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Crossroute Access Design in [nterchange Areas

R. C. GERN and H. R. JOYNER
Barton-Aschman Associates, Evanston, Illinois

®*WITH THE rapid expansion of the Interstate Highway System, a critical need to elimi-
nate or to minimize future congestion at freeway interchanges has developed. A major
cause of this problem is that important new highway facilities tend to attract newuses
of land that are heavy generators of traffic. Congestion or loss of functional efficiency
may then result if; (a) the additional traffic volumes generated by the new land use
have not been anticipated and exceed the capacity of the interchange facilities, or (b)
the access demands of the land development are incompatible with the design of the
interchange or crossroute.

In many cases the crossroute, rather than the expressway itself, is the scene of
interchange area congestion. Although desiring to locate as close as possible to the
expressway, land development in interchange areas often creates undesirable access
conditions along the crossroutes. Private access points and public streets often serving
substantial volumes of traffic are sometimes located in such close proximity to ramp
terminals that hazardous and congested conditions result from conflicts betweenramp,
access point, and through traffic.

At least a partial solution to these problems may be found in an extension of access
control for a certain distance along the crossroute. The added length of protected
roadway would allow heavy ramp or access point volumes to enter the route in a more
orderly fashion without impeding flow through the interchange. Although the need for
(and benefits from) incorporating this additional access control near interchanges has
been recognized for some time, the questions of "how much' or "how far' have not thus
far been satisfactorily answered.

This paper describes an analysis of the design factors which would influence such
an extension of access control. The objective of this research was to develop a design
aid which would identify the elements controlling the desirable distance between a
ramp terminal and the nearest access point along the crossroute. Inasmuch as this
distance will vary for different types and combinations of ramp and access point design
(as well as for various route speeds and volumes), it was necessary to determine the
controlling elements for many possible situations. (Factors such as speed and volume
do not themselves represent distance, but rather, they influence design elements, such
as weaving sections, which do represent distance.) Because of the many variables
involved, the mathematically possible number of ramp terminal-access point combina-
tions runs into the thousands. However, not all of these combinations represent prac-
tical designs and even fewer represent the most common situations encountered by
highway designers. In this research, approximately 60 of the most common and impor-
tant design situations were studied in detail. For each of these situations the con-
trolling design elements (i. e., merging, deceleration distances, storage, etc.) were
determined and combined into equations. Given normal design criteria, suchas route
and ramp speeds and the magnitudes of the volumes involved, these equations can be
solved to give the proper spacing between ramp terminals and access points along the
crossroute. Their application in highway design is shown through the use of illustra-
tive design problems later in this report.

In addition, a coding or reference system was developed to aid in the definition or
description of all possible design situations. Using this reference system, it would
seem feasible to eliminate all those mathematically possible combinations of ramp
terminals and access points which did not represent practical designs. This would

Paper sponsored by Committee on Freeway Operations.
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produce a virtually complete list of all practical design combinations for which equa-
tions could then be written.

The material in this paper was developed as part of a comprehensive study of high-
way-land use relationships in the vicinity of interchanges, and is only one of several
areas of investigation includedin the study. Special assistance was rendered on this
phase of the study by the Bureau of Design of the Illinois Division of Highways and
particularly by W. A. Frick of that agency.

Other aspects of the study investigated such areas as the use or application of land-
use control techniques to reduce conflicts and congestion around interchanges. The
over-all study was conducted under the joint sponsorship of the Illinois Division of
Highways and the U. S. Bureau of Public Roads.

GENERAL DEFINITIONS

Divided Highway—a route whose directional traffic lanes are separated by a barrier
median or divider.

Off Ramp—a ramp or roadway used by traffic to exit from a controlled-access route
(expressway).

On Ramp--a ramp or roadway used by traffic to enter a controlled-access route
(expressway).

Expressway—a divided highway with full or partial control of access and generally
with grade separations at intersecting routes.

Interchange—a system of interconnecting roadways (ramps) with one or more grade
separations providing for the interchange of traffic between two or more routes or
highways.

Crossroute—the route interchanging with a controlled-access facility or expressway.
{In some cases, the crossroute may also be a controlled-access facility—at least
in the vicinity of the interchange. )

Access Point—a point of ingress and/or egress along the crossroute. It may provide
local access to adjacent land or it may indicate the intersection of another street
or highway with the crossroute.

Entrance Terminal—a ramp terminal where traffic leaves a ramp and enters the
through traffic lanes of the crossroute.

Exit Terminal—a ramp terminal where traffic leaves the through lanes of the cross-
route and enters a ramp.

Access Point Exit—point where traffic leaves the through lanes of the crossroute and
enters a local driveway, street, or other roadway intersecting the crossroute.
Access Point Entrance—point where traffic enters the through lanes of the crossroute

from a local driveway, street, or other roadway intersecting the crossroute.

IDENTIFICATION AND DESCRIPTION OF DESIGN SITUATIONS

As noted previously, there can be many possible combinations of ramp terminal and
access point design—with each of these, in turn, influenced by certain characteristics
of the crossroute. This multiplicity of factors produced one of the early problems
encountered in this research, in that it made the definition or description of a design
situation subject to the omission of important factors. In an attempt to systematize
the consideration of these factors, a reference system was developed which classified
and grouped them into six major categories, containing the possible factors which
might be used to describe one part or aspect of a ramp terminal-access point situation:

A. Type of ramp and crossroute,

B. Type of ramp terminal operation,

C. Possible movements at ramp terminal,

D. Locational relationship of ramp terminal to crossroute access point,
E. Type of access point operation, and

F. Possible movements at access point.

Tables 1 and 2 give the various factors comprising these groups. The use of this
system is illustrated in the following steps as it might be applied to the typical design
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CROSS_ROUTE _ \ S'GN“L,:_/"—

/ _RAMP TERMINAL
OFF RAMP FROM
FREEWAY “I . EoNT

POINT

igure 1. Typlcal ramp Lerminal-access point design situation.

situation shown in Figure 1. Entrance and exit movements are listed and analyzed
separately; thus, the two-way access point in Figure 1 requires a description of both
entering and exiting movements. The ramp terminal, however, serves one-way entering
traffic and requires only one description.

Step 1. —Describe the ramp terminal condition. From Table 1, select Group A,
Factor 1; Group B, Factor 1; and Group C, Factor 1.

There is no traffic exiting from the crossroute into the ramp at its terminal, thus
the description is complete.

Step 2. —-Describe the access point condition. The access point has both entering
and exiting traffic; thus, each movement must be described. For the access point
entrance condition, from Table 2, select: Group D, Factor 5; Group E, Factor 4; and
Group F, Factor 6.

For the access point exit condition, from Table 2, select: Group D, Factor 1; Group
E, Factor 3; and Group F, Factor 5.

Finally, the descriptions for the situation in Figure 1 are 1-1-1-5-4-6 (considering
access point entrance) and 1-1-1-1-3-5 (considering access point exit). Note that the
first three digits, which describe the ramp terminal condition, are identical in both
descriptions.

Using this system, it may be possible to identify all of the design situations that are
practical or significant, and then develop distance equations for each of these cases.
Assuming that the six groups of factors described in Tables 1 and 2 represent all the
factors needed to define any ramp terminal-access point situation, there are a finite
number of combinations or situations which they could produce. Many combinations
could quickly be eliminated because they would represent impossible or highly improb-
able situations. Those remaining could be further analyzed and distance equations
developed.

The following sections of this paper discuss the development of equations for some
of the most common situations, and illustrate their use with sample problems.

IDENTIFICATION OF DESIGN ELEMENTS

The preceding section discussed primarily the problems involved in defining or
describing the many ramp terminal-access point design situations encountered by high-
way designers. In the course of developing this material approximately 60 of the most
common and significant design cases were identified. Essentially, these consist of
ramp terminal-access point relationships associated with simple diamond and full
cloverleaf interchanges.

The immediate objective at this point in the research was to identify the design
elements that would influence the proper spacing between a crossroute ramp terminal
and the nearest crossroute access point. If these elements were known for aparticular
design case or situation, they could be combined into equation form, and the equation
could be solved for various traffic volume and route speed conditions.

Adhering to this procedure, 60 design situations were studied individually to deter-
mine the design elements which were critical for each case. Basically, this involved
a logical process which considered: (a) the traffic movements that were permitted or
possible under each situation, (b) the various maneuvers which these movements might
logically make, and (c) the manner in which the highway designer (from a standpoint of
traffic efficiency and safety) would desire these movements to be made.



As this analysis continued

TABLE 3
through the .VaI'lOuS d851gn situa- DESIGN ELEMENTS INFLUENCING SPACING BETWEEN
tions, certain elements kept reap- CROSSROUTE RAMP TERMINALS AND ACCESS POINT
pearlng’ whereas others “_/ere elim- L = allowable distance between ramp terminal and nearest
inated, replaced, or combined. crossroute access point
: 3 : Rp = radius of ramp at crossroute connection

Table 3 desc'rlbes the major g651gn RpRr = radius of right turn to or from access point
elements which were determined as RaJ, = radius of left turn to or from access point

i - 3 81 = required storage distance for right turns at a signalized
bemg' applicable in these cases. e
Desplte the fact that these elements Sy = required storage distance for left turns at a signalized

: intersection

were EVOIVE?‘d frc_)rn aI} ana1y81s of S3 = required storage distance for through traffic at a signalized
only 60 design situations, there are intersection

S19 = required storage distance for left turns with no signal
control (function of gaps in the oppusing traffic stream)

two facts which suggest that this list
may be nearly complete: (a) the

w = width of access point roadway
2 N = number of lanes in one direction on crossroute
extent FO W_h1Ch man}{ of t}}em %{ept Mj, = distance required to merge (converge separate streams of
recurring in one de81gn situation traffic into a single stream) traffic to the left (i.e., ramp
: traffic to through traffic)
a'fter another, and (b) the 60 situa- W = distance required to weave (cross) traffic streams moving
tions that were studied represent in the same general direction
. - g : 5 in adi t
probably the most common and im- G ;iali‘laa;1:;f;ir(laveled while seeking a suitable gap in adjacen
portant design cases. C = distance traveled while actually changing lanes
3 5 * D = distance required to decelerate from design speed of cross-
The fOHOWlng section .dISCUSS';eS route to design speed of turning radius at ramp terminal or
the development of equations using access point or to stop condition
these design elements as equation T = approprlate sxgnmvgvdlstance 111c1}1d1ng plerceptlon and reac-
tion time and required deceleration distance
components.

