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EFFECTS OF OFF-RAMPS 
ON FREEWAY OPERATION 

SUMMARY 

by 

Charles Pi nne 11 





INTRODUCTION 

Studies have indicated that the off-ramp is a critical element of a 
freeway facility and can contribute significantly to both desirable and 
undesirable operations. If maximum efficiency is to be obtained from 
a freeway, the off-ramps must be locatedo designedo and operated to 
minimize any adverse effects on main-lane freeway flow and to permit 
maximum utilization of the facility. The original objectives of the off­
ramp project were to evaluate the effect on freeway operation of (1) the 
frequency of off-ramps and (2) various arrangements of off-ramps. Studies 
of the off-ramp problem led to the conclusion that the objective of the off­
ramp project should be expanded to study the total effect of off-ramps 
rather than the more narrow scope of considering only frequency and 
arrangement. Consideration of the problem resulted in the definition of 
several factors of off~ramp locationo design, and operation that could 
affect the operation of the freeway. These factors are enumerated as 
follows: (1) deceleration distance, (2) off-ramp capacity o (3) short 
trip generation, (4) weaving maneuvers, (5) access controla and (6) 
access provision. 

Research on the off-ramp project was directed toward an investigation 
of each of the above factors. A brief discussion of the studies conducted 
in connection with each factor is presented in the following sections. 

Deceleration Distance 

Previous research has shown that an inadequate deceleration distance 
on an off-ramp can cause exiting vehicles to decelerate before leaving the 
main lanes of the freeway. This deceleration can cause shock waves to be 
generated near the exit ramp and propagated upstream on the freeway. The 
shock waves can constitute an accident hazard and reductfon• in the oper-
ating efficiency. -

Since insufficient data existed from which to evaluate the effects of 
deceleration distances, studies were designed to investigate these effects. 
Sites on the Gulf Freeway in Houston and on IH 3 5 in Fort Worth were chosen 
for study locations and motion picture and acceleration noise studies were 
conducted. 

Off-Ramp Capacity 

. 
Off-ramp capacity is defined here as the ability to move vehicles from 

the main freeway lanes to a service road or city street. If inadequate ramp 
capacity exists at a given location then queues may form causing stalled . 
traffic to back onto the main lanes of the freeway. This creates a very un­
desirable situation on the freeway and could be one serious effect of off-



ramp operation. 

Inadequate ramp capacity can result from several conditions. These 
conditions are as follows: 

1 •. ~ignalized intersections located in the near proximity of the off­
ramp terminal. Traffic queuing against a red signal indication 
can backup and block the off-ramp movement. 

2. Where high volume frontage roads exist, it may become difficult to 
move from the off-ramp into the frontage road stream. 

3. Two or more lanes are sometimes provided on the off-ramp near the 
exit from a freeway and these lanes then merge into a single lane 
or diverge into two separate roadways a short distance from the 
freeway exit point. The necessity to weave into a single lane or 
into the proper lane for a diverging maneuver can create capacity 
problems. 

After considering the above three cases I it was determined that infor­
mation existed for conditions 1 and 3 but that no design data were avail­
able for condition 2. Research studies were thus directed toward developing 
capacity-design data which would permit the designer to consider off-ramp 
capacity. Studies of this capacity aspect were conducted utilizing a com­
puter simulation program. 

Short Trip Generation 

The generation of short trips on a freeway tends to destroy its integrity 
as a long trip facility and could seriously affect traffic flow during peak 
periods. It was thus deemed necessary to investigate the amount of short 
trip generation on freeways with frequent ramps. Data on the origin and 
destination of ramp traffic on the. Gulf Freeway in Houston and the North 
Central Expressway in Dallas were obtained to evaluate short trip generation. 

Weaving Maneuvers 

As the frequency of entrance and exit ramps on a freeway increases the 
length of weaving sections between entrance and exit ramps decreases which 
could create a weaving problem. The extent of weaving that may occur in 
a given freeway section due to the distribution of vehicles over the freeway 
lanes and the desired exit movements was not well documented and this 
project sought to study this factor. A "Lights On" study conducted on the 
North Central Expressway in Dallas which provided lane use data on indiv­
idual vehicles utilizing the freeway was used for this purpose. 
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Access Control 

The problem of access control on exit ramps has been brought to the 
attention of the public by numerous spectacular crashes involving vehicles 
which entered an exit ramp travelling in the wrong direction, and became 
involved in a head-on crash with vehicles moving in the opposite direction. 
The studies in this phase sought to define the ~xtent of the problem by a 
review of current literature and the collection of data on violations of this 
type. Types and designs of directional detectors for possible use in data 
collection were also considered. 

Access Provision 

The basic need for the freeway off-ramp iS 1 of course, to provide access 
to abutting property and to provide connections to major arterials of a city 9s 
distribution system. Early considerations of this factor indicated that a 
question existed as to how this access provision and major arterial connection 
should be made. There are various forms of exit and entrance ramp con­
figurations in use but little attention has been given to the effect of these 
configurations on freeway operation. 

Two common interchange configurations are the Diamond-Type and the X­
type Interchange. A third type which has been utilized to a lesser extent is 
the "Stacked Ramp" configuration which crosses entrance and exit movements 
by the use of a grade separation. It WCJ:S found that very little factual data 
existed to guide the designer in the selection of these types. 

In order to consider the effect of ramp arrangement and interchange 
configuration, studies of traffic desires at interchanges, freeway gap avail­
ability, and geometric requirements were conducted. The Gulf Freeway in 
Houston provided study locations for the collection of operational data., 

Presentation of Results 

Research work on the project was divided into three baS.ic areas which 
were as follows: 

L Investigation cf the effects ·of Off-Ramps on Freeway Operation as 
Related to Deceleration Distance and Off-Ramp Capacity. 

2. Investigation of the Effects !of Off-Ramps on Freeway Operation as 
Related to Short-Trip Generation, Weaving Man.el.lvers, and Access 
Control. 

3. Investigation of the Effects of Off-Ramps on Freeyvay Operation as 
Related to Access Provision. · 
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The studies and specific findings for each of these areas will be dis­
cus sed in separate sections of this report. 

Summary Conclusions 

As a result of the research studies conducted to evaluate the previously 
discussed factors, the following general conclusions were drawn: 

1. Off-ramps do exhibit an effect on freeway operation as indicated by 
speed and acceleration noise measurements. However, in all cases .. 
studied this effect was not exceedingly severe and the extent was 
directly related to the design of the off-ramp. Well designed off­
ramps showed considerably less effect than those of less adequate 
design. 

2. Studies of off-ramp capacity pointed to the need for data on merging 
capacities of off-ramp and frontage road flow. Where frontage road 
volumes are heavy and where no priority of right-of-way assignment 
is given to the off-ramp traffic the capacity of the ramp is quite low. 
This condition can create ramp queues which back into the freeway 
and seriously affect freeway flow. Through the use of a simulation 
model, design curves· were developed which permit the consideration 
of possible queue leng-ths for various traffic conditions. 

3. Short trip generation on a freeway is not a serious problem and mainly 
results from discontinuous frontage roads or difficult surface street 
routing. 

4. Frequent exit ramps do not appear to create serious weaving problems 
at individual exit locations o Traffic tends to move to the outside .·lane 
of the freeway well in advance of the exit point which el.imi:nates the 
unde13irable effect of last-minute weaves across intervening freeway 
lanes. 

5. The problem of wrong-way entries on off-ramps is a serious one and 
merits special studies to develop design and/or controls for its 
elimination o 

6o Traffic studies at interchanges indicated a wide variation of desired 
traffic movements resulting from land development in the area and 
the existing surface street configuration. It was thus deemed de­
sirable to make provisions for both an on- and off-ramp in the near 
vicinity of and in each quadrant of an arterial street interchange as 
shown in Figure l. If either the on- or off~ramp in any given quadrant 
cannot be justified in the initial design, then design considerations 
should be made which would allow stage construction of the ramp at 
some later date when traffic conditions warrant its construction. 
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7. Studies of freeway operationu access to abutting property and 
intersection operation resulted in the conclusion that the most 
desirable arrangement of ramps is as shown in the freeway layout in 
Figure 2. This layout maximizes gap availability for on-ramp 
traffic u provides more direct access to abutting properties u elim­
inates unnecessary traffic flow through the signalized intersections 
(frontage road-arterial street) and provides maximum storage 
space for traffic entering the· freeway or waiting against a red 
indication at a signalized intersection. 

8 o The type layout recommended in number 7 above could create 
weaving problems on the frontage road when heavy exit and en­
trance ramp flow exist adjacent to each other. This difficulty could 
be overcome by the use of a "stacked" ramp arrangement such as 
shown in Figure 3. Studies of the "stacked" ramp geometries 
indicated that such ramp arrangements would not generally be 
feasible unless warranted by especially high traffico 
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INTRODUCTION 

Stcftement of the Problecm 

The problem of obtaining efficient freeway operation during periods 
of peak flow has become extremely difficult as traffic demand has in­
creased. This problem will grow since all indications are that traffic 
demand will continue to increase. If a freeway is to fulfill its purpose, 
i.e.,· to move high volumes of traffic at desired speeds and with max­
imum safety, all aspects of design and operations must be considered. 

Little attention has been directed toward the consideration of the 
effect which off-ramps may have on freeway operations. The Texas 
Transportation Institute and the Texas Highway Department in cooperation 
with the Bureau of Public Roads have undertaken a research project to 
evaluate the effects of off-ramps on freeway operation~ The specific 
objectives of this phase of the project work were as follows: 

1. To evaluate the effect ofoff..-ramps on freeway operation as 
related to deceleration distance 0 

2. To study the capacity of off-ramps as re.lated to their ability 
to move traffic from the freeway to the service road or arterial 
street system. 

Previous Investigations 

Deceleration Distance 

It is generally agreed that proper off-ramp design should include the 
following criteria~ 

1. Deceleration of exiting vehicle-s should take place off of the 
freeway. 

2 o A natural exit path should be provided. 

3. Adequate deceleration distance should be. provided so that _po 
significant speed changes will be required. · "'-

Traffic using exit ramps meeting these criteria an~ expected to cause 
little interference with freeway· traffic. , . · . 

The two most prevalent types of exit ramps are shown in FiQLure 4. 
These are the parallel lane type and the direct taper type. The first type 
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allows deceleration on the parallel lane adjacent to the main freeway lanes. 
Studies of driver desires and behavior on off-ramps have generally shown 
that drivers tend to follow a natural straight path when exiting no matter 
which type of ramp was provided. 

Jouzy and Michael found this to be true and that ninety percent of 
the drivers using the deceleration lane diverged within a distance of 3 00 
feet of the ramp. 1 Conklin further documented the fact that the reverse 
curve movement required b¥ a parallel type ramp was awkward and incon­
venient to most motorists. Fukotome and Moskowitz3 noted that if a 
parallel deceleration lane was provided, very few drivers utilized the lane 
in the manner intended, that is a reverse curve movement. Drivers tended 
to utilize this type of exit ramp as if it were a direct taper I natural path 
design. 

The parallel deceleration lane has a real advantage under high density 
conditions in that lane utility can offset undesirable geometric features such 
as poor sight distance 1 excessive curvature· and others. The fact that parallel 
deceleration lanes are not driven as constructed may not necessarily be a bad 
feature. 

A desirable exit ramp design was set forth by Pinnell and Keese. 4 
This ramp design provides for a natural exit path, adequate sight distance, 
and delineation of the off-ramp nose and deceleration area. The suggested 
ramp design is shown in Figure 5o 

Ramp Terminal Capacity 

Capacity of freeway off-ramps can be defined in three general areas 
a~ shown in Figure 6. These areas are as follows~ 

1 0 Capacity of the diverging movement from the freeway to the ramp. 

2 0 Capacity of the ramp proper. 

3 0 Capacity of the ramp terminal. 

Capacity of the diverging movement from the freeway is directly de­
p~ndent on the number of vehicles which desire to exit and which can get 
into the outside freeway lane. This will vary according to many factors, 
and has been studied in detail by Hess, 5 Lipscomb I 6 and by Moskowitz 
and Newman. 7 These methods generally determine the number of exiting 
vehicles which can be expected to be in the outside freeway lane at var­
ious points upstream of an off-ramp. The methods utilize empirically 
derived curves or equations for this determination. 
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-- ---- -- ---

'l'he capacity of the second area, the ramp proper I is essentially de­
pendent on the same factors as normal roadway sections. The number of 
lanes provided, the degree of ourvature 1 the vertical alinement, and other 
factors will influence the capacity of the roadway section as well as the 
off-ramp proper 0 Determination of this capacity is an essential part of 
the Highway Capacity Manual. 8 

The third area, the ramp terminal area I is essentially a merging 
problem. Hardly any design data have been available to the designer 
to aid in selecting an off-ramp which will be of sufficient length to cause 
no spill-back to the freeway lanes o Various researchers have evaluated 
merging capacity as n~lated to entry to the freeway 1 but little documen­
tation has been made of the effect inadequate merging capacity at the 
ramp terminal may have on the operation of the freewayo This ramp ter­
minal capacity may be the most critical of the three capacity areas as 
far as freeway operation is concerned. 
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DESCRIPTION OF STUDY PROCEDURES 

As stated previously, the study was divided into two distinct areas. 
These areas and general method of study are as follows: 

1. A study of deceleration distance in the vicinity of off-ramps as . 
determined by film studies and acceleration noise analysis. 

2. A study of ramp terminal capacity by simulation techniques. 

Deceleration Distance 

Location and Characteristics of Study Sites 

Film Studies - Two locations for film studies were selected on the 
Gulf Freeway in Houston, Texas. These off-ramps were selected as ex­
amples of off=ramp design which is inadequate by present standards. 
Their general locations are shown in Figure 7. 

The first ramp was outbound Exit 4, or the Telephone Road Exit Ramp, 
shown in detail in Fiugre 8. This ramp is characterized by a very short 
taper and narrow gore area provided for deceleration. To add to the prob­
lem, there are a::tually two destinations on the off-ramp after leaving the 
freeway (see Figure 8). One destination is a normal movement to the 
frontage road while the other is a sharp "buttonhook" movement which re·­
quires considerable deceleration for a safe maneuver. The first destin­
ation, a normal exit movement, requires a departure from the natural ve~ 
hicular path. Because of the shape of this ramp, the normal exit movement 
follows a reverse curve path which was referred to previously. 

The second Gulf Freeway location was outbound Exit 7, or the Myrtle 
Exit Ramp, shown in Figure 9. As in Exit 4, an extremely short gore area 
exists with little provision for deceleration. Two destinations from the free= 
way are provided but the buttonhook is not as critical as in Exit 4 since 
some deceleration distance is provided on the ramp before the buttonhook 
movement. The normal straight through exit again requires a reverse curve 
movement, unnatural and inconvenient for the driver. This ramp has the 
added problem of being located some 200 feet downstream of a downgrade 
from an overpass. 

The third film study location, shown in Figure 10, was the outbound 
Seminary Drive ,·,&~it located on I. H. 35 in Fort Worth. This off-ramp 
provides a smooth, natural path for vehicles leaving the freeway and has no 
physical features such as sharp turns or downgrade approaches that in­
fluence the traffic flow at the off~ramp. 

16 
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Acceleration Noise Study - One method which has been advanced as 
a means of evaluating the smoothness of traffic flow is the measurement 
of acceleration noise. Acceleration noise is defined as the standard dev~ 
iation of acceleration.lO This factor reflects the change of speed of a veh­
icle from a smooth, uniform speedo These speed changes may be a result 
of any number of factors but they represent a turbidity of traffic flow and 
are normally undesirable as far as the driver is concerned. The acceleration 
noise factor was measured at locations on the Gulf Freeway :shown in Fig­
ure!!. 

The locations include the two Houston filming locations previously 
described and two additional locations. One of the additional locations 
is the Woodridge inbound off-ramp. This ramp, shown in Figure 12, is of 
a design very similar to that recommended by Keese and PinnelL 4 It is 
characterized by a well delineated, natural exit/path with adequate sight 
distance and no sharp, abnormal turns required. 

' 

The fourth and fifth locations are in the Bray 6s Bayou area, inbound 
and outbound. No on or off-ramp is located within lOO.O.feet in either direction 
of the 600- foot·study section and it was felt that this would provide a means of 
comparison between acceleration noise levels as affected by ramps and 
unaffected by ramps . 

