnel 10
Contractor's personnel I
Police offlcers 21

Tow truck operators

Total

3
38



276

TABLE 4 WHY PEDESTRIANS WERE ON
LOCATION OF PEDESTRIANS WHEN FRERWAY
STRUCK Disabled Vehicles
) No. Ped. Persons who dismounted from a dis-
Location A, # of Total abled vehicle accounted for 30. 8 percent
of all pedestrian accidents. Quite often
Traveled way 290 69.7 the drivers of these disabled vehicles
Shoulder 73 17.6 parked on the traveled way rather than on
Ramp traveled way 26 6.2 the shoulder or median., Some freeway
Ramp shoulder 5 1.2 sections, such as viaducts and long bridges,
%aflfﬁif;n 1‘; :; g do not have a shoulder or median, and
- — disabled vehicles must park on the main
Total 416 100.0 traveled lanes. However, some drivers

let their disabled vehicles coast to a stop
and make no attempt to park in a safe
place.

Once the vehicles come to a stop, the drivers and passengers generally do one of
three things: (a) walk off the freeway to solicit assistance; (b) work on their vehicle;
or (c) stand around and wonder what to do.

Working on a vehicle on or near the main traveled lanes is, or course, very haz-
ardous. However, over one-half of the disabled vehicle operators were doing this
when struck.

Prior Accident

Persons involved in a prior accident accounted for 12. 4 percent of the pedestrian
accidenls. These persons very seldom walk off the freeway, nor do they work on their
vehicles. They usually stand and wait for a police officer and tow truck or they try to
flag traffic, The ones who stand on or near the main stream of traffic are more often
struck by a vehicle than those who stand as far away from traffic as they can.

T saaag

Persons who are working on the freeway are there legally and are usually protected
by signs, barriers, flashing lights, or flags. In spite of this protection, many workers
are not very careful about where they stand. For instance, allhough police ollicers
can stand almost any place-to issue a citation or talk to motorists, many stand on the
shoulder only a few inches from thc main travcled lancs.

Ag indicated in Table 3, police officers constitute over one-half (21 of 38) of the
workers involved in pedestrian accidents. Since these officers, as well as other workers,
are necessary on freeways, it is unfortunate that some lose their lives, regardless of

where the fault lies.

Trying to Cross Freeway

Of all pedestrians involved in accidents, more were on the ireeway ior the specific
purpose of crossing than for any other reason (33.2 percent). There are many struc-
tures on freeways built especially so pedestrians can cross safely (pedestrian over-
crossings and undercrossings). Pedestrians can also cross sately at most structures
built for vehicle crossings.

To walk onto a freeway, pedestrians must climb a wire fence or walk along a ramp
past a sign which informs them that they are prohibited from entering the freeway.
Most pedestrians who cross a freeway know that they are violating the law and en-
dangering their lives, yet they do it anyway.

Hitchhiking
It long been thought that hitchhikers constituted a major portion of pedestrian victims
on freeways. However, they comprise only 5.2 percent of all pedestrian victims, and
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half of them were crossing the freeway and were not actually in the act of hitchhiking
when struck. In fact, only 3 of the 22 hitchhikers were standing along the freeway when
struck. One reason that hitchhikers are not struck very often may be that they stand
off of the main traveled lanes and face oncoming traffic while they are actually
hitchhiking,

WHAT PEDESTRIANS WERE DOING WHEN STRUCK
Walking Parallel to Centerline

People walking along the freeway comprise only 8. 2 percent of the freeway pedes-
trian accidents. It is hard to believe that anyone would walk on the main traveled lanes
(assuming a shoulder is available), yet it is done. Transients are seen walking along
freeways and other roads quite frequently. Most of them probably do not know the
difference between freeways, expressways, and other multilane roads, nor dothey care.

Although hundreds of vehicles are disabled on freeways in California every day and
hundreds of thousands of pedestrians, including disabled vehicle operators, walk along
freeways during the course of a year, only six persons were struck in 5 yr while walk-
ing on the freeway shoulders in California. This is less than 2 percent of all freeway
pedestrian accidents and it implies that walking to the nearest exit for professional aid
is not nearly as hazardous as previously supposed.

Standing

Persons standing within the freeway right-of-way constituted 31.9 percent of all
freeway pedestrian accidents. In 114 of 132 of these accidents, the pedestrians were
on the freeway because their vehicles were disabled, they were involved in a prior
accident, or they were working. These people were on the freeway for reasons over
which they had no control. Most of them did have some control over where they stood,
yet in 67 of 132 accidents they stood on the main traveled lanes.

An edge of pavement stripe and/or diagonal shoulder striping might help pedestrians
to realize where they are standing,.

Working on Vehicle

In 17. 2 percent of the pedestrian accidents, the victim was working on his vehicle.
Apparently a large number of people w111 work on a vehicle when it is obviously unsafe
to do so.

An 8-ft shoulder with a dike or guardrall does not prévide enough room to change a
tire on the left side of the vehicle without the pedestrian encroaching on the main
traveled lanes. To change a tire on the right, the vehicle must encroach on the traveled
lanes to allow room between the vehicle and the dike or guardrail.