DEVELOPMENT OF EQUATIONS

Once the controlling design elements had been determined, the establishment of
equations became a simple matter of combining the pertinent elements for eachpartic-
ular design situation. The equations were then tested by applying them to design
problems such as those illustrated in the following chapter. In every case tested, the
distances obtained appeared to be reasonable in relation to the volumes and speeds
which were assumed. Appendix B contains a list of references for the various design
elements used in this study.

There are certain basic principles which, in effect, set the "ground rules' for the
use of the equations and describe the conditions of their application. A listing and
discussion of these principles are contained in the following paragraphs:

1. Method of measurement—the allowable distance, L, is measured along the cross-
route from the centerline of the access point roadway to the near edge (projected) of
the ramp roadway, or, in the case of a free-flow ramp terminal, to the gore.

2. Multiple values—when more than one equation can be written for a particular
designation, the equation resulting in the largest total value for L should be used,
thereby satisfying the most critical condition.

3. Adjustments for specific conditions—the calculated allowable distance may be
adjusted for: unusual vertical or horizontal alignments; certain volume and traffic
characteristics peculiar to the area (such as those found on commuter routes); frontage
conditions regulating signal and sign placement; physical barriers such as bridge
abutments, retaining walls, and piers.

4, Equation conditions relating to signalized intersections—whenever storage dis-
tance at a signalized intersection (either ramp ferminal or access point) is an equation
component, the equation for L should be written for the last car to be stored at the
intersection on the end of the red signal phase. For example, the decelerationdistance
used in this particular equation should be measured to the end of the stored vehicles
and not to the intersection stopline.

5. Equation components relating to speed—in determining the numerical value for
any component which is partially or solely a function of speed, the design speed of the
facility should be used.




6. Vehicle maneuvers—an impor-
tant consideration in selecting ele-
ments comprising equations is that
the driver of the vehicle be required
to make only one decision or ac-
complish only one element at a
time. For example, when seeking a
gap in a stream of adjacent traffic
(preceding a lane change maneuver),
the driver should not at the same
time be required to decelerate in
order to enter a ramp terminal or
access point. Thus, the equations
developed reflect maximum consid-
eration of traffic safety as well as
high standards of design.

7. Intersection capacity analysis—
should be made to determine stor-
age and laning requirements at major
intersections.

Possibly the most important
principle of all, underlying the ap-
plication of these equations is that
they be used as guides only, and
as such, must be tempered with
sound engineering judgment.

APPLICATION OF
EQUATIONS TO
DESIGN PROBLEMS

Equations developed during the
course of this research are applied
to three different design situations.
Route volumes, speed data, and loca-
tional and physical characteristics
which would normally be available
to the design engineer are supplied
as "givens'" in these examples. The
design situations have also been
identified by the coding or classifi-
cation system discussed in this re-
port.

Within a single design situation,
it may be possible to write two or
more equations, any of which might
yield the controlling distance under
certain volume and speed conditions.
These equations generally correspond
to the various traffic movements
possible in a particular design case.

EXAMPLE 1 « CODE NO, 'S 343264 Access Point Exit
343666 Access Point Eatrance

Givent

Rursl Aros
Design speed of CROSS ROUTE = 70 MPH
10% commercial vehicles

=0
AR =150"-50"-150" (5' offset) —s800 30 (From
RaR=150'-50'-150" 15’ offset) 100 100 Aconsy
RaL~50" Y Paiet)
VX =400 pHY

1 =200 DRY
\\//ﬂ Z soomy Traffic volumes (DHV) at Ramp Terminal

To Find: L

STEP 1 - Examine possible movements between RAMP TERMINAL
and ACCESS POINT and select the most critical.

Movement I: From eastbound CROSS ROUTE (Vx) to a right
turn at the ACCESS POINT, (Code 343264)

Bovement II: Left turn from the ACCESS POINT (¥a) to a
stop at the RAMP TERMIMAL - CROSS WGUTE
signalized intersectiom, (Code 343666)
STEP 2 - Write equations for critical movements,

Movement I:

>— B ———— e
N
N
\| fAccess
POINT
Rawp T Raa we
EAMINAL L *RreT+Ran+ W2
s +
Saz = Storage distance for left-turn from ACCESS POINT
RAL = Left-turn Radius from ACCESS POINT
RA = Ramp Radius
T = Approprate signing distames (imeluding perception

and reaction time, and drceleration distance)

RAR = Right tucn Radius fros ACCESS POINT

W = Access Point roadway width

S§3 - Storage distance for through traffic at RAMP TERMINAL -
CROSS ROUTE signalized iatersection

Movement IT:

S o Sax o RM
| T 1

[ e e e e e e et — e i e

e
| [ e

NOTE: An examination of the design volumes to be stored in
determining Siz or S3 indicates that these combined
distances will be much less than the appropriate signing
distance (T) ia Movement I.

Therefore, it appears that the eguation for L in Movement
I will result in the appropriate distance from RAMP
TERMINAL to ACCESS POINT.

STEP 3 - Determine Value - Guides for equation unknowns,

Movement I:
) T = Perception and reaction time + Deceleration
distance,

T = 2.5 seconds at design speed of CROSS ROUTE
(70 MPH) + Deceleration from CROSS ROUTE
design speed (70 MPH) to Right-turn radius
design speed (15 MPH).

T = (2.5 seconds x 103 ft,/sec,) + 450'

T = 210°

2) Re = Ras = Tangent distance for 150'-50'-150'
three-centered curve with A= 90° and a 5'
offset.

Ra = Ran = B5'
STEP 4 - Compute L for critical movement.
Movement I: L = Hr + T + RAR + %

Lo« 83710 4 85 0 20

L = 8so"
CONCLUSION: If a 10% tolerance in the computed Value-Guides

is assumed,the length which satisfies the most
critical condition is found in the ramge of:

[L =820 to 960"



EXAMPLE 2 - CODE NO'S, 247365 Access Point Exit
247766 Access Point Entrance
EXAMPLE 3 CODE NO's: 121145 Access #t. #1 Exit
L 121546 Access Pt, #1 Entr,
A 121343 Access Pt. #2 Exit
121746 Access Pt, #2 Entr.

RAMP
TERMINAL

2 —— — —— ————w =

—— -
= odne——

RAMP
TERMINAL

Giwnn: —
Urban Area
a Internediste Ares
xl)g:,lg:m:::z?a‘;iyggifezoum a0 weR Design speeds of CROSS ROUTE = 50 MPH
N 2 5% commernial vehicles 1“\
Lanes 250 (50 from Access N2 danes @
Rw b oin 40"
R 50° 200 750, B RR| 230" eoo._n
RaL  s0° R A - FR“" 30" m7__/
VX 920 DHY — AL 50 300 R0
VR 250 piy » 600 VX 1200 DHV %
VAL B0 DY VRI 600 DAYV
Traffic Volumes (DHV) at Ramp VR2 300 DHY
Vai 100 DHV Terminal VA 350 bRy
To Find: L Vaz 150 DHV Traffic Volumes (DHY) at
X6 Fingd ACCESS POINT
STEP 1 - Examine possible movements botween RAMP TERMINAL
and ACCESS POINT and select most critiecal one. To Find: L

Movement I: Left turn (VaL) from the ACCESS POINT to
a right turn (Ve) at the RAMP TERMINAL. 'STEP 1 - Examine possible movements between RAMP TERMINAL
—  and ACCESS POINT end select most critical.
STEP 2 - Write equation for critical movement
Movement I: From entrance RAMP TERMINAL (Va) to u left turn
Movement T: at the ACCESS POINT #2 (Code no. 121145)

STEP 2 - Write equations for critical movements.