Method of Study 

Film Study - The filming procedure was essentially the same at all 
three study locations. The actual filming was accomplished from the 
bucket of a lift truck some 30 feet above the ground leveL From this van~ 
tage point, the camera was able to record the vehicular movement on both 
the freeway and off-ramp" The camera was a 16 mm type equipped with a 
synchronous motor which allowed the movie to be taken at a constant 10 
frames per second. 

Reference boards were placed in the separation area between the free-. . 

way and the service road o These boards were pl_aced a known distance 
apart and in pairs such that a line drawn through the axis of these boards 
would be perpendicular to the freeway. The forward boar<;ls were placed at 
the mouth of the ramp and rear boards were placed at the known distance up= 
stream. From determining the time a vehicle was in th.e 08trap'6

, or space 
between the front and rear boards i the speed of the vehicle could be easily 
determined. Figure 13 shows a typical fra.me from each of the films o 

A 16 mm motion picture prbj ector was used in: the reduction of the data. 
This projector was equipped with a. cumulative frame c:oi.ihter ahd since the 
film was taken at a constant lOframes per :second, the elapsed time in sec­
onds for any event could be determined by counting.fra-mes and dividing by 
10. 
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By projecting the ramp area on a screen it was possible to draw a 
reference line across the top of each pair of the boards to define the 
limits. of the trap. Thus by recording the frame count when a vehicle 
entered and left the trap o the time required by the vehicle to traverse 

. the known distance trap was definedo The speed of the vehicle was then 
determined by using the time distance relationship o Tne actual clock 
time the vehicle left the trap could be determined by applying the frame 
count at the end of the trap to the starting time of the film. 

The films of each location were analyzed in this manner. The 
destination (exit or through)_ was recorded for each vehicle on the free­
way approaching the exit ramp. The vehicle number o the frame counts 
at the beginning and end of the speed trap and the vehicle 0s destination 
were recorded ·and the data placed on cards. This analysis was accom­
plished for each vehicle in each lane. 

Acceleration Noise Study - The locations selected for study were: 
{1) a well-designed off-ramp (Woodridge inbound), (2) two inadequately 
designed off-ramps (Telephone and Myrtle outbound) o and (3) a section . 
of freeway where no ramps existed for some 600 feet in either direction 
(Bray 0s Bayou area). 

A floating car technique was used in the collection of data for the 
acceleration noise analysis o In this technique the driver of the test car 
positioned himself in the outer traffic lane and "floated" with traffic so 
as to approximate the speed and acceleration of the average vehicle in 
the stream at that time and at that general location. 

The vehicle was equipped with a recording speedometer to measure 
speeds. This device consists of a moving, graduated chart on which the 
vehicle 0s speed is continually recorded by means of a needle which is 
connected to the vehicle 0s drive shaft. A special contact switch causes 
the needle to swing a large arc for recording some event or reference 
point. This spepia1 contact was used to denote points 300 and 600 f~et 
before the off-ramps and a point directly at the ramp opening. Figure 14 
shows the speed recorder. 

The graduated chart was driven at a uniform rate of l inch per 10 
seconds so that by measuring longitudinally, elapsed time between any 
two events may be determined. The transverse scale was graduated 
in miles per hour so that speeds could be readily determinedo The recorder 
had a capability for the adjustment of the length of the arc of the speed 
recording needle so that greater accuracy d:mld be obtainedo The swing 
of the needle was adjusted such that the full scale deflection was 7 5 mph 
and readings were graduated in 1 mph increments o 
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Capacity Analysis 

The problem of capacity evaluation for an off-ramp terminal becomes 
extremely difficult when approached in a real, physical situation. So 
many variables enter the problem that it becomes almost impossible to 
measure all values or_ ranges of values at-any one facility. In order to 
evaluate the terminal capacity of an off~ramp 6 it would be necessary to 
know what effect a wide range of frontage road volumes and ramp geomet­
ries would have on the capacityo To find field locations whose charac­
teristics would coincide with the range of variables desired would be 
most difficult, if not impossible o 

'The use of a simulation technique on a elec,tronic computer _greatly 
facilitates an analysis of this type o In the simulated situation~ ·the 
characteristics can be varied over a wide range of values with a fraction 
of the time and cost required to study a real situation. The Simulation 
program is based on factual data and reflects results which closely 
approximate a real-life situation. 

A program which simulates the operation of an -off-ramp has been 
written by Woods 11 as a part of an entire diamond interchange simulation 0 

This program was modified to reflect three _major items: variable ramp 
length, adjustment of exiting speed 9 and the detection of queue length. 

- -
The off-ramp progre1m uses a random number generator coupled with a 

Poisson distribution to simulate vehicle arrivals on the freeway 1 frontage 
road, and exit ramp. Vehicle speeds are also determined by random 
number generation,. using a certain d,~sired speed and predetermined 
staJ;ldard deviations of speeds o The--program has a techniqu~ for check­
ing headways of vehicles and adjusting following vehicle speeds when 
this headway falls below a certain "safe n headway. 

There are two features which the program has for controlling the 
flow of exiting vehicles when they merge with frontage road traffic" 
First there is a stop condition where the exiting vehicle is required to 
come to a full stop 6 select a gap in the' frontage road traffic, and pro­
ceed. Secondly 6 a yield condition can be placed on the exiting vehicle 
and the driver must select a gap but is not required to stop unless an ac·­
ceptable gap in the frontage road traffic is not available" This condition 
is essentially the same as the condition where there is no control on 
either frontage road or exit rampo 

A third condition which is not built directly into the simulation 
programs is the situation where an exiting vehicle has a dir,ect access to 
the frontage road and is required to neither yield nor stop. This is a 
situation which would exist when the frontage road vehicles are required 
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to stop or yield or where an extra lane is added for the exiting vehicle as 
it enters the frontage road o This condition can be simulated in the program 
by setting the frontage road volume equal to zero. The capacity of this sit­
uation should be essentially the same as the number of vehicles which can 
exit from the freeway o 

The simulation program was run for combinations of the following conditions: 

1, Ramp lengths of 2001 3001 400, and 1000 feeL 

2 0 Frontage road volumes of 0 to 1, 200 vehicles per hour in 100 vph incre­
ments in the lane adjacent to the off-ramp. 

3. Off-ramp volumes of 100 to 11 200 vehicles per hour in 100 vph incre­
ments, 

4. Freeway volumes of 1, 400 vehicles per hour in outside lane 0 

50 Exit speeds of 30 and 40 miles per hour. 

The problem of capacity was approached from the aspect of vehicle queue 
lengths 0 When these queues became of sufficient length that they "spilled back 11 

onto the outside lane of the freeway, capacity was exceeded., This spill back 
can cause severe congestion not only in the outside freeway lane, but also in 
adjacent lanes due to resultant lane changing 0 

Freeway traffic can also be affected if the ramp queue backs to a point 
within a few hundred feet of the off-ramp nose. This was accounted for in the 
simulation program by allowing the vehicles to adjust their headways and speeds 
to a building ramp queue. When the speeds slowed to a certain level, a free­
way breakdown occurred. 

The method of study was to determine the 9 5 percentile queue I or that queue 
which is exceeded only 5% of the time. Using the 9 5 percentile queue length, 
the effective storage length may be determined. This effective storage length is 
the storage distance on the ramp proper, the straight line distance from the free­
way to the frontage road o This does not include any storage on a parallel decel­
eration lane since, as previously pointed out I drivers do not utilize this lane for 
deceleration. 

In each run of individual variables I the vehicle queue lengths were deter­
mined and arranged in a frequency table o The off-ramp simulation program 
was run to reflect a real time of thirty minutes for every combination of variables. 
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ANALYSIS OF DECELERATION DISTANCE DATA 

Motion Picture Study 

As stated previously o the data from each study location were re­
corded on data cards. These data o recorded by lane o included vehi­
cle number o frame counts at beginning and end of trap, and vehicle 
destination. A computer program was written to facilitate data re­
duction and analysis. This program 0 s output included individual ve­
hicle speeds o the time each vehicle entered the trap, and a summary 
of averages for each five-minute period. 

To evaluate the effects of exiting vehicles on the speeds of through 
vehicles o the program summarized speeds of through vehicles o class­
ified by their position in relation to the exiting vehicles. A vehicle 
which passed the trap starting point within a specified time interval 
after an exiting vehicle was designated as an affected through vehicle. 
There were, therefore, three classifications of vehicles: {1) exiting o 

(2) affected through, and (3) nonaffected through. 

The specified time interval was varied from 2 to. 5 seconds fol­
lowing an exiting vehicle. Figure 15 shows a s.ketch of how the ve­
hicle classification was determined By the time interval. Vehicle 1 
is an exiting vehicle and Vehicles 2, 4 and 7 will pass Point A within 
the time interval specified and are designated as affected through 
vehicles. Vehicles 3, 5, 6 and 8 do not pass Point A within the time 
interval and are designated as nonaffected through vehicles. This 
type of analysis was made at each location and for each lane with average 
speeds being determined and classified according to exitin'g o affected 
through, or nonaffected through. 

When the analysis· was first beguno it was not readily known just· 
what effect the time interval would have on the analysis of the data. 
That is, would vehicles in a two-second interval following an exiting 
vehiCle be affected to a greater degree than those in a five-second 
interval? After an investigation of the summarized data, it appear's that 
there is little difference in the effects as a result of varying the time 
interval. In the following discussiOJ:?.S, therefore o the average effects of 
the varied time interval will be considered. 

The analysis' in Lanes 2 and 3 (Lane 1 being the outside lane) was 
identical to that described above. When a vehicle exited in lane one u 

vehicles within the specified time interval were classed as affected 
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through or nonaffected through vehicles according to their position in 
time relative to the exiting vehicle. 

A typical example of the analysi's for the three lanes and a two-
second time interval is shown as follows: 

Vehicle Lane Speed 
Number Number ~ Classification MPH 

1 2 7:40:0.40 Thru 35.29 

1 3 7:40:0.40 Thru 28.57 

1 1 7:40:0.60 Exit 26.09 

2· 2 7:40:1.3 0 Affected 28.57 

2 1 7:40:1.40 Affected 26.09 

2 3 7:40:1.70 Affected 25.00 

3 1 7:40:2.50 Thru 30.00 

... 
3 3 7:40~2.70 Thru 35.29 

3 2 7=.40~3. 40 Thru 37.50 

As indicated previously the data were summarized by five-minute 
periods. The mean speeds for vehicles in each classification were 
computed by lane designation. 

To determine if a statistical difference existed b~tween mean 
speeds of vehicles in the·three categories, an analysis of variance 
was performed for each five-minute period. First a multiple group 
test was made to determine if there was a differ,ence among the three 
groups. If a difference was detected, a further test, the Tukey 12 

testa was applied to determine which groups actually differed from 
each other. 

Analyses of variance of mean speeds were made according to the 
following comparisons: · 

1. Speeds of affected through vehicles versus the speeds of non~ 
affected through vehicles. 

A. Lane 1 (Shoulder lane). 

B. ·Lane 2 or 3 (Inside lane). 
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2 0 Speeds of exit vehicles versus non affected vehicles in the 
outside lane 0 

3 o Speeds of exit vehicles versus affected through vehicles in 
outsi.de lane. 

Results of these tests will be discussed in following paragraphs o 

Since the actual filming time varied from location to location, 
the analysis of data was made in five-minute periods within the filmA" 
ing time. In addition it was felt tha1t by cons:i.dering the i.ndividual 
five~minute periods, variabili.ty within the filming period could be 
detectedo By considering the entire filming period, this individual 
variability might not have been reflected. Subsequent presentation of 
data will reflect the number of five=minute periods where there was 
significant variation. 

The detailed data for the following summaries are not included due 
to their length. These data are on file in the Highway Design and Traf­
fic Engineering Department office at the Texas Transportation Institute, 
Texas A&M University. 

Affected Through Versus Nonaffected Through Vehicles 

The results of speed comparisons of affected through versus non=· 
affected through vehicles are summarized in Table 1 o These mean 
speeds were compared at the 95% leveL 

' 
Considering Lane 1 and the average effects of time intervals from two. 

to five seconds u it can be seen that the speeds of affected and non= 
affected vehicles were different in many periods. In all cases where 
there wa·s a difference, the speed of the affected vehicles was less 
than the speed of nonaffected vehicles. 

It cad also be seen that speeds on the wen designed off···ramp 
showed a significant difference in only 37% of the periods wh:Lle there 
was a difference in speeds in 59% of the periods in the inadequately 
designed off~ramps. 

Lane 2 shows 3 0% of the periods differed significantly for the in­
adequate off·-ramp with 10% differing for the good off-rampo There were 
only two lanes on the good off~rampu but the third lane of the inadequate 
ramp showed virtually no difference between speeds of affected and non~ 
affected vehicles. 

32 



w 
w 

TABLE 1 

95% LEVEL F~TEST COMPARISONS OF SPEEDS OF 
AFFECTED THROUGH VE.I::ITCLES VERSUS NONAFFECTED THROUGH VEHICLES 

Number of Significant and Nonsl.gnificant s~Minute Periods 

Lane 1 Lane 2 Lane 3 
Time Interval 

Ramp I)e s ignation 2 3 .4 5 % 2 3 4 5 % 2 3 
Nurnber of 

,, 

Significant 12 14 9 10 59 6 6 5 7 30 0 1 

Inadequate Design Tests 
Number of .. 

' 

Nonsignificant 7 5 10 9 41 14 14 15 13 70 ~0 9 
Tests 
Number of 
Significant 7 7 5 3 37 2 2 1 1 10 

Good Design Tests 
Number of ' 

N-onsignificant 8 8 ·1o .12 63 13 13 14 14 90 
!Tests 

---------

4 5 % 

1 2 10 

.9 8 90 



The data indicated that off-ramps can have a statistically signi-· 
ficant effect on the speeds of freeway vehicles. However 1 if the off­
ramp is well designed, the effect of the off-ramp is minimized. 

The average difference between speeds of vehicles in the various 
classifications is shown in Table 2. In all cases the five~minute 
average speeds showed nonaffected speeds traveling at the highest 
speed and exiting vehicles at the lowest. The reduction in speed may 
not appear to be drastic when examining the difference in vehicle speeds 1 

but this apparent small speed differential may cause considerable con­
gestion during peak traffic flow. It is a well established fact that speed 
changes of this order may cause shock waves to be propagated upstream 
adding to congestion and increasing the possibility of freeway breakdown. 

Exit Versus Nonaffected Through Vehicles 

As was pointed out in Chapter I, it is most desirable to provide 
off-ramp designs which result in no deceleration on the freeway proper 
by exiting vehicles. This situation would be virtually impossible to 

· creat~ for any one ramp at all times but a well designed off-ramp would 
closely approach this criteria. 

This comparison was made in ordet to determine what relationship 
exists between the speed of exiting :vehicles and the speed of nonaffected 
vehicles. An analysis of variance was performed on the data and the 
results of the F-test at the 95% level are shown i.n Table 3. 

The well designed off-ramp show~d that in 58% of the periods speeds 
of exiting and nonaffected vehicles were the same. This is desirable 
if the exiting vehiCle takes on the speed of the through vehicle rather 
than vice versa. This means that the exiting vehicle was traveling at 
freeway speeds. 

The results of the tests at the off-ramps of inadequate design are 
quite different. The statistical test showed that in 85% of the periods, 
speeds ofexiting vehicles were significantly less than those of through, 
unaffected vehicles. This is highly undesirable for reasons pointed out 
previously. Table 2 shows the actual speed differentiaL 

Exit Versus Affected Through Vehicles 

This comparison was made to determine what effects, if any, exiting 
vehicles have on the speeds of affected vehicles as related to the speed 
of the exiting vehicles rather than the nonaffected vehicleo If the speeds 
show no significant difference and the difference between affected and 
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r: lass ifica tion 
Location -----

Exit 4 AM 

Exit 4 PM 

Exit 7 PM 

TABLE 2 

AVERAGE SPEED DIFFERENTIALS BETWEEN 
VEHICLE CLASSIFICATIONS .IN LANE 1 

2 3 ,. 4 

1=2 1~3 2~3 1..;2 1-3 2-3 1-2 

4.6 2.8 1.8 4.8 2.9 2.2 3.0 

L2 1.3 0.0 1.'2 1.1 0.1 1.1 

6.2 3.2 2.9 6.2 2.7 3.5 6.2 

1-3 2-3 -1-2 

3.7 3.9 5. 1 

1.1 0.1 1.1 

2.2 4.0 4.6 

---~-~-

Seminary PM _ . ~. ___ J z ..... z~ -~~_£_ '-Q .. O 3.4 __L_~_ _ _(L_()_ - 3_.~- . 2.~- __Q_._6 3.2 

Classification 1 is a nonaffected through vehicle. 
Classification 2 is an exiting vehicle. 
Classification 3 is an affected through vehicle. 