Crossing Freeway

One hundred seventy pedestrians were struck while actually crossing the freeway.
Of these, 138 were on the freeway for the spec1f1c purpose of crossing. The remainder
were crossing to or from their vehicles
TABLE 5 or were hitchhikers crossing the freeway.
Table 5 shows that 37 percent of the

ACCIDENTS OF PEDESTRIANS CROSSING pedestrian accidents occurred within in-

FREEWAY terchanges. Approximately 40 percent
] No. Ped of all freeway mileage is within inter-
Location of Accident o % of Total changes. Of the 63 pedestrian accidents
which occurred within an interchange, 10
Interchange area 63 37.1 occurred at locations with a pedestrian
Between interchanges 105 61,7 barrier or deterrent inthe median (Table 6).
Unknown 2 1.2 High traffic volumes seem to act
Total 170 100. 0 as pedestrian barriers. The ADT was

not tabulated at each pedestrian accident,
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TABLE 6 TABLE 17
RELATION OF PEDESTRIAN ACCIDENTS TO LIGHTI}EIECI’)ECSOTI}?IIATIEOEC‘C’ISDEﬁgWAY
BARRIERS AND DETERRENTS
Tone No. Ped. % Oi Total
yp Acc. Condition ce.
Cable chain link median barrier 5 Fod, All
Double blocked-out metal beam barrier 4 .

48-in. chain link fence 1 Dayleht o160y

72-in. chain link fence 0 USK or dawn : :
et 5 Dark: 66.8 45.3
— No highway illumination 40.4 25.4
Total 63 Highway illumination 26.4 19.9

but it appears that the higher volume freeways have a higher proportion of dismounted
motorist accidents and that the lower volume freeways have a higher proportion of
pedestrians crossing the freeway. The high volumes seem to act as a pedestrian bar-
rier, although increasing the number of dismounted motorists.

MISCELLANEOUS FACTORS

Lighting

Table 7 presents the lighting condition at the time of the accident for pedestrian and
for all freeway accidents. Two-thirds of all pedestrian accidents occurred at night.
It is not known how much pedestrian activity there is on freeways at night as compared
to daytime.
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1958-1962.
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TABLE 8
PEDESTRIAN ACCIDENTS ON VIADUCTS WITHOUT SHOULDERS

No. of Ped. Acc, Ped.
Freeway MVM Acc./100
1960 1961 1962 Total MVM
Nimitz (Cypress St. to
distr. struct.) 4 0 1 5 151 3.31
Central 0 0 0 0 106 0. 00
Embarcadero 2 0 0 2 42 4.76
Total 6 0 1 7 299 2.34
Remainder of freeway
system T 119 129 3256 36, 069 0.90

Hour of Day

Figure 1 shows the relationship between pedestrian and all accidents during each
hour of the day. Again, there is a greater frequency of pedestrian accidents at night,
particularly between 6 PM and 3 AM.

Fifty-seven percent of the pedestrian accidents occurred between 8 PM and 6 AM,
and 58 percent of the freeway fatal accidents occur during these hours. Therefore,
pedestrian accidents do not account for the increase in freeway fatal accidents at night,
but they contribute proportionally as much as the other types.

Viaducts

When a vehicle becomes disabled on a viaduct or long bridge without shoulders, the
operator and the vehicle must remain on the main traveled lanes simply because there
is no place else to go. Table 8 indicates the pedestrian accidents on some viaducts
for a 3-yr period.

All pedestrians struck on the viaducts were disabled vehicle operators. Pedestrians
rarely cross a viaduct, since they can walk underneath at almost any point. The via-
ducts had a higher rate of pedestrian accidents even though the only pedestrians on them
were disabled vehicle occupants.

SUMMARY AND CONCLUSIONS

1. Approximately 130 pedestrian accidents occur on California freeways each year;
of these 55 involved fatalities and 75 involved injuries.

2. Walking along the shoulder on a freeway is not nearly as hazardous as previously
supposed. Only 6 persons were struck while walking along the freeway shoulder in 5 yr
on all California freeways. During this same period, 8, 813 pedestrians were struck in
incroporated areas while crossing at signalized intersections with the green light, and
13, 075 pedestrians were struck in incorporated areas while crossing at nonsignalized
intersections.

3. Thirteen percent of all freeway fatal accidents involve a pedestrian.

4, Forty-three percent of all pedestrians struck are on the freeway because their
vehicles are disabled or were involved in a prior accident.

5. Thirty-three percent of all pedestrians struck are on the freeway for the specific
purpose of crossing the freeway.

6. Only 5.2 percent of the pedestrians struck are hitchhiking. It appears that pres-
ent controls of hitchhiking or walking on freeways are effective and that further efforts
in this regard would be relatively fruitless.
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7. Of the remaining 18 percent, 9 percent were working on the freeway and it was
undetermined why the other 9 percent were on the freeway.

8. Two-thirds of all pedestrian accidents on freeways occur during hours of
darkness.

9. Seventy percent of the pedestrians are struck while on the main traveled lanes,
18 percent were on the shoulders, 7 percent were on ramps, 3 percent were in the
median, and the position of 2 percent remains undermined.

10. Forty-two percent of freeway pedestrian accidents are fatal.