T Hovement T:

[ LT

_ﬁ_gg ——
LY e
b

L=RaL+G+C+D+(Si1+S3)+Rr LML 4GHCeDeSg+Rar
RAL = Left-turn radius from ACCESS POINT
G = Dpist, travelled while secking a gap in adjacent lane
C = nDpist, travelled while changing lanes ML = Merging distance
D = Deceleration distance to stop condition G = Distance travelled while seeking a gap in adjacent lane
(S1+53) = Storage dist. for right-turn and through traffic C = Distmnce travelled while changing lanes
RR = Ramp Radius D =~ Deceleration distance to stop condition
S2 = Storage distance for left turn
STEP 3 - Dotermine Value - Guides for equation unknowns RAL = Left turn radius at ACCESS POINT #2
Movement I; STEP 3 - Determine Value - Guides for equation unknowns
1) Determine phasing and related green time at the
CROSS ROUTE - RAMP TERMINAL intersection by means Movenment T: .
of a capacity analysis. 1) Determine phasing and relsted green time for
P CROSS ROUTE - ACCESS POINT intersection by
Phase A e green = 25% means of a capscity anelysis:
= Ppase A A= grenn = 30%
Phase B = pammmmy - green = 65% < e
amber =-10% Phase 3 — — greon = 40%
=108 AT} ¢
60 sec. cycle TOTAL - 100
¥ * Phase C Ah green = 15%
2) Determine (Si + S;) for approach B ! ‘”’
D smber = _15%
(S + 83) = 1000 (1.10) x 2 x 25 x (1 - 0,65) x
TOTAL = 100%
60
50— = 100 3
3600 X 2 &w 160" 2) Determine Sz for eporoach A :
i 3 60,
3) Deceleration distance from CROSS ROUTE design speed S2 = 360 (1,08) x 2 x 25 x (1-0.30) X mgpy Y
of 40 MPH to stop condition: *
. 52 o 380 (52.5) (0.70) o, | 404,
209 60 =
. = 3) Distance required f amp traffic to werge
4) Distance travelled while changing lanes: ) tnsth:cle!tq(ﬂll): ar ramp B
i aign speed of
c= 2osecunds at CROSS ROUTE design sp! M. = (20" - B') x 50:1 Taper

c-3x40 x8 C=175" ML =12 x 50 ML = 600"
- 40 s

&0 4) Distance lravelled whue seeking a gep in
5) Distance travelled while seeking & gap in adjacent ijnoent Tanent

land:
G = 7 seconds at CROSS ROUTE design epeed of

G = 5.8 seconds at average speed’ of 27.5 MPH 50 MPIL

GZS,BX%:SB G = 235 =7)(?x88 9 - 515!

STEP 4 - Compute L for critical movement: 5) Distance travelled while changing lenes (C) :

Movement I: L = RAL + G + C + D + (Si + 83) +Rn C = 3 seconds at CROSS ROUTE design speed of 50 MPH
L = 50 + 235 + 175 + 300 + (160) + 50 c=axZPxgs c- 220

6) Deceleration distance from CROSS Rou'rs design

L = 970!
speed of 50 MPH to stop condition (D)

D - 40
Average speed = }{design speed of CROSH WONTE + demign speed of =
Teft-turn radius at ACCESS POINT) = 40 4 - .3 wen
STEP 4 - Compute L for critical movement:
CONCLUSION: 1f a 10% tolerance in the computed Value - Guides
== is assumed the length which satisfiea the most
critical condition is found in the range of:

Movement I: L =ML + G+ C + D + Sz + Rat

L = 600 + 515 + 220 + 400 + 220 + 50

L = 8B5' to 1055’
L = 2005'

CONCLUSION: If we assume a 10% tolerance in the computed Value -
Guides the length which satisfies the most critical

condition is found in the range of:

L 1810'to 220! (for Code 121145)




CONCLUSIONS AND RECOMMENDATIONS

This study has demonstrated that a design aid to determine the proper spacing be-
tween interchange ramp terminals and crossroute access points can be developed. This
design aid takes the form of distance equations that can be solved for various traffic
volume and route speed values. A method or system for describing the possible design
situations has also been developed and has produced equations for 60 of the most com-
mon and important cases. The equations comprise the design elements controlling
the proper spacing for each individual design case.

The results of this limited-scope study suggest two major areas of further research:

1. An extension of the research initiated by this study in which all possible ramp
terminal-access point design situations are identified, possibly through the use of the
descriptive system developed herein. Equations could then be developed for all prac-
tical cases and published in chart or graphic form for use by highway designers. This
material would have particular application in establishing highway department access
policies toward local land developers. Ultimately, the material might be put into a
form that could be used by local planning agencies in planning street systems and land
uses in interchange areas.

2. Continued research on the values used for design elements comprising the equa-
tions. Lane changing distance requirements, lane speeds through interchange areas,
signing distances, refinement of weaving standards, and merging distance requirements
are some of the areas in greatest need of research.

In conclusion, it would seem appropriate to reiterate one of the basic principles
underlying the development of these equations or value guides. They, like any other
chart, graph, or design aid, are to be used as guides only, and not as a replacement of
sound engineering judgment.
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Experimentation with Manual and
Automatic Ramp Control

ADOLF D. MAY, JR.
Expressway Surveillance Project, Illinois Division of Highways

This paper describes the planning, conduct and evaluation of a
series of experiments with freeway ramp control undertaken
for the purpose of improving network operations.

The development of the control plan included the identifica-
tion of the critical section, determination of the period of time
and degree of control, estimation of the redistribution of traf-
fic, and re-evaluation of system operations. A comprehensive
set of measurements was obtained for the network, including
expressway and major arterials, for three weeks without con-
trol and for three weeks with freeway ramp control. Theramp
control consisted of partially closing one on-ramp and metering
traffic at a second on-ramp. The effect on the network of the
freeway ramp control was evaluated on the basis of vehicle-
minutes and vehicle-miles of travel for each link, route, and
for the total network. The results indicate that travel time on
a network basis was reduced by freeway ramp control.

* AN EXPRESSWAY Surveillance Project was established in April 1961 as a part of the
research program of the Illinois Division of Highways, under the supervision of the
Bureau of Research and Planning. The project is being financed with Highway Plan-
ning Survey funds made available through the Federal-Aid Highway Acts, with the State
of Illinois, Cook County, and the City of Chicago contributing the necessary matching
funds. An Advisory Committee, consisting of representatives of the four cooperating
agencies, was appointed and meets frequently to review the progress of the project and
to review and to advise on steps recommended for future experimental work.

The immediate objective of the project is to develop, operate and evaluate a pilot
network information and control system to reduce travel time and to increase traffic
flow. Successful progress could lead eventually to a centralized information and con-
trol system for the entire Chicago Metropolitan Expressway and major street network
system.

The approach being used in accomplishing this objective is frequently referred to as
a case study or pilot study approach. A typical portion of the Metropolitan Chicago
highway network system was selected as the laboratory or demonstration area, and a
pilot detection system is being used to measure the existing traffic patterns from which
control plans can be developed. Through experimentation with control, the pilot detec-
tion system gradually will be converted to a pilot network information and control sys-
tem. When complete, the system will be evaluated in terms of road user benefits and
system costs. Administrative decisions can then be made as to the possible extension
of the system.

The first major phase of the project, development of a pilot detection system, con-
sisted of operational studies, surveillance equipment evaluation, system design, and
installation. The pilot detection system became operational in October 1962 and the
work leading to this development was described by May et al. (1).

This paper describes the planning, conduct and evaluation of a series of experiments

Paper sponsored by Committee on Freeway Operations.
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Figure 1. Network study area and inventory coding system.

with freeway ramp control which were undertaken for the purpose of improving network
operations following development of the pilot detection system.

INITIAL EXPERIMENTATION WITH MANUAL CONTROL

The first step toward experimentation with control was the comprehensive collection
and analysis of traffic volume and travel time data under uncontrolled conditions on the
expressway and the major arterial streets. This knowledge permitted evaluation of the
effectiveness of various devised control schemes, and resulted in the selection of the
control plan with the least estimated total travel time and one which was feasible under
actual traffic conditions. The conduct of the experiment was designed so that the plan
could be evaluated on a network basis by field measurements, and so that it could be
carried out with a minimum of additional equipment. The final stage of this initial
experimentation with control was to evaluate the effectiveness of the control plan and
to determine means for future improvement with control.

Network System Inventory

A comprehensive collection of traffic volume and travel time data was obtained for
the network study area during a three-week study period (October 4 to October 24,1962)
under uncontrolled conditions. Each major arterial between intersecting major arte-
rials was defined as a link, and volume and travel time data were summarized on a
link basis. The network study area and the link coding system are shown in Figure 1.
In this manner the vehicle-miles and vehicle-minutes of travel, as well as traffic vol-
ume and speeds, were computed for each link and for various periods of time. In addi-
tion to volume and travel time data, aerial observations were made during daylight
hours to record any unusual events such as accidents, disabled vehicles, or other special
events. An origin-and-destination study of vehicles entering the expressway within the
study area was conducted in order to evaluate later the effect of various diversion
schemes. Numerous secondary studies were conducted simultaneously such as an aer-
ial density study, transit use study, persons per vehicle study, and expressway shoulder
usage study.

Following the traffic data collection phase, a physical inventory was completed for
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the expressway and major arterials and all data were summarized on a link basis. The
physical inventory included the number of moving lanes, parking conditions, width of
streets, surface conditions, pavement markings and signs, and details pertaining to
traffic signal equipment and existing settings.

Developing the Control Plan

The tasks performed in developing the control plan included the identification of
bottlenecks, determination of period of time and degree of control, estimation of the
redistribution of diverted traffic, re-evaluation of surface street system, and final
evaluation of control plan on expressway, ramp and surface street traffic.

Identification of Bottleneck. —There are essentially two bottlenecks on the outbound
Congress Expressway within the study area and each weekday afternoon congestion
exists from approximately 4 to 6 PM. The one farthest upstream is caused by a re-
duction from 4 to 3 lanes without a corresponding reduction in traffic demand. The
second bottleneck farther downstream and the last bottleneck on the outbound express-
ways are caused by fairly heavy on-ramp traffic (600 veh/hr) which has short periods of
very heavy flow (20 to 25 veh/min) and is located at the top of an approximate 1,000-ft,
3 percent upgrade. The upgrade three-lane section is preceded by a reverse curve
over which three, wide, closely spaced overhead structures appear to present a "tunnel-
ing effect" to the expressway motorists.

The initial experimentation with control was limited to the downstream portion of
the study area which includes the bottleneck caused by the upgrade and on-ramp, and
downstream from which free-flow conditions exist for the remaining portion of the
outbound expressway. The reasons for this were to simplify the initial experimentation
and to evaluate closely the effect of a particular controlled action. Further, if the
expressway flow can be increased through control, it is apparent that the bottleneck
farthest downstream should be placed under control first, and at later stages the control
extended upstream.