5 

1~3 2-3 

2.1 3.0 

. 1.0 0.3 

1.5 4.1 

__1_._8 1.4 

··.:~ 



TABLE 3 
95% LEVEL F-TEST COMPARISbNS OF SPEEDS OF 

EXITING VEHICLES VERSUS NONAFFECTED THROUGH VEHICLES 

Number of Significant and Nonsignificant Five-Minute Periods 

Time Interva 1 · 
Ramp Designation 2 3 4. 5 

Number of 
Tests 16 17 17 15 

Inadequate Design Significant 
Number of 
Tests Not 3 2 2 4 
Significant 
Number of 
Tests 6 6 7 6 

Good Design Siqnificant 
Number of 
Tests Not 9 9 8 9 
Siqnificant 

TABLE 4 
95% LEVEL F·-TEST COMPARISONS OF SPEEDS OF 

EXITING VEHICLES VERSUS AFFECTED THROUGH VEHICLES 

Number of Significant and Nonsignificant Five-Minute Periods 

· Time Interva 1 
Ramo Desianation 2 3 4 5 

Number of 
Tests 11 12 13 13 

Inadequate Design Significant 
Number of 
Tests Not 8 7 6 6 
Significant 
Number of 
Tests 2 0 1 0 

Good Design 
Significant 
Number of 
Tests Not 13 15 14 15 
Significant 
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nonaffected is significant, then it might be hypothesized that speeds of 
the exiting vehicles are directly influencing speeds of affected vehicles 
on the freeway. Table 4 shows the results of the analysis. 

The results of this analysis indicate that in 64% of the periods for 
the inadequate design, the speeds of exiting and affected vehicles were 
not significantly different. The well designed off-ramp showed that in 
95% of the time periods, the speeds we're the same. 

In the previous section it was shown that in the case of the good 
off-ramp, there was a significant difference in 58% of the periods be­
tween exiting and nonaffected vehicles. With this fact in mind, the 
high percentage of nonsignificant periods may be interpreted to indicate 
that affected and exit vehicle speeds ate the same 95% of the time, they 
both approached the speed of the nonaffected vehicle on the freeway 
speedo 

Conversely o speeds at the inadequate off-ramp were different for 
exiting and nonaffected vehicles in 85% of the cases and therefore it 
appears that the affected vehicle 1s speed tends to approximate the speed 
of the exiting vehicle. 

General Observations 

It is virtually impossible to find two situations in which traffic and/ 
or operational characteristics are the same 0 This fact presented a prob­
lem for proper evaluation of the effects of good and inadequate off-ramps. 
First, there were very few off-ramps of good design in the study area.· 
Second, the traffic volumes and thus the vehicular speeds varied from 
location to locationo Nevertheless, it ls believed that these analyses are 
vali.d and logical if :i.t is remembered that there is variability between 
locations. 

One further observation concerning the film study of deceleration 
distance is set fortho It was found that during forced flow conditions, 
the effect of the .off-ramp was negligibl~. Table 5 shows a comparison 
of tests at the Telephone Exit Ramp for the PM peak period and the AM 
off-peak periodo 

It is evident from these data and the speed differentials in Table 2 
that during the peak peri.odo speeds were fairly uniform and little dif­
ference existed for the exiting and nonexiting vehicles. This may be ex­
plained by the fact that speeds were being held at some upper limit by 
the concentration of traffic and there was no freedom of maneuverability 0 

In addition, drivers were expecting and anticipating exit maneuvers and 
thus their speeds were not greatly influenced by exiting vehicles 0 
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Comparison 

Affected vs. 
Nonaffected 
Vehicles 

Exit Vs. 
Nonaffected 
Vehicles 

Exit vs, 
Affected 
Vehicles 

TABLE 5 

95%. LEVEL F=TEST COMPARISbNS OF VEHICLE SPEEDS 
FOR PEAK AND OFF=PEAK PERIODS AT TELEPHONE EXIT 

PI AK PERIOD OFF-PEAK PERIOD ··· 
Time Interval 

2 3 4 5 % 2 3 4 5 
Number of 
Significant 2 3 . 1 2 40 1 3 1 2 
Periods 
Number of 
Nonsignificant 3 2 4 3 60 3 1 3 2 
Periods 
Number of 
Significant 2 3 3 ~1 45 4 4 4 4 
Periods ' 

Number of 
Nonsignificant 3 2 2 3 55 0 0 0 0 
Periods 
Number of 
Significant 0 1 0 0 5 3 2 3 3 

·Periods 
Number of 
Nonsignificant 5 4 5 5 95 1 2 1 1 
Periods - - -

% 

43 

57 

100 

0 

69 
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Acceleration Noise 

Under ideal driving conditions, a driver will travel at a speed which 
he determines to be most suitable for his purposes. That is, he deter­
mines his own speed rather than having it determined by other vehicles or 
physical features of the roadway. These ideal ccmditions seldom exist 
and the driver will accelerate or decelerate according to changing traffic 
or roadway conditions. 

The accelerations and deceleratiqns are distributed about some mean 
and the standard deviation of the accelerations is the acceleration noise. 
Acceler'itdon noise has been shown to indicate dis_turbance in the traffic 
stream. . 

Acceleration noise was determineq. according to the following equation: 
.,. 

cr=[ (t. v)2 :E -L. J :1/2 
. . t.t 

T (1) 

where 

.6 V is the change in speed 

6 t is the time over which .6 v takes place 

T is the travel time in the selected section 

Since the evaluation of acceleration noise was to be accomplished in 
a specific section rather than in an entire system, it was decided to use 
a change of 1 mph for t.V. This small increment provided greater accuracy 
than a larger one, and times were read to the nearest 0.1 second. 

,. 

The acceleration noise and speeds at each of the four locations pre­
viously described were determined in a 300-foot section (Section A) and a 
600-foot section (Section C) directly upstream of the off-ramp. Figure 
16 shows the location of the measured sections. The running speed was 
determined in each section by dividing the distance by the elapsed time. 

Having determined the acceleration noise in each of the two sections 8 

it was possible to compute acceleration noise in the second upstream free­
way section (Section B) by utilizing the additive property variances. This 
property provides for the combining or pooling of numerators and denominators 
of the two 300~foot sections to give the vari.ance of the entire 600-foot 
section. The standard deviation is then the square root of the variance. This 
property is illustrated in Figure 16. 
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Knowing cr c and O'Ao it was poS$ible to compute O'B according to 
Equation 2~ 

rrB= [ (~ v)2 ( a c'i'~ 
Tc-Ta (fl V) . 

l/2 
(2) 

It was the purpose of this portion of the deceleration distance study 
to see if acceleration noise in the vicinity of off-ramps was higher than 
in areas located away from off-ramps. To accomplish this purpose 6 an 
attempt was made to fit the observed data to a model employed by DudeklO 
to describe interaction between speed and acceleration. This model, 
a third degree polynomial, is indicated below as Equation 3. 

(] = A - BJ.L 2 + CJ.L 3 (3) 

where 

0' is total acceleration noise 

A is maximum acceleration noise 

B and C are regression coefficients 

f.L is the running speed 

A regression analysis was performed on the observed data by means of a 
standard regression program written by the Texas A&M University Data 
Processing Center. 

The results of the regression analysis indicated that there was not 
a high degree of correlation between the data according to the third 
degree ·polynomiaL The correlation coefficients ranged from 0. 164 to 
0.726 for the 600-foot sectiono The regr~ssioncurves are plotted in 
Figure 17 for each location and the correlation coefficients are indicated. 

It can be seen that acceleration noise and thus turbidity in the 
traffic stream was generally higher over the range of speeds in off-ramp 
areas than in areas located away from off-ramps. It is further noted that 
the well-designed off-ramp showed less acceleration noise than those 
of substandard design. 

It was not readily apparent what factors caused the observed data 
to show no significant relationship to the modeL Dudek has previously 
shown that this model could be used to describe interaction of speed 
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and acceleration noise. Possibly more data points were required over 
the entire range of values. Some 70 to 90 data points were collected 
at each location at various times of day, but possibly all traffic con­
ditions were not reflected. It was not considered economically feas­
ible to make additional runs in ari: attempt to obtain a better fit. 

Although the data did not fit the proposed model, it was still 
possible to compare the various locations on a basis of average accel­
eration noise. Since every data collection run recorded values for 
every location, each series of points was collected under similar con­
ditions. 

The average acceleration noise was determined at each location 
and a multiple group test was performed to determif2e if there existed a 
difference between the locations. The Tukey Test was again employed 
to determine which locations differed. 

Table 6 shows the average acceleration noise at each location 
in each section. The results of the statistical tests indicated that 
all locations were significantly different at the 95% level except the 
Myrtle and Telephone Off-Ramps. 

All three off-ramps showed a higher acceleration noise than do the 
locations with no ramps in the 600-foot sections. This indicates that 
traffic flow was smoother in the absence of off-ramps as might be ex­
pected. A further investigation of the data shows that the acceleration 
noise for the off-ramps of inadequate design was 20.0% and 33.8% 
higher for the Telephone and Myrtle off·-ramps than for the Woodridge 
off-ramp which had superior design features. 

Examination of the data for the two 300-foot sections indicates 
that acceleration noise decreased significantly at the 95% level for 
each location as the vehicle approached the off-ramp. It was first 
believed that acceleration noise would increase as the vehicle ap~ 
preached the off-ramp as an indication that the off-ramp caused higher 
turbidity of flow. However, this apparent contradiction might be ex­
plained by the fact that the braking by the driver possibly takes 
place in the 300-foot section designated as Section Band when the 
driver reaches the second 3 00-foot sectionu he has released the brake 
and is continuing at a more uniform rate~ · Nevertheless, the fact that 
there is a change in the acceleration noise indicates that the off-ramp 
is causing a tUrbidity in the traffic. In addition results may be some­
what erratic in a section of only 300 feet, the short distance being 
more susceptible to measurement errors. 

These results indicate that off-ramps have a definite effect on free­
way operation based on smoothness of flow as reflected by acceleration 
noise. In addition, the design of the off-ramp appears to affect the 
smoothness of flow. 
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TABLE 6 

AVERAGE ACCELERATION NOISE 

~ Telephone Myrtle Brays Brays Woodridge 
s Exit Exit In Out 

600-Foot (Section C) 0. 763 0.851 0.485 0,.29:9 0.636 

300-Foot (Section A) 0.488 0.740 0.499 

300-Foot (Section B) o. 829 0.932 0~698 
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ANALYSIS OF OFF-RAMP TERMINAL CAPACITY 

As previously mentioned, off-ramp t~rminal capacity was analyzed 
by simulation techniques on a digital computer o The simulation program 
was capable of vary~ng traffic conditions over a wide range of values 
for three ramp control conditions: stop, yield, or free-flow. 

The figures of merit for each condition were ramp queue length, 
ramp volumeo and frontage road volume. For the analysis, a family of 
curves was plotted 8 one for each ramp volume. These curves show 
frontage road adjacent lane volume versus the 95 percentile queueo or 
that queue which is exceeded only 5% of the time. These curves are 
shown in Figure 18 through 20. 

These curves may be utilized in two ways. First they may be used 
to determine what ramp length must be provided for a certain ramp volume 
and frontage road volume for either' stop'o yield or free flow control. 

Since queue length can be a measure of distance, the ramp length 
is actually determined by multiplying the queue 1erigth by the vehicle 
length. This vehicle length plus minimum headway was assumed to be 
22 feet. A scale is provdded on the curves for both queue length and ramp 
length necessary to avoid "spill-back" to the freeway lanes. An ex­
ample of this usage is outlined below o 

Given: Ramp volum~ = 400 vph 

Frontage Road Volume= 400 vph 

Ramp Control= Stop 

From Figure 18, a ramp length of 120 feet should be provided. If 
the control were for the ramp vehicle to yield, Figure 19 shows a ramp 
of 88 feet would be required. 

The second way that these curves may be used is in determination of 
ramp capacity. If the ramp were already constructed, and the frontage 
road volume knownu the ramp capacity could be readily determinedo An 
example of this method is as follows: 

Given: Ramp length.= 2 00 feet 

Frontage road volume = 3 00 vph 

Ramp capacity for a l;ltop condition is 600 vph from Figure 18. For 
yield contrblo the capacity is 650 vph. 
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It can be seen that the values for stop control and yield control on 
the ramp are approximately equaL However u if the control is free flow 
with ramp vehicles having an added lane or stop control on the frontage 
road-0 a much shorter ramp length is dictated. The queue that is present 
in this condition results from slowing down of vehicles to maintain safe 
headway and is not so critical as if the driver were required to stop or 
select a gap. 

Figure 2 0 shows that for the values indicated in the first example o 

a free flow _condition would require a ramp of minimum length. In the 
second example, ramp capacity is 12 00 vph, a considerable increase 
over the capacity for the other two conditions. 

An analysis was performed with identical conditions except that 
desired speeds for exiting vehicles were 40 mph rather than 30 mph" 
Results of this analysis were very similar to those for the 30 mph anal~ 
ysis. It appears that the ramp volume is the controlling fa.ctor for queue 
length and exiting speed has little influence on this length. This is 
probably due to the fact that vehicles must adjust to some minimum v ~ 

headway no matter what the exiting speed. 
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C ONC L USlONS 

The following conclusions were drawn from this research~ 

L Off-ramps have a definite effect an freeway operations. In 
45% of all periods tested, the speeds of vehicles following exiting 
vehicles were lower than the speeds of vehicles not follow.i.ng exiting 
vehicles o Although the speeds were statistically different, the average 
speed differential was 2. 3 mph between affected through and nonaf~ 
fected through vehicles. 

2. The design of an off-ramp influences the effect of the off­
ramps on freeway operation. A well designed off-ramp shows less ef­
fect than one of inadequate design. 

3. Off-ramps have a less pronounced effect on inside lanes than 
on the shoulder lane. In only 21% of all periods tested in Lane 2 
speeds of vehicles affected by exiting vehicles were less than those of 
vehicles not affected by exiting vehicles. In Lane 3 (the median lane)~ 
only 10% of the speeds of affected vehicles were less than the speeds of 
nonaffected vehicles. 

4. The smoothness of traffic flow as measured by acceleration 
noise is affected by off-ramps. However u well designed off-ramps 
.caused less disturbance to the smoothness of traffic flow than did the 
ramps of inadequate design. 

5. Capacity of an off-ramp terminal can be evaluated by considering 
the effect of the ramp queue on freeway operationo Design curves are 
provided for determination of off-ramp capacity and for determination 
of effective ramp storage lengtho 
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SHORT TRIP GENERATION 

The generation of short trips on a freeway tends to destroy the 
integrity of the freeway as a long trip facility. The presence of short 
trips during peak periods of travel can become a critical factor in 
freeway operations. Since drivers take paths of least resistance u 

frequent exit ramps may make the use of the freeway attractive for 
short trips. Studies of the origin and destination of ramp traffic 
(inbound and outbound) on the Gulf Freeway in Houston, the North 
Central Expressway in Dallas and Interstate Highway 2 0 in Fort Worth 
provided data from which this effect was studied. 

Gulf Freeway Studies 

Inbound studies: The ramp 0-D studies on the Gulf Freeway were 
conducted at all of the inbound entrance ramps during the a.m. peak 
{7 :00-8:3 0). Drivers were stopped on the ramps and handed a question­
naire which they were requested to fill out and return. The question­
naire provided information on the· origin of trip, destination of the trip 
and exit ramp usage. {See Research Report Number 24-Z) 1 

As. a starting point for the investi.gation of short trips u a study 
was made of the traffic entering each inbound entrance ramp and the 
amount of this traffic that exited from the freeway within 6000 feeL 
The distance of 6000 feet was picked arbitrarily as the definition of a 
short trip. 

Figure 21 and 22 indicate the results of these studies. The total 
number of cars entering and the per cent exiting within 6000 feet are 
shown. Entrance ramps and their short trips may be followed in order 
from the Reveille Interchange inbound by reading from the bottom up-
ward on each figure.' · · 

The data illustrated in Figure's 21 and 22 indicate only two cases 
where a significant amount of short trip traffic was generated. The 
first case was the Mossrose entrance ramp and Wayside exit ramp with 
22.5% of the traffic exiting within approximately 2000 feet of its 
entrance. At this location there was a discontinuous frontage road. The 
second case was the Telephone entrance ramp and the Calhoun-Lombardy 
exit ramps with 13. 4% exiting within 4000 feet. At this location the 
frontage road crossed several railroad tracks with a very rough pave·­
ment surface. Trains often block the frontage road which makes its 
use undesirable from the drivers' point of view,. There are also two 
signalized intersections to be passed through. The next two highest 
cases indicate 8% exiting within 6000 feet. 
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Outbound Studies~ The ramp 0-D studies were conducted at the out~ 
bound entrance ramps during the p.m. peak {4~00-6~00) . Figures 23 and 24 
show the short trips which were determined from the 0-D data. The en­
trance ramps and their respective short trips may be followed from the 
beginning of the Gulf Freeway in the outbound direction by reading the 
figure from top to bottom. 

The analysis of the data illustrated in Figures 23 and 24 shows one 
case in which an amount greater than 10% of the entering traffic exited' 
within 6000 feet. This occurred at the Dumble entrance ramp and the 
Telephone and Wayside exit ramps. The frontage road is discontinuous 
at this location. Even though the per cent exiting was only 5. 6%, sixty­
four vehicles made short trips by entering at the Wayside entrance 
ramp and exiting at the Winkler and Woodridge exit ramps. Once again the 
frontage road is discontinuous at the short trip location. 

North Central Expressway Study 

This study is referred to as the. "lights-on" study since the study 
technique utilized involved asking each driver at a selected ramp to 
turn on his lights as he entered the freeway and to keep them on until 
after he exited from the freeway. Observers stationed at downstream 
overpasses and exit ramps then recorde9 the movement of vehicles with 
their lights on. The study includea only one entrance ramp which was 
the Mockingbird on-ramp. A sketch of the study is shown in Figure 25. 
The frontage road can be negotiated as shown in the sketch. 

Figure 2 6 illustrates the total amount of traffic entering the Mock_; 
ingbird entrance ramp (839 vehicles) during the period 7~00-8~30 a.m. 
and the number of these vehicles which exit within 6000 feet. It is 
noted that again a very insignificant percentage (2. 3 %) exi.sts within 
6000 feet. It should also be noted that a continuous frontage road 
system ·exists in this area. 

Fort Worth Interstate Highway 2 0 Study 

The data for this study was collected by the license plate tech~ 
nique using one man at the Camp Bowie entrance ramp inbound and another 
man at the Pentecost exit ramp. Each man recorded the license numbers 
of the vehicles utilizing his ramp. The license plate numbers were 
placed on punch cards and matched using a card sorter. 

This study location was suspected of having a high percentage of 
short trips due to a difficult intersection where the frontage road.be·­
gins. This intersection was complicated by the frontage road being 
two-way at this point. A relatively large volume was expected to use 
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the freeway short trip route due to a high school just down the frontage 
road from the exit ramp studied. The study was conducted from 7~45 to 
9:00 a.m. on a school day. The study location is illustrated in Figure 27. 

Figure 2 8 illustrates the amount of trqffic entering the Camp Bowie 
entrance ramp eastbound (1013 vehicles) during the 7~45-9:00 ao m., study 
period and the number of those vehicles which exited at the Pentecost 
exit ramp (135 vehicles). A significant amount of short trips (13. 3% of 
those entering) were generated at thi1s location which travel the 1570-
foot trip on the freeway rather than use the difficult frontage road route 
shown in the sketch. 

Conclusion 

The generation of short trips does not become a critical factor ex­
cept during the peak periods of travel when most facilities have more 
traffic demand than they can accommodate. The results shown in Table 7 
are short trips which occurred during these critical periods 0 As shown 
in Table 7, there was a distinct difference in the percentage of short trips 
in almost all cases where the frontage road was discontinuous or a diffi­
cult route was required. At locatio,ns with continuous frontage roads, 
short trips range from 1 to 4 per cent while at locations with discontinuous 
frontage roads or difficult surface street routing, short trips generally 
range from 5 to 2 0 per cent. 

It was concluded that discontinuous frontage road or a difficult 
surface street route can usually be expected to create short trips during 
critical periods of freeway operation. It is recommended that frontage roads 
be continuous to eliminate an undesirable number of short trips during 
peak periods. 
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Vehicles Entering At: 

Gulf Freeway 

SH 22 5 Inbound 
SH 3 5 Inbound 
Woodridge Inbound 
Mos srose Inbound 
Griggs Inbound 
Wayside Inbound 
Telephone Inbound 
Dumble Inbound 
S. Cullen Inbound 
N. Cullen Inbound 
Sampson Outbound 
Scott Outbound 
Cullen Outbound 
Dumble Outbound 
Tellepsen Outbound 
Telephone Outbound 
Wayside Outbound 

TABLE 7 

TABLE OF RESULTS 

Continuous 
Frontage Road 

Percent Quantity 
Exiting Exiting 

0.5% 4 

3. 7% 37 
1.7% 9 

1.4% 6 
3. 3% 10 
2 .. 8% 14 

2.5% 4 
1 .. 6% 12 

North Central Expressway 

Mockingbird On-Ramp 2. 3% 19 

IH 20 - Ft. Worth 

Camp Bowie On-Ramp 

64 

Discontinuous Frontage Road 
or Difficult Route 
Percent Quantity 
Exiting Exiting 

7.3% 88 
8.3% 51 

22.5% 169 

13.4% 80 
5.4% 30 

3.2% 11 
Oo 7% 5 

11.5% 134 

5. 6'% 64 

13.,3% 135 



-------------------- --

WEAVING MANEUVERS 

As the frequency of interchange points on a freeway increase o the 
length of weaving sections between entrance and exit ramps decrease 
and a potential weaving problem may be created. However, the full 
extent of weaving that may occur in a given freeway section due to the 
distribution of vehicles over the lanes of the freeway and desired exit 
movements was not well documented. It was entirely possible that 
most drivers exiting from a freeway would move to the outside lane a 
great distance in advance of the off-ramp which he used for an exit and, 
thereforeo a greater number of exit ramps may not necessarily create 
weaving problems. This effect was studied using data from the "lights 
on" study of the North Central Expressway in Dallas. 

"Lights-On" Study 

The "lights-on" study provided the opportunity to observe the lane 
use characteristics of the entrance ramp traffic under observation. These 
data were collected by observers stationed on overpasses. These ob­
servers noted the lane use and license number of each vehicle whose 
headlights were burning as it passed each station. With these data it 
was possible to study individual vehicle trips 8 to place the vehicle in 
a lane at each study station and to determine what exit ramp was used. 

Figure 2 9 illustrates the lane use characteristics for vehicles 
entering at the Mockingbird on-ramp and exiting at the Knox-Henderson 
exit ramp 8 the Fitzhugh exit ramp and the Haskell exit ramp, respectively. 
These data indicate heavy use of the outside lane which would create 
practically no weaving problems at the exit locations. 

Conclusions 

It was concluded from the study conducted that most on-ramp traffic 
which enters a freeway for a l to 2 mile trip, remains in lane l (right lane), 
and thus creates practically no weaving problems at the exit locations. 
Traffic making longer trips also tends to move to the outside lane well in 
advance of the desired exit point. 
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ACCESS CO NTRO 1 

Introduction to the Problem 

The problem of access control on exit ramps has been brought to 
attention by numerous spectacular crashes involving vehicles wh.ich 
entered an exit ramp moving in the wrong direction and proceeded down 
the freeway going the wrong way. Also, data collected for the !'Access 
Violations on Controlled Access Facilities 8' project indicated some im~ 
proper usage of exit ramps as entrance ramps. 

Review of Current Literature 

The Bureau of Public Roads completed a 1964 survey of the 50 
states, the District of Columbia and Puerto Rico concerning wrong way 
movements. 2' 3 Fifteen percent of the states said that a definite 
wrong way problem existed on their highways. California and New Jersey 
had completed studies in this area. The following simularities were 
found in their studies: more wrong way violations occurred where half­
diamond interchanges were used; a large percentage of violations were 
due to willful mis-use of ramps or freeways, and older drivers accounted 
for a disproportionate number of wrong way violaUons. The California 
studies .indicated a high proportion of wrong-way movements were made by 
intoxicated drivers. 

Experience in several states refuted two generally accepted ideas 0 

One was that it was anticipated that when drivers became accustomed to 
freeways that wrong way movements would cease, but this was found not 
to be the case. The second was the htgh volume locations would have 
few wrong way movements since the driver could identify the correct 
direction of traffic by observing other vehicles. But these mistakes have 
occurred in high volume locations, often resulting in fatal accidents. 

Many states felt that intentional disobedience was one of the major 
causes of wrong way movements. A large number of wrong way movements 
were reported when a freeway facility was opened for the first time. 
These violations were usually made by local citizens who during con= 
struction became accustomed to using portions of the facility for their own 
convenience. The problem of wrong way m.cuvements was expected to 
increase as additional mileage of the Interstate System is completed. 

It was the opinion of most states that proper application of existing 
signs was adequate to take care of most wrong way movements. Some 
states used stop signs facing the wrong way direction with supplemental 
messages such as ·u_Do; not Enter,". ''Turn Back," or 1'You Are Going The 
Wrong Way. so The European ·•J!Do Not Enter 8

' sign was being tested in 
four states and the District of Columbia. 
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The California Division of Highways has experimented with a wrong 
way detector and automatic sign device. 4 This device consisted of an 
illuminated and reflectorized white on red sign reading "Go Back·-You 
Are Going Wrong Way," a 12-inch red traffic light, two horns, one 
steady, one pulsating, and a flashing amber signal to warn the legitimate 
off-ramp traffic of the presence of a wrong way vehicle. A movie 
camera was interconnected to this device which filmed a 15-second se~ 
quence each time a wrong way maneuver was detected. At the time of 
the writing Q insufficient data have peen obtained to make any definite con­
clusion. The following has been noted thus far: 

1. There were approximately 15 wrong way entries per month. 

2. The entries were almost equally divided between day and night& 

3 a Nine out of ten wrong way drivers were observed to stop before 
they passed the automatic 'sign. 
(Others may have stopped a.fter moving out of the camera 11 s field 
of view.) 

The California Division of Highway also studied the use of one~ 
way spike barriers for a positive wrong way control. 4 ' 5 This method of 
control was discarded since drivers moving in the proper direction could 
not tell which w&y the spikes were pointing, and at high speeds the er~ 
rant drivers may pave difficulty maintaining control of their vehicle 
after four blowouts, Furthermdre, the presence of a disabled vehicle 
on a high speed exit ramp was not desirable. 

Considerations in the Design of a· Directional Detector 

In order to determine the extent of wrong way maneuvers at an exit 
rampu a directional detector would be required. When this research was 
initiated, there were no commercial directional detectors available which 
could detect wrong way movements for the wide speed ranges which oc­
cur on exit ramps. Thus u a study was made to consider the design of a 
directional detector which could be used to collect these data" Two 
designs of directional detectors were considered. 

Design No. 1 - A Two-Detector Unit 

An attempt was made to design a directional counter which could be 
used to detect and count wrong way maneuvers using two detectors. This 
unit would operate as follows when assuming that a vehicle was passing 
in the wrong way direction~ The first detector the vehicle passedu 
detector No. 1, would "arm" the second detector, detector No. 2. De~ 

tector No, 2 could then detect the wrong way vehicle as it passed and 
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cause a count to be registered. This would be accomplished by de­
tector No. 1 energizing an arming relay for a short period of time using 
a monostable multivibrator as the timing mechanismo Detector No. 2 
would utilize a relay wired in series with the arming relay, The cost of 
the electrical parts per unit would be approximately $25. 00. The entire 
system would have to included two detectors 1 one coul''lter, and batteries 
plus the electrical parts. 

The reliability of this unit would be limited to a very small range 
of vehicle speeds. This range was determined by the space between 
the two detectors 1 the time that the arming circuit stays energized, 
and the distance between axles of a tandem truck or trailer~ 

The two detectors could be no cloi>er than one foot apart or a large 
truck tire might be detected by both detectors at the same time. This 
would give a false indication of a wrong way vehicle. The arming cir­
cuit would be designed to stay energi21ed for 0.1 second. A slow-moving 
vehicle eros sing the two detectors would not be counted if it were 
moving at a speed less than 1 foot per. 0 .J second or 6. 7 mph. The 
1-foot traveled was the distance between the two detectors. The sol­
ution to this problem would seem to be to increase the time that the 
arming circuit stays energized. 

But the investigation of a tandem truck or trailer traveling in the 
correct direction showed that this time could not be increased. The 
twin axles of such a veniC1e were on approximately 4. 5-foot centers. 
Assuming that two feet of each tire touched the ground, the distance on 
the ground between the tires was 2:5 feet. When going in the correct 
directionu the following tire would have to travel ohe-foot less or 1. 5 
feet since it has only to contact the number 2 detectoL In operationn the 
first wheel would cross the number 2 detector with no effect since it 
was not armed, then hit the number 1 detector which armed the number 2 
detector. The second wheel the:n traveled 1. 5 feet to hitthe armed num­
ber 2 detector. If the trUck were travelingat a speed faster than ·L 5 . 
feet per 0.1 second or 10.2 mpho a false count would result. Thusn the 
reliability of this design was limited to a very small speed range no 
matter how long the arming relay was energizedo (In this case between 
6.7 and 10.2 mph.) 

Design No. 2 - A Multiple betector Unit 
I. 

A four detector system might eliminate some of the problems of the 
two detector system. In the four detector system, the first detector 
would clear all previous detections and arm the remainder of the unit to 
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operate. The next three detectors would have to be tripped in sequence 
to count a wrong way vehicle. The last detector would also turn the 
system off until the first detector wa:s actuated again. In this manner 
a vehicle traveling in the correct direction would first turn the system 
off before crossing the other detectors which would result in no count. 
This type of system contained no timers and thus the range of speeds 
was unlimited. 

The electronics of this system would be complex requiring multiple 
contact relays. It was estimated that each unit would cost a minimum 
of $100. 00. In addition to this cost each entire system would require 
four detectors, one counter, and batteries. To collect sufficient data 
on wrong way maneuvers, many locations would have to be studied due to 
the infrequency of this type of maneuver. As many directional detectors 
would be required as study locations. Due to the cost of a large quantity 
of directional detectors, this system was not built and tested. 

Commercial Directional Detectors 

Since the beginning of this project, two commercial detectors 
have appeared on the market. Each of these directional detectors 
were advertised to operate over ariy range of vehicle speeds. 

Gammatromix Inc. advertised the DR-21 Directional Presence Detector. 
This unit utilized two detector probes which must be placed under the 
pavement. The unit operated with 110 volt current. The advertised price 
of one unit with two probes was $425. For the data collection phase of 
this project, the permanent installation under the pavement and the 
requirement of 110 volt current were disadvantages. 

The Radio Corporation of America (RCA) has advertised a directional 
vehicle detector specifically for sensing wrong way maneuvers. Their 
device operated from two wire loops embedded in the pavement. This 
unit had the same disadvantages as the first unit discussed. 
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CONCLUSIONS 

On the basis of studies conducted in connection with the off-ramp 
project the following conclusions were established. 

L On freeways where continuous frontage roads exist, the 
provision of numerous entrance and exit ramps on a freeway does not 
necessarily tend to create a large number of short trips. The 
data developed in this study indicated that the number of short trips on 
a freeway increase rapidly at locations of discontinuous frontage roads 
or difficult surface street routings. The need for continuous frontage road 
systems to eliminate short trip movements is emphasized. 

2. On the basis of the locations studiedu it was found that off-ramps 
do not create an extensive freeway weaving problem. A ~majority of 
freeway trips of lengths from one to two miles remain in the outside lane 
of the freeway for the trip$ Traffic making lqnger trips also tends to move 
to the outside lane well in advance of the desired exit point. 

3. The problem of wrong way entries on an exit ramp is a very serious 
one and is worthy of a study in itself. It would be desirable to determine 
the extent of wrong way maneuvers and to relate these maneuvers to elements 
of design and control. 
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INTRODUCTION 

Statement of the Problem 

Many freeways within our major cities are entering a critical 
phase of utilization. These facilities are becoming congested d-uring 
peak periods, and are not providing the "level of service" for which 
they were designed. All possible courses of action should be under­
taken to improve the efficiency of freeway operation so that a desired 
level of service can be maintained. 