Period of Time and Degree of Control. —Essentially the degree of control was de-
termined by comparing the expressway free-flow capacity downstream of the on-ramp
with the traffic demand prior to the on-ramp. The difference indicated the approximate
maximum allowable ramp volume which could enter without resulting in congestion. A
comparison of the computed maximum allowable ramp volume with the ramp demand
indicated the approximate time interval when controls might be required and gave the
first approximation of the amount of ramp traffic which might require diversion.

These analyses were performed using data collected in the October study, and are
presented in graphical form in Figures 2 and 3. The bottleneck output (Fig. 2) for the
30-min period preceding congestion varied between hourly rates of 6,000 to 6,150 veh/hr
and a free-flow bottleneck capacity of 6,000 veh/hr was assumed and is indicated. The
traffic demand approaching the bottleneck on the expressway was obtained from volume
measurements in advance of the bottleneck and modified to take into consideration the
storage of vehicles which occurred once congestion developed. The lightweight line
indicates the approach volumes, and the heavier line indicates the expressway traffic
demand approaching the bottleneck. The shaded area indicates the approximate maxi-
mum allowable ramp volume for the various periods of the afternoon.

The comparison of present ramp demand with the foregoing estimated maximum
allowable ramp volume is shown in Figure 3. The present ramp demand is either
northbound traffic making a left into the ramp, southbound traffic making a right into
the ramp, or traffic originating in the adjacent parking lot serving the transit station.
This demand is depicted by the three curves across the lower portion of Figure 3. The
shaded area indicates the allowable ramp volume, and it can be noted that the demand
exceeds the allowable volume from 4:30 to 6:00 PM. Limiting the control at the ramp
to metering without diversion was considered, but it was not deemed appropriate be-
cause the demand considerably exceeded the allowable ramp volume. A technique for
handling such a situation by advanced displays on the surface streets is considered later
in this paper.

Inasmuch as a portion of the diverted ramp traffic would enter the expressway at a
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ramp upstream of the bottleneck, this would further reduce the allowable ramp volume
at the bottleneck., Therefore a rather conservative action was initially proposed per-
mitting only the traffic originating in the adjacent parking lot serving the transit sta-
tion, to use the ramp. Also, if the ramp were closed to part of the ramp traffic at a
specified time, some traffic might advance the time of their trip in order to enter the
ramp before ramp closure. This possible increase in ramp flow might cause congestion
to occur earlier and so the period of time initially proposed for partial ramp closure
was changed from 4:30 to 6 PM to 4 to 6 PM.

Estimated Redistribution of Traffic. —The origin-and-destination data for the diverted
ramp traffic combined with the travel time study results were employed to estimate the
redistribution of the approximate 700 vehicles which would be diverted between 4 and 6
PM. The travel patterns for the ramp traffic under uncontrolled conditions (Fig. 4)
indicate that approximately 80 percent of the traffic from the north originates on or
north of the major arterial (Madison Street) located 2 mi north of the expressway and
that 60 percent of the traffic from the south originates on or south of the major arterial
(Roosevelt Road) located % mi south of the expressway. This traffic could proceed to
the next ramp downstream without adverse distance.

The reason for selecting the traffic from the parking area as the traffic which could
continue to use the ramp during control can be seen in Figure 4. Each of these vehicles
would encounter an adverse distance of 1 mi. Approximately one-third of the ramp
traffic from the north originates east of the on-ramp upstream and therefore would
logically enter the expressway at that point and could actually save time without adverse
distance. In fact, this illustrates that the traffic recognizing the normal expressway
congestion postpones entering the expressway until it is downstream from the bottleneck.

The estimated redistribution of the proposed diverted traffic is shown in Figure 5.

Of the 700 ramp vehicles being diverted between 4 to 6 PM, it was estimated that ap-
proximately 300 vehicles would divert to the upstream on-ramp, 300 vehicles to the
downstream on-ramp and 100 vehicles would abandon the use of the expressway primarily
because of the short length of trip.

Re-Evaluationof System Operation. —The redistribution of traffic discussed in the
preceding section might well change the operation on the major arterials as well as on
the expressway. Therefore the next task was to evaluate the effect of this change and,
if necessary, to provide for additional modifications and/or controls.

In regard to the major arterials, the estimated change in traffic volumes varied
from -10 percent to +5 percent. It was reasoned that this relatively small volume
change on major arterials would, at most, adversely affect the traffic at signalized
intersections of major arterials. This position was reinforced further by the fact that
the two parallel major arterials carried a substantial portion of the expressway traffic
before the opening of the expressway in 1960.

Some 30 signalized intersections which might be affected were reviewed and from
these, eight signalized intersections were selected for detailed study. Intersection
delays, queue lengths, turning movements under controlled conditions and estimated
changes in turning movements in the event of diversion were analyzed. These studies
indicated that the traffic demand would exceed substantially the capacity at only one
intersection because of an estimated increase of 160 left-turn movements in the 2-hr
period. A second capacity study indicated that the addition of a left-turn phase would
result in below capacity conditions and satisfactory operations. The detailed study
also revealed that two other intersections, the intersections of major arterials at the
mouth of the on-ramps immediately upstream and downstream from the ramp in ques-
tion, would operate near or slightly above capacity. However, no changes were made
at these two locations. All calculations indicated that the other intersections would
operate satisfactorily, although some increase in delay could be anticipated. These
signals were inspected and adjusted for best operations for normal traffic conditions
before control.

The estimated redistribution of traffic did require a re-evaluation of the anticipated
expressway operations at the on-ramp location immediately upstream, at the upgrade
near the bottleneck, at the on-ramp near the top of the grade, and at the next on-ramp
downstream.
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At the on-ramp location immediately upstream the anticipated increase in ramp
traffic was of some concern. It was estimated that the merging volumes (5,300 veh/hr
on the mainline and 400 veh/hr on the ramp) would not result in congestion, and it was
decided that metering would be the most severe control required. In analyzing the
expressway upgrade conditions (5,700 veh/hr ), it was decided that if the merging free-
flow capacity immediately downstream was 6,000 veh/hr and provided free flow could
be maintained on the grade, the upgrade should not produce a capacity restraint.

The diversion of 700 vehicles from the ramp located near the top of the grade ap-
peared to be more than adequate to maintain free-flow conditions. Estimates were
made which indicated that diverting as few as 400 vehicles during the 2-hr period would
be sufficient to maintain free-flow conditions. However, there did not appear to be any
practical means of permitting any other vehicles on the ramp in addition to the traffic
from the transit parking lot on a time-clock basis.

The location of greatest concern was the next on-ramp downstream where it was
estimated that 300 additional vehicles would be diverted. The estimated merging (5,500
veh/hr and 600 veh/hr) indicated that congestion might exist and considerable thought
was given to means of alleviating this potential problem. Fortunately, a 3-lane, one-way
frontage road originated at this ramp and continued beyond two off-ramps, and termi-
nated at the next on-ramp further downstream. It was concluded that ramp metering
might be required, and a metering plan was developed which is described in the section
pertaining to conduct of field experimentation. In the event that metering resulted in a
sufficiently long queue causing undue delay to the motorists and hazard at the nearby
intersection, the traffic would be directed to use the frontage road and the next on-ramp.
An estimated 200 veh/hr could be directed to the next ramp without creating a merging
problem on the expressway.

With the completion of this final operational re-evaluation, the next and last step
before conducting the field experimentation was to estimate the effect of the total control
plan on the motorists in terms of travel time and vehicle-miles of travel.

Evaluation of Control Plan. —The three groups of motorists affected by the control
plan were the diverted ramp traffic, expressway traffic and the major arterial traffic.
The effect on each is described in the following paragraphs.

The 700 vehicles which were diverted from the ramp were classified into origin-and-
destination groups and their individual trip distances and trip travel times under normal
conditions and under the proposed control plan were determined. The determination of
travel time under normal conditions and trip distances under both conditions were ob-
tained easily. However, estimation of travel time under controlled conditions had to
take into account the increased travel time, particularly at two or three of the more
critical signalized intersections, due to increased flow on major arterials. These
additional delays due to increased flow were considered as time penalties for vehicles
making a particular turning movement at an intersection which was affected by the con-
trol plan. The estimated effect on travel time and distance for each origin-and-destina-
tion group is shown in Figure 6. From the figure it can be seen that the 111 trips orig-
inating in zone 6 would have an increased trip travel time of 4.5 min and an increased
trip travel distance of 0.7 mi; also, some of the diverted ramp traffic would be benefited.
For example, it was estimated that the 130 trips originating in zone 15 would have a
reduced trip travel time of 1.5 min, and a reduced trip travel distance of 0.1 mi. The
estimated over-all effect on the diverted ramp traffic for the 2-hr period was anincrease
of 300 veh-min and an increase of 11 veh-mi.

The approach used to evaluate the effect of the proposed control plan on expressway
traffic was to estimate the flow rate under control conditions for various locations along
the expressway study section, and then from previously determined flow-speed curves,
to calculate the travel time. The difference between the calculated travel time and
measured travel time under normal conditions multiplied by the number of expressway
vehicles served, resulted in a reduced travel time of 13,900 veh-min.

The effect of the proposed control plan on major arterial traffic was determined by
comparing the results of previously conducted travel-time studies with estimates of
travel time with control. The estimates of travel time with control were based on the
previously obtained travel-time data modified to include additional delays for particular
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TABLE 1

Travel Time (veh-min)

Traffic TyPe  \ormal  Controlled  Effect on

Conditions Conditions Travel Time

Diverted ramp 3,900 4,200 + 300
Expressway 44,600 30,700 -13,900
Major arterial 35,100 37,600 + 2,500

Total 83,600 72,500 -11,100

turning movements at selected intersections. The estimated amount of increased travel
time to the major arterial traffic was 2,500 veh-min.