Past studies aimed at improving the efficiency of operations 
have primarily dealt with the design and operation of an on-ramp, the 
design and operation of an off-ramp, or the weaving on the freeway 
resulting from an on-ramp closely preceding an off-ramp. 1 ~l0 Existing 
freeway interchanges have been designed using the current "best" 
design for each of the ramps, but the location. and configuration of the 
ramps have for the most part been accomplished in a standardized 
manner. 

Ramp location, as used herein, was defined as the location of a 
ramp or ramps upstream or downstream of an arterial street crossing 
the freeway. Ramp configuration was defined as the order in which 
closely spaced pairs of ramps appear. A pair of ramps includes an 
on-ramp and an off-ramp; therefore, a- ramp configuration would be an 
off-ramp closely fohowed by an on-ramp or vice versa. "Stacked" 
ramps, a modification of the dff-ramp followed by an on-ramp con­
figuration, exists in the form_L~f grade seaparated ramps. An illustration 
of stacked ramps is shown in Figure 30. 

Names of interchange designs have resulted from the standardi­
zation of ramp configuration. The most prominent of these are the ''X" 
interchange and the diamond in~erchange. The ''Xn interchange in­
cludes an on-ramp upstream of the arterial street and off-ramp down­
stream- of the arterial street for !both the inbound and the outoound­
directions of travel. As illustrc;tted in-Figure ·30, these four ramps form 
an ''X" from which this type of interchange derived its name. In the 
diamond interchange, the ramps are the-reverse of those inthe "X" 
interchange 1 and the fOUf ramps form a diamond.- --This type_ Of inter­
change is also illustrated in· Figure 30. 

To properly design interchanges, the ramps must be located in 
such a manner as to fulfill the estimated future needs of traffic and 
provide a m1nimum of interference to the freeway traffic. This research 
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investigated the operation of several existing layouts and the suit- · 
ability of different layouts being used at these locations. The stacked 
ramp configuration was investigated as a possible solution when both 
an on-ramp and an off-ramp were required at the same location. 

This'research was a portion of a larger project, "The Effects of 
Off-Ramps on Freeway ·operation, " which was conducted by the Texas 
Transportation Institute in cooperation with the Texas Highway Depart­
ment and the U. S. Bureau of Public Roads. 

Study Objectives -

The objectives of this phase of the project Were: 

1. To investigate the desired movement of entering and exiting 
traffic at diamond or "X" type interchanges. 

2. To investigate the effect of freeway ramp configuration on 
the amount of acceptable gap time available to vehicles desiring to­
enter the freeway at a specific ramp, in order to determine the more 
desirable ramp configuration. 

3. To investigate the effect on the amount of acceptable gap 
time as the distance downstream of an off-ramp increased, in an 
attempt to develop criteria for ramp spacing. 

4. To investigate the suitability of various interchange layouts 
in fulfilling drivers'_ desires, providing access to the freeway and 
abutting property I and reducing the interference to freeway and arterial 
street traffic. 

Study Site 

All of the studies for this research took place on the Gulf Freeway 
in Houston, Texas. This freeway is a six-lane facility divided by a 
four-foot barrier type median. The grade of the Gulf Freeway is near 
ground level with the exception of the interchanges and railroad cross­
ings. At these locations the freeway rises to pass over an arterial 
street or railroad. This up and down movement creates a "roller 
coaster" effect which is shown in the aerial photograph in Figure 31. 
For the most part, continuous frontage roads parallel this facility. 
The study sites were located between Dowling Street, which is two 
miles from the central business district (CBD), and the Reveille Inter­
change, which is six miles from th~ CBD. Figure 32 shows the study 
area and the freeway layout. 
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DRIVERS 1 DESIRES AT INTERCHANGES 

Introduction to the Problem 

The investigations of the desired movement of entering and exiting 
traffic at various interchanges were conducted to determine if drivers • 
desires were the same at most interchanges. If they were, the indic-: 
ation would be that a standard type of interchange (with standard ramp 
locations) COUld fulfill drivers I desires I and the procedure Of USing a 
standard type of interchange along a section of freeway would be just­
ified. If drivers' desires were not the same at all interchanges, the in­
dication would be that each interchange layout should be based on the 
anticipated traffic desires for that interchange, and the ramps placed 
according to these desires. 

Method of Study 

Drivers' desires at each o{thefnterchang-es studied were determined 
by a license plate survey. The survey was divided into four studies to 
investigate each possible desire. These studies were: 

Study 1: The Desire to Exit Downstream of the Arterial Street. 

Study 2: The Desire to Exit Upstream of the Arterial Street. 

Study 3: The Desire to Enter Upstream of the Arterial Street. 

Study 4: The Desire to Enter Downstream of the Arterial Street. 

Data for each of these studies were collected at the following inter­
changes: 

l. Cullen Interchange Outbound. 

2. Telephone Interchange Outbound. 

3. Wayside Interchange Outbound. 

4. Woodridge Interchange Outbound. 

5. Cullen Interchange Inbound. 

The data collection periods were from 4:00 to 5:30 P.M. at the first 
four interchanges listed above and from 6:30 to 8:00A.M. at the fifth 
interchange. 
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With one e:xception (Wayside Interchange), the data for the four 
studies were collected at diamond interchanges. As noted previously, 
a diamond interchange has an off-ramp upstream of the arterial street 
and an on-ramp downstream of the arterial street. Studies 1 and 3 
were conducted at diamond interchanges even though the ramps ful­
filling the 'desires in question did not exist. These desires were deter­
mined by recording the license plate number of vehicles that could have 
used ramps, had they existed, and matching these license plate num­
bers to those recorded at the ramps actually used. The procedure used 
for each study is illustrated in Figure 33 and explained in detail below. 

Study 1: The Desire to Exit Downstream of the Arterial Street 

For Study l, license plate numbers were recorded at Points A and 
B (See Figure 33). Point A was on the existing off-ramp, and Point B 
was located on the frontage road, 500 feet downstream of the bridge 
abutment. Point B was chosen as the nearest location to the· arterial 
street which could be served by an off-ramp located downstream of the 
arterial street. The amount of license plate numbers matched between 
Points A and B was the extent of the desire to exit downstream of the 
arteria 1 street. 

Study 2: The Desire to Exit Upstream of the Arterial Street 

License plate numbers of vehicles using the off-ramp, Point A, 
were recorded entering private property and access streets, PointE, and 
turning left, Point D, or right, Point C, onto the arterial street (see 
Figure 33). The amount of license plate numbers matched between 
Point A and Points C, D, and E was the extent of the desire to e:xit 
upstream of the arterial street. 

Study 3: The Desire to Enter Upstream of the Arterial Street 

For Study 3, license plate numbers were recorded at Points F and 
G. Point F was located on the frontage road, 700 feet upstream of the 
bridge abutment. This point was used as the neareSi'Uocation to the 
arterial street for which an on-ramp upstream of the arterial street could 
provide access. Point G was located on the existing on-ramp down­
stream of the arterial street. The extent of the desire to enter upstream 
of the arterial street was determined by the amount of license plate num­
bers matched between Points F and G. 

Study 4: The Desire to Enter Downstream of the Arterial Street 

License plate numbers were recorded of vehicles entering the frontage 
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road from private property and access streets, Point J, turning left, 
Point I, and right, Point H, from the arterial street onto the frontage 
road, and entering the on-ramp, Point G. The amount of license plate 
n':lmbers matched between Point G and Points H, I, and J was the ex­
tent of the desire to enter downstream of the arterial street. 

In addition to the license plate survey, the freeway volume crossing 
the overpass in the direction of travel under study, Point K, was countE?d 
in five-minute periods to furnish an indication of freeway operation during 
the study. Data were collected for all four studies simultaneously at 
each interchange to avoid unnecessary duplication of recording points. 

Some method of determining if traffic desired a specificramp was 
required. It was decided that if the extent of the drivers' desires for 
a ramp was greater than 100 during the peak hour, the ramp would be 
deemed to be desired. This value is not necessarily practical or to 
be construed as a warrant for the construction of a ramp. In aU cases 
the actual desires are indicated so that the individual reader may eval­
uate the situation according to his own judgement. 

Discussion of Results 

Cullen Interchange Outbound 

The results of the investigation of drivers' desires at the Cullen 
Interchange Outbound are shown in Figure 34. These desires indicated 
that an off-ramp located downstream of the arterial street was desired 
in addition to the existing ramps. Thus, at the Cullen Interchange 
Outbound, traffic desired an off-ramp upstream of the arterial street, 
and an on-:-ramp and an off-ramp downstream of the arterial street. 

Telephone -Interchange Outbound 

The traffic desires at the Telephone Interchange Outbound are shown 
in Figure 35. These desires indicated that only the existing ramps were 
desired. At this interchange, an off-ramp located upstream of the art­
erial street and an on-ramp located downstream of the arterial street 
were desired. 

Woodridge Interchange Outbound 

At the Woodridge Interchange Outbound, drivers' desires indicated 
that an off-ramp downstream of the arterial street was desired in addition 
to the existing ramps. The traffic desires are shown in Figure 36. Therefore, 
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an off-ramp upstream of the arterial street, and an on-ramp and an off-· 
ramp downstream of the arterial street were desired at the Woodridge 
Interchange Outbound. 

Wayside Interchange Outbound 
I 

Drivers 1 desires at the Wayside Interchange Outbound are shown 
in Figure 37. These desires indicated that each of the ramps in the 
existing interchange were desired. ·(The existing interchange was 
assumed to have included the on-ramp downstream of TelephOne Road.) 
Thus, an on-ramp and an off-ramp were desired upstream and down­
stream of the arterial street. 

Cullen Interchange Inbound 

The results of the investigation of drivers 1 desires at the Cullen 
Interchange Inbound are shown in Figure 3 8. The desired mov·ements 
indicated that an on-ramp was desired upstream of the arterial street 
in addition to the existing off-ramp, and that one of the existing on­
ramps located downstream of the arterial street was desired. Therefore, 
at the Cullen Interchange Inbound, an on-ramp and an off-ramp were 
desired upstream of the arterial street, and one on-ramp was desired 
downstream of the arterial street. 

Conclusions 

The results of the investigation of drivers 1 desires at interchanges 
illustrated that the desires differed at the five interchanges studied, 
and that various combinations of ramps were required to fulfill these 
desires. The desired ramp locations are given in Table 8. It was con­
cluded that: 

1. Standard interchange designs could not always fulfill the 
desired movement of traffic. 

2. The desired movements of traffic could be fulfilled by in­
dividual consideration of the desires at each interchange and the 
placement of the ramps according to these desires. 
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TABLE 8 

DESIRED RAMP LOCATIONS 

Cullen Telephone Woodridge Wayside Cullen 
Inte:rchange Interchange Interchange Interchange Interchange 

·outbound Outbound Outbound Outbound Inbound 
-

An off ramp located down- Yes* No Yes * Yes No 
stream of the arterial 
street was desired 

An off ramp located up- Yes Yes Yes Yes Yes 
stream of the arterial 
street was desired 

An on ramp located up- No No No Yes Yes* 
stream of the arterial 
street was desired 

An on ramp located down- Yes Yes Yes Yes Yes 
stream of the arterial 
street was desired 

* This ramp was desired, but it does not exist. 



FREEWAY RAMP CONFIGURATION 

Introduction to the Problem 

The effect of freeway ramp configuration on the amount of accept­
able gap time available to vehicles desiring to enter a freeway at a 
specific on-ramp was investigated in order to determine the more 
desirable ramp configuration. In the past/ it has been assumed that 
the greatest amount of acceptable gap time available to vehicles 
desiring to enter the freeway would be provided by removing off-ramp 
traffic before allowing on-ramp traffic to enter. This research tested 
that assumption to determine if it was valid and to evaluate the advan­
tage to freeway operation that might result. 

In this research/ an acceptable gap was defined as a gap an aver­
age driver would accept when entering a freeway. The selection of 
an acceptable gap time for an average driver was not critical as used 
in this research because the saine basis of comparison was used for 
each configuration. An average value of three seconds was chosen. 

Theoretical Gap Distributions 

To determine the effect of freeway ramp configuration on the amount 
of acceptable gap time available 1 theoretical gap distributions were 
fitted to the observed data. The exponential distribution can be fitted 
to the observed distribution of gaps for free flowing volumes 1 but it is 
unsatisfactory for high volumes because of two conditions which are: 

1. Vehicles have length and must follow each other at some mini­
mum headway. 

2. Vehicles cannot pass at will even on a freeway. 

Gerlough11 proposed that the first condition be overcome by Shifting the 
exponential curve to the right an amount equal to a certain minimum 
headway I T. The probability of a gap greater than t then becomes 

p (g > t) = e- (t-T)/(t -T) . 

To overcome the second condition/ it was proposed by Schuhl
12 

that 
the traffic stream be considered as composed of a combination of free­
flowing and constrained vehicles. Haight 13 suggested that gaps less 
than the minimum headway 1 T 1 be considered improbable 1 whereas the 
shifted exponential considered them impossible. 
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The exponential distribution and its generalizations represent 
curves which reach their maximum probability at the origin and then 
decline as t approaches infinity. Therefore, these distributions· imply 
that the smaller the gap, the more·likely it is to occur. This impli­
cation is in error, and. it was recently proven to be in error by May. 14 

Thus, the exponential distribution was not used in this research. 

The Pearson Type III and the Erlang distributions were used in 
this research since they overcome the conditions mentioned above. 
These distributions are two-parameter generalizations of the expon­
ential distribution. The Pearson Type III and the Erlang distribution fre­
quency functions are determined by multiplying the exponential distri­
bution frequency function by some appropriate power of t, l5 which gives 

f (t) = ta-l 
(a-1) 

The difference between the Pearson Type III and the Erlang distributions 
was that for the Erlang distribution, the value of "a" was rounded to 
the nearest integer before it was used in the frequency equation. The 
two parameters used in this research were the mean and the variance. 
The mean was used because it influenced the location of the curve, and 
the variance was used because it influenced the shape of the curve. 

Some difficulty was encountered in fitting the theoretical distributions 
to the observed data. It was found in some instances that neither theor­
etical distribution (Pearson Type III or Erlang) could be fitted to the data 
observed in one-second intervals, that the distributions sometimes could 
be fitted to the same data observed in two-second intervals. This was 
also noted by Gerlough, 16 who stated, "Some traffic phenomena may be 
random when observed for an interval of one length but non-random when 
observed with an interval of a different length." 

The Chi-Square test at the 5 per cent level of significance was used 
to test the hypotheses that the theoretical distributions fitted the observed 
data. 

Method of Study 

The study procedure used in the investigation of freeway ramp con­
figuration was a test of the hypothesis that the greatest amount of ac­
ceptable gap time available to vehicles desiring to enter the freeway 
was furnished by removing off-ramp traffic before allowing on-ramp traffic 
to enter. These studies investigated two ramp configurations. They 
were: 

Case 1 - An off-ramp located upstream of an on-ramp. 

Case 2 - An on-ramp located upstream of an off-ramp. 
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these configurations are illustrated in Figure 39. 

A comparison of the total amount of acceptable gap time available 
at a Case 1 and a Case 2 ramp configuration was desired. For such 
a comparison to be valid 1 the study conditions at each location must 
have bee~ approximately the same. Thus·th~ lane 1 (right lane) free­
way volume, Point A in Figure 39, and the off-ramp volume, Point B, 
at a Case 1 configuration must have been approximately equal to the . 
respective volumes at a Case 2 configuration. Up to a 10 per cent 
difference in the respective volumes was allowed since it was felt that 
this amount would not significantly alter the results. Using this pro­
cedure 1 the effects of ramps upstream of the study area were minimized. 

Data Collection 

Data were collected twice at each study location. Case 1 studies 
were conducted at the following locations: the Griggs off-ramp and the 
Wayside on-ramp - outbound, and the Calhoun-Elgin off-ramp and the 
Dumble on-ramp - inbound. Case 2 studies were conducted at the following 
locations: the Scott on-ramp and the Cullen off-ramp - outbound and 
the Tellepsen on-ramp and Telephone off-ramp - outbound. For both 
cases 1 the gaps in lane 1 (right lane) of the freeway were measured just 
upstream of the nose of the entrance ramp. In this manner the total 
amount of gap time available on the freeway for entering vehicles was 
determined. The points of data collection for each case are illustrated 
in Figure 39. A 176-foot speed trap was established between Points D 
and C to determine the lane 1 speeds during the study. The freeway vol- • 
ume and the lane 1 volume in the direction of travel under study were 
counted at Point A, upstream of the first ramp for both cases. The 
off-ramp volume 1 Point B, and the on-ramp volume, Point E, were counted 
during the study. 

An Esterline-Angus 20-pen recorder was used to record the volume 
counts 1 the gap times, and the travel times through the speed trap. A 
photograph of the recorder is shown in Figure 40. The pens were used 
as follows: 

· Pen tl was used at the beginning of the speed trap at Point D, 176 
feet upstream from the nose of the on-ramp, to record when the front 
bumper of each vehicle in lane 1 passed the beginning of the speed trap. 

Pen t2 was used at the nose of the on-ramp, Point C, to record 
when the front bumper of each vehicle in lane 1 passed the nose of the 
on-ramp, to end the speed trap 1 and to measure the gaps in units of time 
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between successive vehicles in lane l. 

Pen .fl=S was used at Point E to record the on-ramp volume. 

Pen 41=10 was used at Point B to record the off-volume. 

Pen 41=15 was used at Point A to record the volume count of lane 
1 upstream of the first ramp. 

Pen 41=2 0 was also used at Point A to record the three-lane free­
way volume in the direction of travel under study. 

The recorded information was reduced and placed on IBM cards 
for the data analysis. The freeway gaps were measured to the nearest 
one-tenth of a second. One IBM card was used for each vehicle. This 
card contained a vehicle number, a gap time, and a travel time through 
the speed trap for that vehicle. Each card was also coded with infor­
mation to identify the study site, date, type of study, length of speed 
trap, and time of start of the study. The frequency of the gaps is given 
in Appendix A. The freeway volumes recorded were counted and tab­
ulated in five-minute periods for use in the data analysis. 

Data Analysis 

Periods were selected from the data which could be compared ac­
cording to the requirements discussed in the Method of Study. Com­
parisons resulted between data collected at: 

1. Scott and Cullen - outbound and Griggs and Wayside - outbound. 

2. Tellepsen and Telephone - outbound and Calhoun-Elgin and 
Dumble-inbound. 

Table 9 indicates the validity of these comparisons by providing the 
lane 1 volume recorded at Point A, the off-ramp volume recorded at 
Point B, and the respective per cent differences of these values for 
each comparison. 

Using a data observation interval of one second, the Pearson Type 
III and the Erlang distributions failed to fit the Tellepsen-Telephone and 
the Calhoun-Elgin and Dumble data. The data observation interval was 
increased to two sec;:onds, and the Pearson Type III distribution was 
found to fit both sets of observed data for the 50-minute periods to be 
compared. The time periods of the data, the interval of the observed 
data, the value of Chi-Square, the degrees of freedom (d. f.) and the 
significance of the Chi-Square tests are given in Table 10. 

95 



TABLE 9 

COMPARISON OF LANE ONE AND OFF-RAMP VOLUMES 

Location Case Date Time Period .A:vg 5 Min Avg 5 Min Freeway Lane One 
(P.M.) Off-Ramp Vol. Lane One Vol. Volume Avg Speed 

Calhoun-Elgin 1 1/12/65 2:30-3:20 29.2 75.6 250 47.5 
& Dumb1e-Inbound 

Te1.lespen & Te1.e- 2 1/1.5/65 1.:15-2:05 29.7 80.4 266 48.3 
phone-Outbound 

Diff = 2'/o Di:f'f >: 6'/o 

Griggs & Wayside- 1. 1./12/65 4:55-5:00 55.0 1.12.0 41.9 47.5 
Outbound 

.Scott & Cullen-- 2 1/13/65 4:10-4:15 53.0 1.12.0 381 49.0 
Outbound 

Diff = 3'/o Diff = 0'/o 



TABLE 10 

CHI-SQ.UARE TESTS RESULTS 

Study Location Case Time Period Data Chi-Square T~sts Results 
(P.M.) Interval Pearson Type III d.f. Erlang d.f. 

(Seconds) 

Calhoun-Elgin 1 2:30-3:20 1 60.54 15 65.91 15 
& Dumb1e-Inbound 2 15.88 * 9 19.14 9 

Tellepsen & T.ele- 2 1:15-2:05 1 79.66 ll 121.72 ll 
phone-Outbound 2 9.86 * 5 22.72 6 

Griggs & Wayside- J. 4:30-5:25 2 26.46 7 69.17 7 
Outbound 5:05-5:10 1 55.48 4 49.20 4 

4:55-5:00 1 J2.39 4 12.59 4 
5:05-5:10 2 8.72 1 5.J.8 J. 
4:55-5:00 2 3.52 * 2 4.66 * 2 

Scott & Cullen- 2 4:05-5:00 2 25 .. 69 4 60.48 4 
Outbound 4:35-4:4o 1 15.43 3 32.68 3 

.4: J.O -4: 15 1 14.92 3 12.63 3 
4:35-4:40 2 ' 4.19 1 5.37 1 
4:10-4:15 2 3.48 * 1 2.70 * 1 

* Significant at the 5 per cent level 



The Pearson Type III and the Erlang distributions, when using a 
two-second data observation interval, failed to fit the Griggs-Wayside 
data and the Scott-Cullen data for the 55 minutes of data to be com­
pared. Since these data were collected at a time very close to the 
afternoon peak period, five-minute periods of data were used so that 
a change in the traffic characteristics would not occur, making a fit 
of a distribution to these data impossible. Attempts were made to fit 
a distribution to two different five-minute periods of data from each 
location, with a one-second data observation intervaL All four of 
these attempts failed to fit a distribution to the data. The attempts were 
made again using the same data with two-second data observation 
intervals. Two of these time periods, which could be compared, were 
found to follow the Pearson Type III and the Erlang, distributions. The 
Pearson Type III distribution was used in the analysis of results. The 
information concerning the time periods of the data and the Chi-Square 
test results are given in Table lO. 

Discussion of Results 

The curves of the Pearson Type III distribution which were fitted 
to the data observed at the Tellepsen-Telephone location (a Case 2 
configuration) and the Calhoun-Elgin and Dumble location (a Case l 
configuration) are shown in Figure 4L The total area under each of 
the curves was equal to one, which is the probability of there being a 
gap equal to or greater tha.n zero seconds in length. The area. under 
each of the curves to the right of the three-::s:ecg.ndJine,, was the prob­
ability of a.n available, acceptable gap at the ondamp. The probability 
of an acceptable gap was 0. 46 for the Case 2 configuration and 0. 68 
for the Case 1 configuration. Since the probability of an acceptable 
gap was the per cent of the gaps which were greater than three seconds, 
this probability was a.n excellent indication of the possible ra.mp cap­
acities. For this comparison, the ra.ti.o was L 49. Therefore, the 
Case 1 on~ramp could accommodate approximately L 49 times the cap= 
acHy of the Case 2 on-ramp. 

The curves for the second comparison are shown in Figure 42" The 
Pearson Type III distribution was fitted to the data collected a.t the 
Griggs-Waysi.de location (a. Case 1 configuration) and the Scott~Cullen 
location (a. Case 2 configuration). The probability of an acceptable gap 
was 0. 51 for the Case 1 configuration and 0. 30 for the Case 2 con­
figuration. The ratio of these probabilities was L 70. Therefore, the 
Case 1 on-ramp could accommodate approximately L 70 times the cap­
acity of the Case 2 on-ramp. 
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Conclusion 

In the first comparison the Case 1 on-ramp could accommodate 
approximately 1. 49 times the capacity of the Case 2 on-ramp, and in 
the_ second comparison the Case 1 on-ramp could accommodate ap­
proximately 1..70 times the capacity of the Case 2 on-ramp. There­
fore, it was concluded that the Case 1 configuration (an off-ramp up­
stream of an on-ramp) offers considerable capacity advantages. 
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FREEWAY RAMP SPACING 

Introduction to the Problem 

. . 

The effect on the am:ount of acceptable gap time as the distance 
downstream of an off-ramp increased was investigated in an attempt 
to develop criteria for ramp spacing. It was concluded earlier that 
the Case 1 configuration (an off-ramp upstream of an on-ramp) was 
the most desirable. The critical factor in the4 desired configuration 

'was the distance between the ramps. The ramps in a Case 1 config­
uration could not be less than certain distance limitations in order 
to maintain current design standards (to be discussed later), but no 
limitation has been set on the maximum spacing which could be used 
without forfeiting the benefit of the greater capacity (greater ac­
ceptable gap time) of the Case 1 configuration. 

Method ·of Study 

The study procedure used in this investigation was to determine 
the probability of acceptable gaps just downstream of an off-ramp and 
at points located at intervals downstream of the off-ramp (Figure 43). 
Theoretical distributions were fitted to the observed data so that the 
probability of acceptable gaps could be determined. Background 
information and the reasons for choosing the Pearson Type III and the 
Erlang distributions were previously discussed. The Chi-Square test 
at the 5 per cent level of significance was used to test the hypotheses 
that the theoretical distributions fitted the observed data. 

Data Collection 

The ramp spacing studies were conducted between the Wayside 
off-ramp and the Griggs on-ramp - inbound. This location, shown in· 
Figure 43, was called Brays Bayou · sfnce the bayou passes through the 
study section. Both peak and off-peak studies were conducted. The 
lane 1 gaps were recorded with the 20-pen recorder just downstrea.m 
of the gore of the Wayside off-ramp and at five points, located every 
500 feet downstream of the gore of the off-ramp. The Esterline-Angus 
2 O-pen recorder was used to record the data as follows: 

Pen :fl=l was used just downstream of the gore of the Wayside off­
ramp, Point C, to record the lane 1 freeway gaps and to begin the speed 
trap. 

Pen 41=2 was used at Point D, 176 feet downstream for the end of the 
speed trap in conjunction with Point C. 
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Pens :ff=3 through 41=7 (Points E, F, G, H, and I respectively) 
were used at the locations downstream of the off-ramp. Pen :ff=3 was 
used at the Point E, 5 00 feet downstream of the gore of the Wayside 
off-ramp, and each pen in turn was located an additional 500 feet 
downstream. 

Pen #=15 was used at Point B to record the Wayside off-ramp 
volume. 

Pen =ltl7 V\7a s used at Point Q to record the Griggs on-ramp vol-
ume. 

Pen #=20 was used at Point A to record the three-lane freeway 
volume just upstream of the Wayside off-ramp. 

The recorded information was reduced and placed on IBM cards 
for the data analysis as in the ramp configuration studies. The fre­
quency of the gaps is given in Appendix B. 

Data Analysis 

Using a data observation interval of two seconds, the Pearson 
Type III distribution was found to fit the data observed from 1:30 to 
3:00P.M. (off-peak data) on January 25. The Erlang distribution, 
for the same data interval/ did not fit these observed data for any 
point. The time period of the data I the data observation interval, the 
value of Chi-Square I the degrees of freedom (d. f.) and the signifi­
cance of the Chi-Square tests are given in Table 11. The curves of 
the Pearson Type III distributions are shown in Figure 44. The area 
under each of the curves, for gaps of three seconds and greater, was 
the probability of an available, acceptable gap at the point each 
curve represents. These probabilities of acceptable gaps being avail­
able. are tabulated in Table l2. 

An attempt was made to fit a theoretical distribution tot he data 
collected from 7:20 to 8:00A.M. on February 18, using a two-second 
data observation interval. Both the Pearson Type III and the Erlang 
distributions failed to fit the observed data (see Table 11). It was 
decided that the peak-period conditions varied too much during this 
long time period, and a fit was attempted using the 7:20 to 7:25A.M. 
data in one-second data observation intervals. The Erlang distribution 
fitted these data for four of the five points, and the Pearson Type III 
distribution fitted these data for three of the five points. The Erlang 
distribution was used since it fitted more data than did the Pearson Type 
III distribution. Figure 45 shows the curves of the Erlang distribution. 
The probability of an acceptable gap being available at each point was 
determined and tabulated in Table 12. 
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TABLE 11 

BRAYS BAYOU CHI.-SQ.U.ARE TESTS RESULTS 

Data Poi:at On Ramp Time Period Data Chi-S~uare Tests Results 
Closed {nterval 

Beconds) 
Pearson Type III d.f. Erlang d.f. 

Jan 25 c No 1:30-3:00 P.M. 2 12.99 * 12 46.79 12 
E No 1:30-3:00 P.M. 2 6.08 * 9 41.9l 10 
F No· 1:30-3:00 P.M. 2 12.72 * 9 44.50 8 
G No l:30-3:00 P.M. 2 10.75 * 9 42.70 10 
H No l: 30-3:00 P .. M. 2 3. 75 * 9 33.00 9 
I No 1:30-3:00 P.M. 2 15.96 * 10 42.08 11 

Feb 16 c Yes 7:05-7:10 A.M. 2 7.05 1 9.58 1 
F Yes 7:05-7:l0 A ... M. 2 9.33 1 8.92 1 
G Yes 7:05-7:10 A.M. 2 l.27 * l 2.l7 * l 
H Yes 7:05-7:l0 A-M. 2 3.25 * l 3.60 * l 
I Yes 7:05-7:l0 A .. M. 2 7.l9 l lO. 73- l 

c Yes 7:05-7:l0 A.M. l 23.23 3 32.96 3 
F Yes· 7:05-7:10 A.M. l 18.28 3 29.19 3 
G Yes 7:05-7:10 A.M. l 35.61 3 34.41 3 
H Yes 7:05-7:10 A.M. 1 14.89 3 13.06 3 
I Yes 7:05-7:10 A.M. 1 9.78 3 12.37 3 

* Significant at the 5 per cent level 



TABLE 11 continued 

· BRAYS BAYOU CHI-SQUARE TESTS RESULTS 

Date Point 1 On Ramp Time Period Data Chi-Square Tests Results 
Closed fnterval 

Sec:onds) 
Pearson Type III d.f'. Erlang d.f'. 

Feb l8 c No 7:20-8:00 A.M. 2 32.04 4 J2.65 3 
F No 7:20-8:00 A.M. 2 5l.67 3 54.80 3 
G No 7:20-8:00 A,M. 2 78.l2 3 50.48 3 
H No 7:20-8:00 A.M. 2 72.84 3 86.54 3 
I No 7:20-8:00 A.M. 2 66.32 3 56.60 3 

c No 7:20-7:25 A.M. l 9.72 3 6.82 * 3 
F No 7:20-7:25 A.M. l 7.69 * 3 4.45 * 3 
G No 7:20-7:25 A.M. l 4.67 * 3 4.5l * 3 
H No 7:20-7:25 A.M. l l3.47 3 25.29 3 
I No 7:20-7:25 A.M. l, 6.03 * 4 5.9l * 4 

c Yes 7:05-7:l0 A~M. l 7.75 * 3 9.99 3 
F Yes 7:05-7:l0 A.M. l 25.95 3 27 • .07 3 
G Yes 7:05-7:l0 A.M. l l2.l4 3 l5.2l 3 
H Yes 7:05-7d0 .A.M. l l7.74 3 l4.7l 3 
I Yes 7t05-7:l0 A.M. l l4.72 3 l5 .,04 3 

c Yes 7:05-7:l0 A.M. 2 3.54 * l 3.84 * l 
F Yes 7:05-7:l0 A.M .• 2 l.92 * l 4.90 l 
G Yes 7:05-7:l0 A.M. 2 5.66 1 6.87 l 
H Yes 7:05-7:l0 .A.M .• 2 2.l6 * l 2.83 * l 
I Yes 7:05-7:l0 .A.M. 2 3.44 * l 3.39 * l 
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Point 
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H 

I 

TABLE 12 

PROBABILITY OF ACCEPTABLE GAPS AT BRAYS .BAYOU 

J.:30-3 :00 P.M. 
Jan. 25, 1.965 

0.78 

0 .. 74. 

0.77 

0.72 

0.76 

0.74 

7:20-7:25 A.M. 
Feb. J.8, 1.965 

0.33 

No Data 

0.34 

0.34 

Not. Significant 

0.43 

7:05-7:J.O A.M. 
Feb. J.8, 1.965 

0.33 

No Data 

0.24 

Not Significant 

0.22 

0.26 
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The results of these data (see Discussion of Results) showed an 
effect of the Griggs on-ramp {approximately 13 0 feet downstream of 
Point I) which made it necessary to study data collected when the 
on-ramp was cloaed due to the freeway control study. (As a part of 
the freeway control study, the Griggs on-ramp was closed for a IS­
minute peri'od each weekday morning.) A five-minute period of data, 
collected from 7:05 to 7:10A.M. when the Griggs on-ramp was closed, 
was used in one-second data observation intervals in an attempt to . 
fit a distribution to these data. A fit was obtained for only one point; 
thus, another attempt was made using two-second data observation in­
tervals.· The Pearson Type III distribution fitted the observed data 
for four of the five points, and the Erlang distribution fitted the ob­
served data for three of the five points. The Pearson Type Ill distri­
bution was used since it fitted the most data. The curves of the 
Pearson Type III distribution are shown in Figure 46. The probability 
of an available, acceptable gap at each point is given in Table 12. 