Table 1 gives a summary of the travel-time investigations discussed in the preceding
paragraphs.

In April 1963, the Project Advisory Committee approved the recommendation of the
staff that final plans be made to conduct the proposed experimentation with control.

Conduct of Control Experimentation

The general plan developed for control experimentation is shown in Figure 7 and
consists of three parts: before measurements, publicity and coordination, and control
with measurements. The before-measurement phase was designed to provide the stand-
ard or basis which the operations with control could be compared and evaluated. The
publicity and coordination activity consisted of informing the public, particularly the
motorists, and representatives of several governmental agencies of the plans for con-
trol experimentation. The final phase of the plan was the application of control and
operational measurements.
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Before Measurements. —It was planned that the measurements obtained duringthe 2-
week-before study would be identical to measurements obtained during the following 3-
week study with control. The period of time for control was 4 to 6 PM and the period
of time selected for measurement was 3 to 7 PM.

On the expressway the pilot detection system recorded on punched tape the minute
volume and occupancy or speed for the seven mainline stations and for each off- and on-
ramp. Arrangements were made with the U. S. Bureau of Public Roads for the use of
its impedance vehicle which is a specially equipped vehicle for recording individual
vehicle performance. An emergency patrol vehicle was assigned to the expressway
study section to inform the project office by radio of unusual conditions and to remove
any hazards as quickly as possible.

On the surface streets approximately 25 portable 15-min traffic recorders were
installed for purposes of obtaining volume and vehicle-miles of travel on the various
links of network system. A license plate travel-time study was made on the major
arterials for purposes of obtaining vehicle-minutes of travel on the various links of
the network system. Plans were made for obtaining turning movements at selected
intersections and for general evaluation of intersection performance.

In addition to the specific measurements planned for the expressway and major
arterials, ten afternoons of aerial photography were planned for the before study and
the study with the control. The purpose of the aerial photography was to record per-
manently the conditions with and without control, to permit the determination of queue
lengths at intersections and ramps, and most important, to investigate a proposed
technique for estimating total travel time in a network. The simplicity of measurement
and the importance of network travel time have created considerable interest in this
particular activity. Essentially, time lapse photographs were taken throughout the
afternoon period from an airplane which flew back and forth over the network study
area. The photographs are analyzed by counting the number of vehicles in each direc-
tional link, and travel time was obtained by multiplying the number of vehicles by the
time interval between photographs. Average travel time can be obtained by dividing
the travel time in vehicle-minutes by the vehicle-miles computed from the traffic
counts.

Publicity and Coordination. —The publicity phase consisted of preparing news releases
for newspapers, radio stations and television stations, placement of temporary roadway
signs in advance of the ramp to be partially closed, and traffic bulletins handed to the
motorists using the ramp which was to be partially closed. In addition, the office
address and phone number were included with the news releases and traffic bulletins
and arrangements were made for communicating additional information in response to
phone calls.

An important function of this advance planning included the coordination with repre-
sentatives of governmental agencies. Arrangements were made for meetings with
several of the villages which might be affected by the control plan, with State and local
police, with transit authority representatives and with the various agencies sponsoring
the project. Providing advance information to those agencies and obtaining ideas and
comments from them proved valuable.

It should be stressed that in accordance with the control plan shown in Figure 7, the
before measurements were completed before the publicity began and discussions held
with governmental agencies were of a confidential nature until the completion of the
before measurements. There was some concern that otherwise the publicity and coor-
dination might have affected the before measurements.

Control with Measurement. —During the last three weeks of the experimentation it
was planned that control would be exerted and measurements taken. The first week of
control was generally thought of as a transitional period for the changing traffic pattern
and as a period for fine tuning the metering technique. This first week included a
national holiday which may have affected the normal traffic pattern. The last two weeks
were planned to be used for evaluational purposes.

The partial ramp closure was handled by placing a barricade across the major
entrance to the ramp at 4 PM each weekday afternoon and removing the barricade at
6 PM. Arrangements were made for a State Police officer to be present during the
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period the ramp was closed. Signs were posted well in advance of the ramp reminding
the motorists of the ramp closure.

Two metering techniques were developed for the on-ramp immediately downstream
if it was found that such action was required. One technique utilized an occupancy
measurement on the mainline just upstream of the on-ramp; the other utilized a volume
measurement on the mainline about Yz mi in advance of the on-ramp, and an off-ramp
volume between the mainline volume measurement and the on-ramp. After further
study the former technique based on occupancy was selected.

From previous measurements a relation was established between the mainline occu-
pancy in the middle lane (in advance of the on-ramp) and the maximum safe ramp vol-
ume provided that free flow existed further downstream. From this information a
metering rate was established for various levels of occupancy. The rules of the game
for ramp metering were developed and the essential elements are, as follows:

1. Metering commenced as soon as the mainline lane two occupancy equaled or
exceeded 15 percent (yellow indication on map display) and provided it was after 4 PM.
2. The metering rate was set based on the 1-min digital percent occupancy of the

mainline lane two. The permitted metering rate for various levels of occupancy is

% of Occupancy  Metering Rate

15-16 13 vpm
17-18 10 vpm
19-20-21 8 vpm
22-23-24 6 vpm

3. The ramp entrance was closed as soon as the mainline lane two occupancy equaled
or exceeded 25 percent (red indication on ramp display) and provided it was after 4 PM.
The queue already on the ramp was to be discharged at a metering rate of not more than
6 veh/min.

4. The metering rate was never to exceed the metering rates previously stated, but
could have been reduced under the following specific circumstances: (a) ramp demand
less than metering rate, (b) ramp occupancy equal to or greater than 25 percent (red
indication on map display), and (c¢) ramp was closed and queue was small.

5. Metering operation was to be terminated as soon as the mainline lane two occu-
pancy was less than 15 percent (green indication on map display) and provided it was
after 6 PM.

To implement this metering technique, the metering decision was made in the central
office and transmitted by phone to the field station. The field personnel then set a
timer which, at regular intervals, sounded a bell and indicated to the State Police officer
directing ramp traffic that a vehicle could enter the expressway. For example, if a
metering rate of 10 veh/min was selected, the bell would ring every 6 sec. This use
of simplified equipment was in keeping with the thought that more sophisticated equip-
ment should not be developed until the possible benefits of metering could be evaluated.

Evaluation of Control Experimentation

The experimentation with control was conducted essentially as described in the previ-
ous section. Of the four possible control actions indicated in Figure 7, partially closing
the Des Plaines ramp and metering the First Avenue ramp was the only control that was
necessary. Inasmuch as the required action only affected a portion of the total pilot
network, a revised study area was selected. The locations of ramp control andthe revised
study area are shown in Figure 8.

Unpredictable traffic and weather events occurred during the 10 days of before
measurements and the 14 days of after measurements which affected the traffic flow on
the expressway to varying degrees and for various durations of time. The time and
occurrence of these unpredictable events such as accidents, vehicle disabilities, foreign
objects on the pavement, pedestrians on the roadway, emergency maintenance, and
adverse weather are summarized in Figure 9. To directly relate the differences be-
tween the before and after measurements to the ramp control experimentation, it was



necessary to select days which were free
of the unpredictable traffic and weather
events. Therefore three consecutive
event-free midweek days (Tuesday,
Wednesday, Thursday) were selected
from the before study and the after
study, and the comparison of the two
sets of data served as a basis for
evaluating the control experimenta-
tion.

It is unfortunate that there is not
a similar direct method of evaluating
the effect of the ramp control ex-
perimentation during periods which
included the unpredictable events.
Obviously similar events did not
occur at the same location and at
the same time in both the before and
after studies and therefore an objec-
tive evaluation was not possible.
However an unpredictable event oc-
curred on two days during the period
when controls were being applied which
permit some subjective observa-
tions. On Friday, May 31 at 4:58 PM
and on Monday, June 3 at 4:47 PM, an
incident occurred on the expressway
lanes between the First Avenue on-
ramp and the Seventeenth Avenue on-
ramp (see Fig. 8 for ramp loca-
tions). These incidents caused a
severe reduction in expressway ca-
pacity and resulted in congestion ex-
tending upstream. Before conges-
tion reached the First Avenue on-
ramp, the metering rate was reduced
and soon afterwards the ramp was
closed. The traffic normally enter
ing at this ramp was diverted along
the frontage road and entered the
expressway by the Seventeenth Ave-
nue on-ramp which was downstream
of the incident location. This con-
trolled action benefited the diverted
ramp traffic as well as the express-
way traffic. Because of the large
numbers of such events occurring
on the expressway, and because of
the serious consequences that often
result, the control of entering traf-
fic during periods when these events
do occur will most likely result in
benefits greater than during periods
of time when unpredictable events
do not occur.

Effect on Traffic Volumes. —
Changes in traffic volumes on the
various links of the study area were
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Figure 9. Traffic and weather conditions during, before aund after measurements.

obtained for 4 to 5 PM, 5 to 6 PM, and for the total 2-hr period, and are graphically
presented in Figures 10, 11, and 12, respectively.

Between 4 and 5 PM, the expressway volume upstream of the Des Plaines ramp was
only slightly increased while the expressway volume downstream of the Des Plaines
ramp was reduced by approximately 250 vehicles. The volumes on the surface streets
increased, except for Des Plaines Avenue between Roosevelt and Madison, and for
several streets parallelto the expressway between Harlem and Des Plaines. The total
westbound corridor volume between Des Plaines and First Avenue was only slightly
increased.