Additional data, collected from 7:05 to 7:10A.M. on February 16, 
when the Griggs on.,-ramp was dosed, were analyzed in an attempt 
to obtain another set of probabilities for peak-period data with the 
on-ramp closed. These data were used in two-second data intervals 
in an attempt to fit a distribution to the data. The Erlang and the 
Pearson Type IIIdistribution fitted these data for the same two of the 
five points. Since Point C (at the off-ramp) was not one of the loc­
ations for which a distribution was fitted to the data, these prob­
abilities could not be used. Thus, one-second data observation in­
tervals were used, and a distribution could not be fitted to any of 
these data. Hence, none of the data collected on February 16 could 
be used in the results. 

Discussion of Results 

The curves of the probabilities of available, acceptable gaps as 
related to the distance from the gore of the off-ramp are shown in 
Figure 47. The highest curve represented the probabilities of the 
data collected from 1:30 to 3:00 P.M. (off-peak data) on January 25. 
This curve was essentially a straight line which showed no effect 
of the distance between the ramps on the probability of available, 
acceptable gaps. 

The center curve represented the probabilities of the data col­
lected from 7:20 to 7:25 A.M. on February 18, when the Griggs on-ramp 
was open. The curve shows a very slight increase at Points F and 
G, and a marked increa$e at Point I. This study would usually have 
been expected to result in a decrease in the probability of available, 
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acceptable gaps as the distance between the ramps increased. But, 
while the data·were being collected, it was noted that vehicles were 
leaving lane 1 for the center lane as they approached the Griggs on­
ramp. This was occurring because the drivers in lane 1 had a very 
good view of the Griggs on-ramp, s.ince it was located at an up-grade, 
and at 7:2 b A.M. they saw vehicles queued on the on-ramp and the 
frontage road, waiting to enter the freeway. This curve verified the ob­
servation that vehicles were leaving lane 1 in the vicinity of the Griggs 
on-ramp since it shows an increase in the probability of acceptable 
gaps. Therefore, the decision was made to study data that were collected 
when the Griggs on-ramp was closed, to eliminate its effect. 

The lowest curve represented the probabilities of the data col­
lected from 7:05 to 7:10A.M. on February 18, when the Griggs on­
ramp was closed. This curve showed a decrease in the probability 
as the distance increased up to Point F as was expected. But, since 
the probability increases at Point I and possibly at Point H, the 
remainder of the curve showed that the Griggs on-ramp still had an 
effect even though it was closed. It was presumed that this effect was 
caused by repeat drivers I who did not realize that the Griggs on-ramp 
was closed and left lane l to avoid the Griggs on-ramp traffic. 

Conclusion 

The peak period studies of the effect on the amount of accept­
able gap time as the distance downstream of an off-ramp increased 
were inconclusive. No peak-period data were available which could 
be used to develop criteria for ramp spacing due to the failure to 
eliminate the effect of the Griggs· on-ramp even when it was closed to 
traffic, It was decided that studies must be conducted at a location 
where no on-ramp exists for a distance substantially greater than 2600 
feet downstream of an off-ramp, in order to obtain data suitable for 
developing criteria for rainp spacing on this basis. 
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FEASIBILITY OF STACKED RAMPS 

Introduction to the Problem· 

Previously discussed results indicated that at several interchanges 
both an on-ramp and an off-ramp were desired at the same location 
(upstream or downstream of the arterial street) 1 and it was concluded 
that a Case 1 configuration (an off-ramp upstream of an on-ramp) was 
the most desirable configuration. These results could be satisfied by 
an off-ramp located upstream of an on-ramp and by stacked ramps (a 
modification of an off-ramp upstream of an on-ramp with grade separated 
ramps). In this section the results of an investigation of the feasibility 
of stacked ramps is presented. 

Method of Study 

Stacked ramps and an off-ramp located upstream of an on-ramp 
were designed to evaluate their relative costs 1 the right-of-way re­
quired 1 weaving I and the potential for stage construction. 

For the design of the stacked ramps the following factors were as­
sumed: 

1. The facility was a six-lane freeway which had an inside 
shoulder on each side of the median and an outside shoulder. 

2. The centerline of the freeway and the frontage road were at 
the same elevation. 

For the design of the stacked ramps the following criteria were used: 

1. The Texas Highway Department recommended Q.esigns were used 
for the ramps. 17 · 

2. The on-ramp horizontal and vertical curves 18 were designed 
for 40 miles per hour. 

3. The off-ramp vertical curves were designed for 3 5 miles per hour. 18 

In this design one lane of the frontage road was dropped as the freeway 
on-ramp left the frontage road in order to obtain maximum usage of the 
available right-of-way. A lane was added to the frontage road as the 
freeway off-ramp joined the frontage road. In this design the on-ramp 
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crossed over the off-ramp. A 90-foot bridge span was required to 
cross the off-ramp and provide adequate side clearance. The vert­
ical distance from pavement to pavement at the ramp crossing was 18 
feet. Due to the limited right-of-way in this design/ columns were 
required rather than earth to support the on-ramp grades 1 andre­
taining walls were required for the off-ramp depression. This de­
sign provided 875 feet between the two ramps (from the physical off­
ramp gore to the on-ramp nose as in Figure 4a. The right-of-way 
requirement for this design was 3 60 feet for a minimum distance of 
232 5 feet along the freeway. 

For the normal design of an off-ramp upstream of an on-ramp 
the following factor was assumed in addition to those assumed for the 
stacked ramp design: 

1. The combined volume of the two ramps during the peak 
hour was 1250 vehicles per hour or 625 vehicles per 
hour per ramp. 

The criteria used for this design were: 

1. The Texas Highway Bepartment recommended designs were 
used for the ramps. 

2 0 The weaving distance on the frontage road was designed 
for volumes of 1250 vehicles per hour to operate at a speed 
of 3 5 miles per hour. 17 

In this design a 50-foot outer separation was adequate to provide a 
35(}-foot deceleration lane. A weaving distance of 500 feet was 
provided on the frontage road between the two ramps to accommodate 
1250 weaving vehicles per hour at an operating speed of 35 miles per 
hour 0 • The plan profile of this· design is shown in Figure 49. This 
design provided 1335 feet between the two ramps o The right-of-way 
requirement for this design was 268 feet for a distance of 2785 feet 
along the freeway. 

Discussion of Results 

The results of the designs indicated that the stacked ramp design 
required 3 60 feet of right...;of-way and a distance of 232 5 feet along the 
freeway 1 and the off-ramp located upstream of an on-ramp designre­
quired 2 6 8 feet of right-of-way and a distance of 2 7 85 feet along the 
freeway. These respective designs are shown in Figures 48 and 49 o 

The stacked ramp design required 460 feet less along the freeway than 
does the alternate design. 
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The estimated cost of the stacked ramp design would have been 
many times greater than the cost of the alternate design due to the 
additional right-of-way required, the bridge required to raise and 
lower the on-ramp, the 90-foot span to cross over the off ... ramp, and 
the retaining walls required in the off-ramp depression. 

. ' 

Weaving would be completely eliminated from the frontage road in 
the stacked ramp design since the vehicles cross paths at a grade 
separation. The off-ramp located upstream of an on-ramp configuration 
could create weaving problems on the frontage road. This weaving 
could be accommodated by an adequately designed weaving distance 
without too much distance being required, due to the relatively low 
operating speed on the frontage road. (A weaving volume of 1250 
vehicles per hour can be accommodated at an operating speed of 35 
miles per hour in a distance of 500 feet.) 17 · 

The off-.ramp located upstream of an on-ramp configuration had 
the potential for stage construction since adding the second ramp 
would not physically affect the ·first ramp constructed. Stage con­
struction would be considered in the original design so that the first 
ramp would be located so as to furnish the distance along the free-
way required by the addition of another ramp. The stacked ramp con­
figuration did not have great potential for stage construction because 
the existing ramp would have to be reconstructed to cross the ramp 
to be added, additional right-of-way would be required, and the 
frontage road would have to be moved to increase the width of the outer 
separation. 

Conclusion. 

The high cost, the lack of potential for stage construction, and 
the additional right-of-way required, indicates that the construction 
of stacked ramps may not be generally feasi.ble to gain the advantages 
of no weaving on the frontage road and less distance (460 feet) re­
quired along the freeway to fit in the design .. The stacked rarnp .ar­
rangement could be expected to provide a high level of service, however, 
and in many cases might warrant consideration. 
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INTERCHANGE LAYOUTS 

Introduction to the Problem 

The suitability ofvarious interchange layouts in fulfilling drivers' 
desires, providing access to freeway and arterial street traffic, and 
reducing the interference to freeway and arterial street traffic was 
investigated to determine the merits of two proposed types of inter­
change layouts. Each of the types of interchange layouts investigated 
were formed on the basis of the results discussed earlier in this report. 

Method of Study 

The types of interchange layouts considered are shown in Figure 
50. The ramps in the layouts were shown as dashed lines to indicate 
the location of the ramps if they were desired. One of the pr·~vious 
conclusi,ons stated that the desired movement of traffic could be ful­
filled by providing ramps based on these desires. Therefore, each of 
the interchange layouts which were investigated had the potential to 
fulfill drivers' desires. A Case 1 configuration (an off-ramp located up­
stream of an on-ramp) which was concluded to be the most desirable 
ramp configuration was used twice in the Type 1 layout and once in the. 
Type 2 layout. The Type 1 layout had a Case 1 configuration upstream 
and downstream of the arterial street, and the Type 2 layout had a Case 
1 configuration spanning the arterial street. The Case 1 configurations 
in each layout were an off-ramp located upstream of an on-ramp since 
it was concluded that the use of stacked ramps may not be feasible in 
all cases. 

The types of interchange layouts were compared using the following 
considerations: 

1. Potentialfor stage construction. 

2. Fulfillment of drivers' desires. 

3. Critical distance (off-ramp to arterial street). 

4. Maximum access to abutting property. 

5. Maximum access to the freeway. 

6. Freeway with reduced capacity at interchange. 

7. Freeway without reduced capacity at interchange. 
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8. Minimum interference to the arterial street. 

9. Weaving on the freeway. 

10. Interstate s~gning standards. 

Discussion of Results 

In Figure 50 the ramps are shown as dashed lines to indicat-e the loc­
ation of the respective ramps if they were desired. All of the ramps 
should be included in the original design, but only the desired ramps 
would be built in the original construction. Therefore, if a ramp were 
not desired at the time the interchange was constructed, adequate space 
would be provided in the interchange layout for the stage construction 
of the other ramps which might be desired at some future date. Each of 
the types of interchange layouts provide for the potential of stage con­
struction of ramps. 

In the Type 2 interchange· layout, a critical distance between the 
terminal of the off-ramp located upstream of the arterial street, and the 
arterial street was introduced. This distance needed to be sufficient to 
provide an adequate storage space for vehicles stopped for the signal 
in addition to an adequate weaving distance in which the off-ramp traf-
fic could weave across the frontage road to make a right turn at a signal. 
This distance was dependent on the frontage road volume, the signalized 
intersection capacity for this approach, the number of frontage road lanes, 
and the number of off-ramp vehicles de siring to make a right turn. 

Maximum access to abutting property was provided by locating an 
off-ramp just downstream of an arterial street. And, an on-ramp loc­
ated just upstream of an arterial street maximized direct access to the 
freeway, from abutting property, and minimized the volume of traffic re­

. quired to cross straight- through the intersection to gain access to the . 
freeway. The Type 1 interchange layout provided for ramps to be located 
in this manner, and therefore, it furnished the maximum access to both 
the freeway and abutting property (Figure 51). 

Minimum interference to the arterial street traffic was provided by 
locating an on-ramp just upstream of the arterial street. This ramp 
reduced the volume on the frontage road approach to the signalized :inter­
section by the number of vehicles that desire to enter the freeway. 
Thus, a minimum effect was felt by the arterial street, and a greater 
portion of the "green time II at the signalized intersection could be used 
for the movement of arterial street traffic. The Type 1 interchange layout 
provided an on-ramp at this location, and hence, it furnished minimum 
interference to the arterial street (Figure 51). 
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Minimum interference to the freeway was determined by the de­
sign as the freeway and the arterial street crossed. If the design 
was such that the capacity of the freeway was reduced (for example 
by introducing a sharp increase in freeway grade) as it crossed the 
arterial street, the Type 2 interchange layout should be used. In 
this instance the freeway volume would have been reduced as the 
capacity of the freeway was reduced. If the capacity of the freeway 
was not reduced by the design, either type of interchange layout co~ld 
be used with minimum interference to the freeway. 

Freeway signing, following Interstate Highway standards, 
could be used for either type of interchange layout, since the distance 
between interchange layouts approached one mile as a minimum. 

Conclusions 

Considering the factors discussed above, the Type 1 interchange 
layout was the better layout with one exception. This exception was 
that the Type 2 interchange layout would be required when the cap­
acity of the freeway was reduced as the freeway eros sed the arterial 
street. A comparison of the types of interchange layouts as related to 
the factors discussed is shown in Table 13. 
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TABLE 13 

COMP.ARISON OF TYPES OF INTERCHANGE. LAYOUTS 

Fact.ors 

Potential for Stage Constructionz 

Fulfillment of Driver's desires: 

Critical Distance (off-ramp to arterial 
street) r 

Maximum Access to .Abutting Property: 

Maximum Access to the F.J:<eeway: 

Freeway with Redu~ed Capacity at 
Intercha.ngez 

Freeway without Reduced Capacity at 
Interchange: 

Minimum Interference to the .Arterial 
Street: 

Weaving on the Freeway: 

Meets Interstate Signing Standards: 

Type of Interchange Layout 

Type l Type 2 

X X 

X X 

X 

X 

X 

X 

X X 

X 

X X 

X X 



FREEWAY LAYOUTS 

Interchange Spacing 

The minimum spacing of interchanges was investigated since the 
freeway designer is usually faced with the task of designing a new 
facility which can service existing arterial streets that are often closely 
spaced. The two types of interchange layouts discussed in the pre­
vious section were considered to investigate the interchange spacing 
that would result from their use. 

Method of Study 

Two types of freeway layouts were determined. They were: 

1. Type I, which resulted from combining two of the Typ'e I inter­
change layouts (Figure 50) closely together, and 

2. Type II, which resulted from combining two of the Type 2 inter­
change layouts (Figure 50) closely together to form a section of freeway. 

To develop the Type I freeway layout using a pair of Type l inter­
change layouts, the following were assumed: 

1. All ramp volumes were 62 5 vehicles per hour, 

2. The freeway volume between an on-ramp and an off-ramp was 
5400 vehicles per hour, and 

3. The freeway did not have a reduction in capacity as it eros sed 
the arterial street. 

The design of an off-ramp upstream of an on-ramp as described 
earlier was used in the freeway layout. 

Moskowitz and Newman's procedure 6 was used to determine the 
distance required between the physical nose of an on-ramp and the 
physical gore of a downstream off-ramp. This calculation is given in 
Appendix C. 

A special case of the Type I freeway layout was determined by 
overlapping the two pairs of ramps between the arterial streets in the 
Type I freeway layout. · Thus, in the special case of the Type I free­
way layout there were only two ramps between the arterial street. 
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The Type II freeway layout using a pair of Type 2 interchange lay-· 
outs was made assuming the same values as were assumed for the Type 
I freeway layout. This freeway layout-used the same ramp designs as 
the off-ramp upstream of an on-ramp, but the spacing on the frontage 
road between the ramps was different due to the signalized intersection 
within this area. A special case of the Type II interchange layout was 
determined by overlapping the two pairs of ramps in the Type II freeway 
layout. 

Discussion of Results 

The Type I freeway la]Out and its special case (overlapping the 
two pairs of ramps between the arterial streets) are shown in Figure 52. 
The minimum interchange spacing resulting from combining two Type 1 
interchange layouts was 5670 feet, or just over one mile. 

The minimum interchange spacing for the special case ofthe Type 
I freeway layout was one half of the previous distance, 2835 feet, or 
just over 0. 5 mile. One disadvantage of the special case is that the 
short interchange spacing may create signing problems. 

The Type II freeway layout and its special case are shown in Figure 
53. The minimum interchange spacing resulting from combining two of 
the Type 2 interchange layouts was 5170 feet plus two different weaving 
distances and a vehicle storage distance. The weaving distance :ttl is 
dependent on the off-ramp traffic which desires to turn right at the sig­
nal, and the frontage road volume.~ The storage distance is dependent 
on the frontage road volume, the "green time" for the frontage approach, 
and the number of approach lanes on the frontage road. The weaving 
distance :fl=2 is dependent on the number of drivers desiring to enter the 
freeway who made right turns onto the frontage road, and the existence of 
a free right turn which might enter the frontage road at a point some dis­
tance downstream of the intersection. 

The minimum spacing of the special case of the Type II freeway lay­
out would be somewhat greater than one half of the Type II freeway lay­
out minimum interchange spacing. This occurred because it was certain 
that the sum of the three unknown distances would be greater than the 
500 feet between the two ramps in the center of the Type II freeway layout. 
Signing problems may also occur for this short interchange spacing. 

Conclusion 

Minimum interchange spacing was provided by the Type I freeway 
layout which consisted of the combination of two interchange layouts with 
an off-ramp located upstream of an on-ramp both before and after an ar­
terial street (Type 1 interchange layout). This gives additional emphasis 
to the durability of the Type 1 interchange layout. 

126 



~ 

...... 

...... 
...... 

j_ j_ 

~~ 1500' •I• 

5670'------------------~ 

j__ 

TYPE I FREEWAY LAYOUT 
(MINIMUM SPACING DESIGN) 

j__ 

-~-1500' ,. 13351 

~2835' •I 

SPECIAL CASE OF A T.YPE I FREEWAY LAYOUT 
(MINIMUM SPACING DESIGN) 

TYPE I FREEWAY LAYOUTS 

FIGURE 52 

•lol 1000' 



.... 
..... 

t~oo' 

.... 

·j_ 

.. 1 .... 415 
.... .., ~ !I"' 
~ ~ •z 5 ~ e it ~~ 
i a ~a h 

_L 

I!SOO' l~oo' 

5170' +WEAVING OISTANC~ 
+1 a +2 +STORAGE DISTANCE 

TYPE n FREEWAY LAYOUT 
l MINIMUM SPACING DESIGN) 

j_ 

1.. ~'+WEAVING DIST • 
.... 18'*2 +STORAGE DIST. 

SPECIAL CASE OF A TYPE li FREEWAY LAYOUT 
l MINIMUM SPACING OISIGN) 

TYPE n FREEWAY LAYOUTS 
FIGURE 53 

j_ 



-~--------------,~----------------------- ------------. -----------------

CONCLUSIONS 

From the investigations of factors affecting the design location of 
freeway ramps the following conclusions were drawn~ 

1. Standard interchange designs cannot always fulfill the various 
desired movements at di.fferent interchanges. To obtain the most effie= 
ient operation at a specifi.c interchange, it may be desirable to use a 
diamond type,,an x-type, or possibly a combination of both of these, 
Considerable effort should be made to predi.ct the desi.red movements 
at any given interchange and to design the ramp arrangements accordingly. 

2. The configuration of anoff-:ramp located upstream of an on-ramp 
has considerable advantages over the reverse configuration. The studies 
indicated that an approximate 50 to 70% increase in on-ramp capacHy 
could be obtained by removing traffic in advance of adding traffic to the 
freeway. 

3. The construction of stacked ramps rather than an off-ramp upstream 
of an on-ramp was not generally feasible due to the high probable cost, the 
lack of potential for stage construction and the additional right-of-way 
required. The stacked ramps however offer the advantages of elimJ.:nation of 
weaving on the frontage road and less distance (approximately 460 feet) 
required along the freeway to fit ln the design.o The des.i.rability of the 
stacked ramp use would have to be evaluated i.n each specific case con.= 
sidering the topography 8 the need for this type ramp as indicated by traf= 
fie volumes$ and other individual factors. 

4. With one exception, the type of interchange layout which has an. 
off-ramp located upstream of an on-ramp both upstream and downstream 
of' the arterial street is the m.ost desirable. The exception would exist 
when the freeway capacity is reduced by the design as the freeway crosses 
the arterial street. One the basis of th.ts study, 1t appears that considerable 
attention should be given to the use of an x=type interchange whJ.ch. would 
provide the desired interchange layouL 

5. Minimum interchange spacing was provided by the combination of 
two interchange layouts with an off-ramp located upstream of an on-ramp 
both before an after an arterial street (type 1 interchange layout). Thls 
gives additional emphasis to the desirability of the type 1 i.nt.erchange layout 0 
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APPENDIX A 

FREQUENCY OF GAPS-FREEWAY RAMP CONFIGURATION STUDIES 

Gap Size Tellepsen On-Ramp Dum.b1e On-Ramp Scott On-Ramp Wayside On-Ramp 
(Seconds) 1:15-2:05 P.M. 2:30-3:20 P.M. 4:10-4:15 P .. M. 4:55-5:00 P.M. 

0 - 2 300 99 61 29 
2 - 4 24-3 113 33 21 
4- - 6 125 58 8 15 
6 - 8 66 4-2 7 6 
8 - 10 32 37 3 6 

10- J2 16 26 0 2 
12- 14- 9 26 0 2 
14-- 16 5 15 0 0 
16 - 18 2 17 0 0 
18 - 20 3 8 0 0 
20 - 22 0 6 0 0 
22 ~ 24- 0 3 0 0 
24-- 26 2 0 0 0 
26 - 28 0 2 0 0 
28 - 30 0 4- 0 0 
30 - 32 1 0 0 0 
32 - 34 0 0 0 0 
34- - 36 0 2 0 0 
36 - 38 0 0 0 0 

38-lto 0 0 0 0 
4o - 4-2 0 0 0 0 
42-4-4 0 0 0 0 
4-4-- 46 0 0 0 0 
4-6-4-8 0 1 0 0 
4-8 - 50 0 0 0 0 



APPENDIX B 

FREQUENCY OF GAPS-FREEWAY RAMP SPACING STUDIES 

Jlrays Bayou, Jan. 251 ~:30-3:00 P.M. On Ramp Open 

Gap Si.ze c E F G H I 
(Sec.) 
0 - 2 9l l33 l32 l44 l33 126 
2- 4 122 l48 l7l l75 l6l l70 
4- 6 9l J2l 126 l30 128 J22 
6 - 8 88 92 8l 89 87 81 
8 - lO 55 75 71 63 73 69 

10 - 12 57 53 51 56 54 49 
12- 14 28 44 46 43 47 41 
l4 - l6 35 24 34 22 27 26 
16- l8 21 16 l9 25 l7 18 
18 - 20 10 17 l3 12 16 9 
20- 22 ll 9 7 6 8 6 
22 - 24 ll 4 4 5 6 12 
24- 26 ll 3 3 4 3 5 
26- 28 4 0 0 l 5 2 
28 - 30 2 4 2 l l 2 
30 - 32 0 0 l l l 2 
32 - 34 2 l l l 2 l 
34- 36 l 0 l l 0 l 
36 - 38 2 0 0 0 0 l 
38 - 4o 0 0 0 0 0 0 
40 - 42 0 0 0 0 0 0 
42 - 44 0 0 0 0 0 0 
44- 46 0 0 0 0 0 0 
46-48 0 l 0 0 0 0 
48 - 50 0 0 0 0 0 0 



APPENDIX B continued 

FBE~UENCY OF GAPS-FREEWAY RAMP SPACING STUDIES 

Brays Bayou, Feb. ~6, 7t05-7:10 A.M. 1 On Ramp ClGsed 

Gap Size c F G H I 
(Sec.) 

4 8 6 4 0 - l 10 
1- 2 22 56 62 51 50 
2 -·3 19 38 28 30 36 
3 - 4 10 13 10 l2 18 

4 - 5 ll 4 7 8 5 
5 - 6 2 2 4 7 4 
6 - 7 2 2 3 l 1 
7 - 8 1 0 1 l l 
8 - 9 0 l 0 0 1. 
9 - 10 2 2 0 1 0 

10 - ll 0 0 0 0 0 
11-12 l 0 0 0 0 
l2 - 13 0 0 0 0 0 
13 - 14 l 0 l 0 0 
14- 15 0 0 0 0 0 
15 - l6 0 0 0 0 0 
16 ... 17 l 0 0 0 0 
17- 18 0 0 0 0 0 
18 - l.9 1 0 0 0 0 
1.9 - 20 0 0 0 0 0 
20 - 21 0 0 0 0 0 
21- 22 0 0 0 0 0 
22- 23 0 0 0 0 0 
23- 24 0 0 0 0 0 
24- 25 0 0 0 0 0 



APPENDIX B continued 

FREQUENCY OF GAPS-FREEWAY RAMP SPACING STUDIES 

Brays Bayou, Feb. 1.6, 7t05-7tJ.O A.M._, On Ramp Closed 

Gap Size c F G H I 
(Sec.) 

26 66 54 0 - 2 70 57 
2 - 4 29 5l 38 42 54 
4 - 6 lJ 9 ll l5 9 
6 - 8 3 2 4 2 2 
8 - lO 2 3 0 l l 

l0-l2 l 0 0 0 0 
l2 - llt l 0 l 0 0 
l4- l6 0 0 0 0 0 
l6- l8 l 0 0 0 0 
l8 - 20 l 0 0 0 0 
20- 22 0 0 0 0 0 
22- 24 0 0 0 0 0 
24- 26 0 0 0 0 0 
26- 28 0 o· 0 0 0 
28 - 30 0 0 0 0 0 
30 - 32. 0 0 0 0 0 
32. - 34 0 0 0 0 0 
34 - 36 0 0 0 0 0 
36 - 38 0 0 0 0 0 
38 - 4o 0 0 0 0 0 
40-42 0 0 0 0 0 
42.-44 0 0 0 0 0 
44 - 46 0 0 0 0 0 
46-48 0 0 0 0 0 
48 -50 0 0 0 0 0 



APPENDIX B continued 

FREQUENCY OF GAPS-FREEWAY RAMP SPACING STUDIES 

Brays Bayou, Feb .. 18:, 7t05-Ttl0 A.M., On Ramp Clos.ed 

Ga;p Bize c F G H I 
(Sec.) 
0 - 1 12 17 7 l2 7 
1 - 2 39 58 61 61 58 
2 - 3 27 29 35 20 26 
3 - 4 10 8 13 16 15 
4 - 5 7 6 6 8 9 
5 - 6 4 4 6 4 6 
6 - 7 5 3 0 1 3 
7 - 8 lj. 2 1 2 0 
8 - 9 0 1 0 0 0 
9- 10 0 0 0 0 0 

10- ll 0 0 0 0 0 
ll-12 0 0 0 0 0 
J2 - 13 0 0 0 0 0 
13 - 14 0 0 0 0 0 
14- i5 0 0 0 0 0 
15 - 16 0 0 0 0 0 
16- 17 0 0 0 0 0 
17- 18 0 0 0 0 0 
18- 19 0 0 0 0 0 
19 - 20 0 0 0 0 0 
20- 21 0 0 0 0 0 
21- 22 0 0 0 0 0 
22- 23 0 0 0 0 0 
23-24 0 0 0 0 0 
24- 25 0 0 0 0 0 



,APPENDIX B eontinued 

FREQUENCY OF GAPS-FREEWAY RAMP SPACING STUDIES 

Brays Bayou, Feb. ~8. 7t05-7:~0 A.M., On Ramp Closed 

GaJ2 Size c F G H I 
(Sec.) 

68 0 - 2 51 75 73 65 
2 - 4 37 37 48 36 41 
4- 6 ll lO l2 J2 15 
6'-8 9 5 1 3 3 
8- lO 0 l 0 0 0 

lO- l2 0 0 0 0 0 
l2- 14 0 0 0 0 0 
14 - 16 0 0 0 0 0 
l6 - 18 0 0 0 0 0 
18 - 20 0 0 0 0 0 
20-22 0 0 0 0 0 
22 - 24 0 0 0 0 0 
24- 26 0 0 0 0 0 
26- 28 0 0 0 0 0 
28 - 30 0 0 0 0 0 
30 - 32 0 0 0 0 0 
32 - 34 0 0 0 0 0 
34- 36 0 0 0 0 0 
36 - 38 0 0 0 0 0 
38- 4o 0 0 0 0 0 
4o-42 0. 0 0 0 0 
42-44 0 0 0 0 0 
44- 46 0 0 0 0 0 
46-48 0 0 0 0 0 
48 - 50 0 0 ·0 0 0 



APPENDIX B (l()ntinued 

FREQUENCY OF GAPS-FREEWAY RAMP SPACING STUDIES 

Bray-a Bayou, Feb'. 28, 7r20-jt25 A.M.,. On Ramp O~n 

Ga.P Size c F G .n I 
(Sec.) 

8 0 - l 3 5 3 2 
J. - 2 44 36 30 33 24-
2 - 3 22 29 ~7 30 29 
3 - 4 l9 15 l5 12 l5 
4 - 5 9 J.2 J.4 3 9 
5 ... 6 7 J. 2 3 8 
6 - 7 0 2 0 0 2 
7-8 l J. J. l 2 
8 - 9 l l l 0 l 
9 - lO l 0 0 l 0 

lO-ll 0 0 0 l. 0 
ll - J.2 0 0 0 0 l 
J.2 - l3 0 0 0 0 0 
l3- l4 0 0 0 0 0 
J..4 - 15 0 0 0 0 0 
1.5 - l6 0 0 0 0 0 
16 - l7 0 0 0 0 0' 
l7- l8 0 0 0 0 0 
l8 - J.9 0 0 0 0 0 
l9 - 20 0 0 0 0 0 
20- 2l 0 0 0 0 0 
·21 - 22 0 0 o· 0 o· 
22- 23 0 0 0 0 0 
23- 24 0 0 0 0 0 
24- 25 0 0 0 0 0 



APPENDIX B 40nt1nued. 

~UENCY OF ClAPS-FREEWAY RAMP SPACING STUDIES 

Brays Bayou>' Feb. ~,. i ::20-8:00 A.M. I On aam.p Open 

Ga~ -S.6;ze c F G H I 
(Sec.) 

280 2;4- 2l6 l38 0 .. 2 25l 
2 - 4- 276 378 375 364- 4ol 
4- - 6 ll2 l02 l04- l04- l25 
6 - 8 50 4-5 2-4 25 35 
8 - lO l8 ll l3 l5 lO 

J.O-l2 5 3 7 lO 4-
l2 - l-4 6 l 3 2 0 
l4- - l6 4 l 0 0 l 
l6 - J.8 2 l l l l 
l8 - 20 0 l l 0 0 
20- 22 l 0 0 0 l 
2.2 ... 24- 0 0 0 0 0 
24- 26 0 0 0 0 0 
26- 28 0 0 0 0 0 
28 - 30 0 0 0 0 0 
30- 32 0 0 0 0 0 
32 - 3-4 0 0 0 0 0 
34- 36 0 0 0 0 0 
36 - 38 0 0 0 0 0 
38 - 4o 0 0 0 0 0 
4o-42 0 0 0 0 0 
42-4-4- 0 0 0 0 0 
4-4 - 4-6 0 0 0 0 0 
4-6-4-8 0 0 0 0 0 
4-8 - 50 0 0 0 0 0 
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APPENDIX C 

Calculation of the Minimum Distance 
Between an On-Ramp and an Off-Ramp 

----------.- --·- -----A .,. c B ------- -----· 
(I} (2) LANE I 

~-:.-.:_ .. :l.==-~5-0~-~-.~~_ ... :i ~~~---~J~ 

c = 5400 
A to B = 4l50 
X to Y = 0 
X to 'B- ::: 625 
Y to B = 625 

Find lane volumes 
a. Average lane·vol,ume = 5400 .:. 3 = 1800 
b. Check lane l vo.lume at (l) · 

l. Thru traffic in right lane 
= 14% = .14 (4150) 

2. On-ramp traffic in right lane 
= l.OO (625) 

3. Off-rainp traffic in right lane 
= .94 ( 625) 

Total_in right lane at (l) 
c. Check lane l volume at (2) 

l. Thru traffic in right lane 
2. On-ramp traffic in right lane ( .60 x 625) 
3. Off-ramp traffic in right lane (1.00 x 625.) 

Total in right lane at (2) 

= 

580 

6~5 

= 580 
= 375 
= 625 . 
= 1580 ·••·· 

Since the right lane volumes at both (l) and (2) are less than 
1800 vehicles per hourJ this design is satisfactory to accomodate tb~:,; 
as.sumed volumes. 
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