Between 5 and 6 PM the expressway volume upstream of the Des Plaines ramp was
increased by 280 vehicles while the expressway volume downstream of the Des Plaines
ramp was reduced by 60 to 110 vehicles. The volumes on the surface streets increased
except for Des Plaines between Roosevelt and Madison, and for the several streets
parallel to the expressway between Harlem and Des Plaines. The total westbound
corridor volume between Des Plaines and First Avenue was increased by approximately
90 vehicles.

The measured changes in traffic volumes for the total 2-hr period (Fig. 12) indicate
that the westbound volume through the critical corridor (Des Plaines to First Avenue)
was increased by 120 vehicles during the 2-hr period. The original estimated change
in flow pattern (Fig. 5) compares favorably with the measured change in traffic vol-
umes for the 2-hr period. On the expressway the volume change immediately upstream
of Des Plaines ramp was estimated to be an increase of 295 vehicles, while the meas-
ured change was an increase of 330 vehicles. Similarly, the volume change immediately
downstream of the Des Plaines ramp was estimated to be a decrease of 392 vehicles,
while the measured change was a decrease of 320 vehicles. The estimated increase in
volume of traffic moving toward the expressway on First Avenue compared closely
with the measured change (160 compared with 149 vehicles and 177 compared with 149
vehicles). Similar close agreements in traffic volume changes occurred on Harlem
and Roosevelt. The greatest difference between the estimated change in volume and
the measured change occurred on the expressway downstream of First Avenue. A de-
crease of 72 vehicles had been estimated while the measured change was a decrease of
330 to 360 vehicles. This greater than expected decrease in expressway volume is
compensated for by the increase in the frontage road volume. Apparently 300 to 350
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vehicles either proceeded west on the surface streets beyond First Avenue and then
traveled to the Seventeenth Avenue ramp via the frontage road or, on approaching the
metered First Avenue ramp, the traffic selected the frontage road and entered the
expressway by the Seventeenth Avenue on-ramp.

Effect on Average Speeds. —Changes in average speeds on the various links of the
study area were obtained for 4 to 5 PM, 5 to 6 PM, and for the total 2-hr period, and
are graphically presented in Figures 13, 14 and 15, respectively.

Between 4 and 5 PM average speeds on the expressway were only slightly increased
(0.2 to 5.0 mph). Average speeds on the surface streets varied from an increase of
8.0 mph to a decrease of 6.4 mph. Generally speaking, surface streets with increased
traffic volumes had slightly reduced average speeds, while surface streets with de-
creased traffic volumes had slightly increased average speeds.

Greater changes in average speeds occurred between 5 and 6 PM. On the express-
way, speeds increased by 4 to 12 mph. Average speeds on the surface streets varied
from an increase of 4.4 mph to a decrease of 9.0 mph.

The measured changes in average speeds for the total 2-hr period (Fig. 15) indicate
that speeds on the expressway and on Des Plaines Avenue toward the expressway in-
creased, while speeds on the remainder of the surface streets decreased. The largest
increase in average speeds occurred on the expressway between Harlem and Des Plaines
(8.4 mph), while the largest decrease in average speeds occurred on the frontage road
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between Ninth and Seventeenth Avenue (6.9 mph). In addition to the fact that more
vehicles were affected by the speed changes on the expressway, the magnitude of the
increase speeds on the expressway was slightly larger than the decrease speeds on
the surface streets.

Evaluation Summary. —The volume measurements obtained for each link of the study
area during the before and after studies permitted the calculation of vehicle-miles of
travel for each link, route, network sub-system, and for the total network. A summary
of the effect of control on vehicle-miles of travel is shown in Figure 16.

There was an increase of 600 (9.8 %), 120 (1.7 %), and 720 (5.5%) veh-mi of travel
on the surface streets for the period of 4 to 5, 5 to 6, and 4 to 6 PM, respectively. On
the expressway the travel for the (Period 4to 5, 5to 6, and 4 to 6 PM decreased 340
(1.7%), 190 (1.0%), and 530 (1.4%) veh-mi, respectively. For the total system of
surface streets and expressway the travel for the period 4 to 5, 5 to 6, and 4 to 6 PM
changed by 260 (+1.0%), -70(-0.3%), and 190(+0.4%), respectively. The results in-
dicated that between 4 and 5 PM more traffic was diverted to the surface streets than
required, and for each of the 1-hr periods there was only a slight change in travel on
the total system.

The average speeds combined with the volume measurements obtained for each link
of the study area during the before and after studies permitted the calculations of
vehicle-minutes of travel for each link, route, network sub-system, and for the total
network. A summary of the effect of control on vehicle- minutes of travel is shown in
Figure 17.

There was an increase of 4,400 (22.6%), 3,700 (18.0%), and 8,100 (20.2%) veh-min
of travel on the surface streets for the period of 4 to 5, 5 to 6, and 4 to 6 PM, respec-
tively. On the expressway the travel for the period 4 to 5, 5 to 6, and 4 to 6 PM de-
creased 1,400 (5.1%), 9,200 (23.8%) and 10,600 (16.0%) veh-min, respectively. For
the total system of surface streets and expressway the travel for the period 4 to 5, 5 to
6, and 4 to 6 PM changed by +3,000 (+6.4%), -5,300 (-8.9%), and -2,500 (-2.4%), re-
spectively.

In comparing the estimated change in vehicle-minutes with the measured change, it
is apparent that the diversion of ramp traffic increased the travel time on the surface
streets more than anticipated, and did not decrease the travel time on the expressway
as much as anticipated. It was estimated that, with control, the vehicle- minutes of
travel on the surface streets would be 43,100 veh-min, while actual measurements in-
dicated 48,100 veh-min, or a further increase of 5,000 veh-min. A review of the in-
creases on the various links indicated that on First Avenue between Madison Avenue
and the expressway the estimated increase was 600 veh-min, while the measured in-
crease was 3,700 veh-min, or a further increase of 3,100 veh-min. The error in the
estimate for this one link accounted for more than one-half of the difference between
the estimated and measured vehicle- minutes of travel on the total surface streets. In
reference to the expressway, it was estimated that with control the vehicle-minutes of
travel would be 51,800, while actual measurements indicated 55,100 veh-min, or a dif-
ference of 3,700 veh-min., This smaller than expected reduction in vehicle-minutes of
travel on the expressway was apparently due to greater volumes than expected on the
expressway section upstream of the Des Plaines on-ramp and an overestimation of the
capacity of the section upstream of the Des Plaines on-ramp where there is a reverse
curve and a 1,000-ft three percent up-grade.

In addition to the vehicle-miles and vehicle-minutes of travel on the expressway for
the selected six days (three days of the before study and three days of the after study),
similar calculations were made for the remaining days of the study. Vehicle-miles,
vehicle- minutes, and average speeds for 4 to 5, 5 to 6, and 4 to 6 PM for each study
day are given in Table 2.

Conclusions. —The following are the conclusions drawn from the initial experimenta-
tion with manual control:

1. Origin-and-destination studies of ramp traffic proved extremely valuable in
estimating the redistribution of traffic on the network.
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2. Considerable difficulty was encountered in accurately estimating the changes in
travel time, particularly on those links operating at or near capacity.

3. The selection of the period of time and the degree of control is extremely critical
in optimizing network operations and, in the case of the Des Plaines ramp, control on
most days was exerted too soon and was too restrictive.

4. An informed public will cooperate when reasonable controls are exerted and are
generally quick to adjust to a revised control of network operations.

5. The high frequency of unpredictable events, which may have serious consequences
on expressway traffic, focuses attention on the need for rapid detection of such events
and requires that any control system must have flexibility for handling traffic when such
events are detected.

6. Ramp metering as a technique for controlling expressway operations proved sat-
isfactory in maintaining free-flow conditions, permitting maximum entry to the express-
way, and providing smooth merging operations. However, metering on a uniform time
spacing basis was not practical due to the presence of certain longer vehicles which
required greater time for clearance.

7. In this particular control experimentation the vehicle-miles of travel on the sur-
face streets slightly increased, while the vehicle-miles of travel on the expressway
slightly decreased. The vehicle-miles of travel on the total network remained essen-
tially unchanged.
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TABLE 2
CONGRESS EXPRESSWAY

Veh-Mi Veh-Min Avg. Speeds
Week  Day

4-5 5-6 4-6 4-5 5-6 4-6 4-5 5-6 4-6

(a) Before Study

May 6 16,880 19,960 36,840 27,300 42,200 69,500 37.1 28.4 31.8

7 19,250 20,060 39,310 25,900 40,000 65,900 44.5 30.2 35.8

8 19,800 20,110 39,910 27,200 33,200 60,400 43.6 36.3 39.7

One 91 19,600 18,120 37,720 29,500 43,000 72,500 39.9 25.3 31.2
10

13 19,440 19,520 38,960 29,500 34,300 63,800 39.4 34.1 36.6
14 16,090 18,700 34,790 24,700 34,400 59,100 39.1 32.6 35.3
15 19,400 20,200 39,600 23,800 28,900 52,700 48.9 42.0 45.1

Two 16 17,730 18,110 35,840 21,700 27,400 49,100 48.9 39.6 43.7
17 19,010 19,150 38,160 25,000 32,800 57,800 45.5 34.9 39.5

Averages 18,580 19,330 37,910 26,100 35,100 61,200 42.7 33.0 37.1

(b) After Study

3 18,710 17,590 36,300 2 -t A&k 2
4 19,350 18,730 38,080 24,900 29,000 53,900 46.4 3
5 19,090 19,450 38,540 26,400 29,000 55,400 43.4 4
6 3

3

June

Five 19,180 19,540 38,720 27,000 30,500 57,500 42.6

7 18,810 19,250 38,060 27,200 33,200 60,400 41,5

10 16,790 18,080 34,870 29,400 33,100 62,500 34.3 32.8 33.4
11 18,420 18,760 37,170 27,300 39,000 66,300 40.5 28.9 33.6
12 18,290 18,450 36,740 27,100 39,800 66,900 40.5 27.8 32.9
Six 13 19,260 19,730 38,990 25,900 34,500 60,400 44.7 34.3 38.8
14 19,280 18,890 38,170 26,400 39,700 66,100 43.7 28.5 34.6

Averages 18,720 18,850 37,570 26,800 34,200 61,000 41.9 33.1 36.9

Y Data not completes

8. The vehicle-hours of travel expended on the surface streets between 4 and 6 PM
increased by 135 veh-hr, while the expressway travel decreased by 177 veh-hr. The
vehicle-hours of travel on the total network remained essentially unchanged.

INITIAL EXPERIMENTATION WITH AUTOMATIC CONTROL

The knowledge gained from the initial experimentation with manual control and the
results of a theoretical study of peak period control of an expressway system (2) clearly
indicated the distinct advantage of ramp control utilizing traffic-adjusted metering as
compared with time-clock complete ramp closure. Therefore, the next phase of ramp
control was the development and evaluation of an automatic ramp metering device.

General Description

It is envisioned that the ramp metering scheme will require a metering device on the
ramp and also changeable message displays at the entrance to the ramp and at locations
some distance in advance of the ramp, so that intended ramp traffic could select par-
allel routes with little or no adverse distance. These changeable displays would indi-
cate whether the ramp in question was open, metered, or closed (metering rate of zero).
To confine this first step toward automatic control to the ramp metering device, a
single on-ramp was selected on a portion of the study area where a frontage road ex-
isted (First Avenue on-ramp, see Fig. 8). By selecting this location, if the ramp is
metered or closed, the intended ramp traffic could choose the frontage road as a par-
allel route, encounter no adverse distance, and postpone its entrance to the expressway
to the Seventeenth Avenue on-ramp. The only advance display required would be at the
entrance to the ramp, and it was decided that in this initial experimentation this display
would be manually controlled.

Therefore, the primary purpose of this initial experimentation was to develop, test
and finalize a ramp metering device. It was not intended at this stage to provide major
expressway operational improvements except those which would result from improved
merging operations at the First Avenue ramp entrance to the expressway. However,
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from previous studies it is clear that s successfully developed ramp metering device
operating at the First Avenue ramp in conjunction with the next ramp upstream (Des
Plaines Avenue ramp), would result in substantially improved expressway operations.
Consequently, while this initial work is limited to developing the ramp metering device,
the next logical steps would include developing advance displays and installing ramp
metering devices at ramps further upstream, and then operational improvements on a
continuous basis could be obtained. This series of developments is a necessary step
toward the immediate objective of the Expressway Surveillance Project, which is the
operation of an automatic pilot network information-control system.

Development of Automatic Ramp Metering Device

Three forms of metering devices were initially considered. The essential element
of each was either movable gates, changeable message signs, or modified traffic
signals. The movable gate had the distinct advantage of a physical barrier which is a
desirable feature for ramp control. However, considerable sophisticated control ap-
peared to be required during operation to insure against damaging vehicles or the gate
itself. The use of a changeable message sign received attention, but disregard by some
motorists for such control information in previous similar situations (E, il) made this
method less attractive. A modified traffic signal appeared most promising because of
its simplicity and its previously proven effectiveness in controlling traffic. Therefore,
the standard traffic signal should be modified for this application to convey to the mo-
torist its unique application, and by so doing, enhance driver observance.

Before experience with the manual ramp metering, only a single detector located in
advance of the ramp signal seemed to be required, and the delay until the next green
signal indication could be controlled by a simple timer. In this way if the desirable
ramp volume was 600 veh/hr, the timer would be set for 6 sec (3,600 sec/600 veh).
However, experience with metering large trucks and concern about limiting the flow to
one vehicle per green indication gave rise to the consideration of using two detectors.
The detector in advance of the signal would indicate a ramp vehicle demand, and the
second detector beyond the signal would indicate that a vehicle was in the process of
passing or had passed. Another benefit of the two-detector system was that a light and
bell alarm could be actuated if the vehicle violated the ramp signal indication (the situa-
tion when the ramp signal is red although a vehicle is detected entering the second
detector zone).

Having decided to use the two-detector system in this initial installation, the exact
locations for the detectors had to be selected. The first detector had to be close enough
to the ramp signal so that a waiting vehicle would not be stopped between the detector
and the ramp signal, and yet far enough away from the ramp signal so that the next ramp
vehicle would not stop in advance of the detector. The second detector had to be close
enough to the ramp signal so that a reasonably high metering rate could be maintained,
while far enough away from the ramp signal so that a vehicle waiting for the green in-
dication would not actuate the second detector. The locations for the two detectors in
relationship to the ramp signal and stop line were established and are shown in Figure
18. The distance from the ramp signal to the ramp nose is 282 ft and the distance
back to the frontage road is 158 ft.

The actual installation is shown in Figure 19. In the top photograph are the three
advance signs. The first sign can be manually changed to read "Ramp Open Ahead, "
"Ramp Metered Ahead, ' or "Ramp Closed Ahead." The legend of the second sign on
the left reads "Ramp Signal Ahead, " while the third sign (located on right) indicates
"Form Single Lane.' The 3-lane one-way frontage road is shown in the top photograph.
The lower photograph, a close-up showing the pavement markings, ramp signals, and
controller, was taken during the first week of operation with a police officer present.

The basic steps in controlling the ramp metering device are shown in Figure 20.
(The ramp metering device was designed by William L. Parker of the Expressway
Surveillance Project and the hardware development was a joint venture with O. T.
Gustus of Bell and Gustus.) In reference to Figure 21, measurement is obtained on the
expressway and transmitted to the computer center for computation. The levels of the
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Figure 18. Ramp metering equipment.

measurement signifying free-flow conditions, impending congestion, or the presence of
congestion are indicated by the level monitor. A control panel was constructed and
connected for the transmission of control action on an automatic basis, but with a
manual override. In the event that no control is required (free-flow conditions ), the
ramp signal rests in green. In the event of impending congestion, one of five metering
rates is selected. The five metering rates are obtained by disengaging the timer and
operating in a vehicle-actuated mode (basic metering), or by connecting the timer and
pre-selecting four time delays (reduced metering). In the event of expressway conges-
tion, the ramp is manually closed and when the vehicles already on the rampare cleared,
the ramp signal is locked in red.

Conduct of Control Experimentation

In late July 1963, the Project Advisory Committee approved the recommendation of
the staff for automatic ramp metering control at First Avenue. The activities connected
with the development and evaluation of the ramp metering device are shown in Figure
21. The design and construction of the ramp metering device were completedin August,
and it was installed and tested during early September. The planning for the conduct
of the evaluation was undertaken in August and early September. Publicity and handout
of traffic bulletins at the on-ramp were accomplished during the second week of Sep-
tember. Operations with the ramp metering device began on Monday, September 16.

To handle any difficulties that might arise and to encourage initial compliance, arrange-
ments were made for a State Police officer to be present at the ramp during the initial
week of operations. Starting on Monday, September 23, a police officer was not present
except for normal routine police activities, and a preliminary evaluation of the per-
formance of the metering device and associated equipment, and its effect on driver beha-
vior and compliance began. In addition to this evaluation, schemes for metering based
on mainline volume and occupancy combined, and mainline occupancy were tested and
refined. The initial procedure used for metering operations was based on mainline oc-
cupancy, and the rules for control are, as follows:

1. Metering commences as soon as the mainline lane two occupancy equals or exceeds
15 percent provided it is after 3:30 PM and will begin regardless of percent occupancy
at 3:50 PM.
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Figure 19. Ramp metering equipment.
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Figure 20. Ramp metering opereation.

TABLE 3
Metering Clearance Timer Total Clear- .
oizzczgf; Rate Delay* Setting ance Time Ratgéi\fg?/niin)

PAnCY  Number (sec) (sec) (sec)
15 1 5 0 5 12
16 1 5 0 5 12
17 1 5 0 5 12
18 2 5 2 7 8.6
19 2 5 2 7 8.5
20 2 5 2 7 8.5
21 3 5 3 8 7.5
22 4 5 4 9 6.5
23 5 5 7 12 5.0
24 5 5 7 12 5.0

1Time required for driver of a ramp vehicle to see that signal has
changed to green, accelerate, and clear second detector. Estimated
clearance time of 5 sec is based on a starting delay of 2 sec; a detec-
tor configuration as shown in Figure 19; 85 percent of ramp vehicles
being passenger vehicles, having an average length of 20 ft, an average
acceleration rate of 10 'ft/sec; and 15 percent of ramp vehicles being
trucks, having an average length of Lo ft, an average acceleration rate
of 6 ft/sec.

2. The metering rate will be automatically set based on percent occupancy obtained
from an occupancy computer and level monitor. The permitted metering rate for vari-
ous levels of occupancy is given in Table 3.

3. The ramp entrance to be closed as soon as the mainline lane two occupancy equals
or exceeds 25 percent and provided it is after 3:30 PM. The queue already on the ramp
to be discharged at metering rate number 5.

4. Metering operation will be terminated as soon as the mainline lane two occupancy
is less than 15 percent and provided it is after 6:00 PM.
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Figure 22. Degree of control and incidents during first three weeks of metering
operations.

The period of time that the First Avenue on-ramp was controlled and a record of
incidents on the expressway during the first three weeks of operations are shown in
Figure 22. Metering normally began between 3:30 and 3:50 PM and ended between 6:00
and 6:20 PM. The weather was excellent during the 3-wk period and there was no pre-
cipitation during metering operation. Considerable congestion was encountered on the
first day of operations and resulted in temporary ramp closures, and extended the period
of metering. Apparently the public was interested in observing the ramp metering
after being informed of the initial operations by radio and newspaper. A "gaper's
block" occurred in both directions and was further affected by low-flying helicopters
operated by local radio stations. Other incidents occurring on the expressway which
affected the ramp control are also shown in Figure 22.

Measurements were taken on the expressway and at selected ramps using the pilot
detection system. In addition, field observations were made at the ramp to record
violations, hazardous maneuvers, queue lengths at the foot of the ramp and behind the
ramp signal, and any malfunctions or difficulties with the metering device. These
measurements permitted the preliminary evaluation of the initial automatic ramp meter-
ing operations at the First Avenue on-ramp.

Evaluation of Control Experimentation

Effect of Metering on Ramp Volume. —The average 4 to 6 PM accumulative ramp vol-
ume for a three-day period (Tuesday, Wednesday, and Thursday) before metering is
compared with a similar three-day period during the first two weeks of metering in
Figure 23. Before metering, the 2-hr volume was 810 vehicles, whereas with metering, the
2-hr volume was reduced to an average of 770 the first week and 780 the second week,
or a reduction of 30 to 40 vehicles. Apparently during metering operations a small
percent (4 to 5%) of the vehicles approaching the ramp and seeing a queue of vehicles,
select the option of continuing west on the frontage road. The diversion is greatest
between 4:30 and 4:45 PM when the queues on the ramp are generally the longest. The
percent of traffic diverted was surprisingly low, particularly considering the attractive
alternate route, and would indicate the acceptance of the metering device by a large
proportion of the ramp traffic.
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Figure 23. Cumulative ramp volume before and after metering.

Effect of Metering on Expressway and Merging Operations. —One measure of the ef-
fect of ramp metering on expressway operations is the percent occupancy level on the
expressway just upstream of the metered ramp. Earlier studies had indicated that
free-flow conditions existed when the percent occupancy was less than approximately
15 percent, and congested flow occurred when the percent occupancy was greater than
25 percent. Therefore the average minute percent occupancy in lane two at the First
Avenue mainline station was recorded for the period of 4 to 6 PM for three weekdays
(Tuesday, Wednesday, and Thrusday) before metering operations, and for the same
time of day and for the same days of the week during metering operations. The cumula-
tive frequencies of the average minute occupancies between 4 and 5 PM and between 5
and 6 PM are given in Table 4. The cumulative frequency data indicate that ramp meter-
ing had little effect either on the level or the distribution of average minute percent
occupancies. As mentioned earlier and as confirmed by the tabulated values, express-
way congestion did not occur at this location either before or during metering operations.

A measure of satisfactory merging is the absence of stopped ramp vehicles at the
foot of the on-ramp. This is particularly critical at this on-ramp because of the short
acceleration lane and the proximity of an off-ramp a short distance downstream. The
number of stopped vehicles per 15-min period between 4 and 6 PM for two days before
and after metering operations were recorded and are shown in Figure 24. During the
2-hr period the average number of vehicles stopped before metering and with metering
was 110 and 92 vehicles, respectively. This was a reduction of 18 stopped vehicles or
16 percent. It appears possible that with further refinements in the metering technique
the number of stopped vehicles can be reduced further. In addition, observation of the
merging operations, a review of time lapse movies, and comments from a number of
ramp users substantiated that merging operations had been improved by uniformly
spacing vehicles and adjusting the space based on expressway conditions.

Effect of Ramp Metering Device on Ramp Traffic Behavior. —In addition to studying
the merging operations and ramp volumes, measurements were taken of the length of
queue behind the ramp metering device and of undesirable ramp maneuvers. The length
of queue resulting from the ramp metering for each minute between 4 and 6 PM for
three days is shown in Figure 25. The maximum queue length was 20 vehicles with the
longest queues being observed from 4:00 to 4:10 PM and from 4:30 to 4:40 PM. Approxi-
mately 10 to 12 vehicles could be stored on the ramp and about the same number on the
frontage road back to First Avenue.

After the first week of operations when the police officer was present, a record of




TABLE 4

CUMULATIVE FREQUENCY OF AVERAGE MINUTE OCCUPANCIES,
FIRST AVENUE MAINLINE, LANE TWO

Cumulative Frequency

Percent 4-5 PM 5-6 PM
Occupancy
Without With Difference Without With Difference
Metering Metering Metering Metering

4 0 0 - 0 0 -

8 il 0 +1 0 0 -

9 1 1 - 1 0 +1
10 2 1 +1 1 1 -
11 4 3 +1 1 1 -
12 12 7 +5 6 4 +2
13 21 16 +5 8 10 -2
14 35 30 +5 24 21 +3
15 51 46 +5 42 38 +4
16 67 65 +2 60 58 +2
17 79 80 -1 74 76 -2
18 87 91 -4 88 89 -1
19 95 96 -1 97 96 +1
20 97 99 -2 98 98 -
21 99 99 - 100 99 +1
22 99 99 - 100 100 -
23 99 99 - 100 100 -
24 100 99 +1 100 100 -
26 100 99 +1 100 100 -
26 100 99 +1 100 100 -
27 100 100 - 100 100 -

[ ] seFoRe METERING
= NN AFTER METERING

NUMBER OF STOPPED CARS PER I5 MIN.

20

4.00- 4.5~ 430~ 445 - 5.00- 5.15- 5.30~ 5.45-
4.5 4.30 4:45 5.00 515 5.30 5.45 6.00

TIME PERIOD

Figure 24. Frequency of stopped vehicles in the merging area.
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Figure 25. Length of queue due to ramp metering.

the number of vehicles proceeding through the red indication was kept for each afternoon
period for three weeks. The number of violations varied from 14 to 32 vehicles per
afternoon, with an average of 20 vehicles. The average percent of violations was 2.6
percent. Most of the violations occurred when a queue of vehicles was not present,

and more than 90 percent were passenger vehicles. Apparently about one-third of

these vehicles violated the ramp metering device unintentionally because when the
alarm light and bell were actuated these vehicles either stopped or, in some cases,
stopped and attempted to back up.

The most noticeable defect in the automatic ramp metering device has been the
occasional situation when a ramp vehicle stops in advance of the first detector loop
and is not detected by the system. When this happens the signal indication remains
red and can only be changed to green by the stopped vehicle advancing to the first de-
tector loop. It has been observed that either the driver of the vehicle releases his
brake and finally advances far enough to be detected on his own, or the driver receives
encouragement from the drivers of vehicles stopped behind him. Although this situation
is not too common (an average of six such occurrences per afternoon), it does cause an
unnecessary increase in the queue length and total delays.

Two minor modifications have been made in an attempt to eliminate this difficulty.
First, the informational message on the two signal pedestals has been changed from
""Wait for Green Light" to "Wait for Green at Line.'" Second, the stop line has been
moved 5 ft downstream to the location of the ramp signals. Studies are now under way
to evaluate the effectiveness of these measures.

Conclusions. —The following are the conclusioms drawn from the initial experimenta-
tion with automatic ramp control:

1. The utilization of a modified traffic signal appears to be satisfactory for metering
ramp traffic. A large proportion of the ramp traffic (over 95%) operates in a satis-
factory manner and complies with the regulations pertaining to the ramp metering
operations.

2. The most noticeable defect of the ramp metering operation has been vehicles
stopping in advance of the first detector and consequently not receiving a green indica-
tion. Minor modifications have been made to handle this situation.

3. The percent of traffic selecting the frontage road in preference to the metered
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TABLE 5 ramp was surprisingly low, and would
indicate the acceptance of the metering
Metering Rate device by a large proportion of the ramp
Mainline (veh/min) traffic.
Occupancy % 4. The traffic operations in the freeway-
Initial Revised ramp merging area were improved by

ramp metering as indicated by a reduction

15 12 9.5 in the number of stopped ramp vehicles in
16 12 9.5 the merging area.

17 12 9.5 5. The queue of vehicles formed by the
18 8.5 9.5 ramp signal were normally less than ten
19 8.5 7.2 vehicles in length except for the two brief
20 8.5 7.2 periods immediately after 4:00 and 4:30
21 7.5 7.2 PM when queue lengths varied between 10
22 6.5 5.3 and 20 vehicles.

23 5.0 5.3 6. The number of vehicles which vio-
24 5.0 3.9 lated the ramp signal varied from 14 to 32

vehicles per afternoon, with an average of
20 vehicles (2.6% of ramp traffic).

TABLE 6 7. The relationship k?etween ma%nline
occupancy and the permitted metering rate

Upstream pressway Metering Rate

was modified to reduce the number of stop-
ped vehicles in the merging area. The
initial and revised metering schemes are

i A e N
Vol. {veh/min) {veh/min)

86 14 given in Table 5.
8. Metering schemes using mainline

86-91 9.5 :

91-93 7.9 occupancy and volume combined have been

93-95 5.3 tested and a revised metering scheme is
95 3.9 given in Table 6.

When lane 2 occupancy exceeds 22"/5, a
metering rate of 3.9 Veh/min is used.

[y
.
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Influence of Off-Ramp Spacing on Traffic F low
Characteristics on Atlanta Freeway and

Arterial Street System

DONALD O. COVAULT and ROBERT C. KIRK
Respectively, Professor, School of Civil Engineering, Georgia Institute of
Technology, and Highway Engineer, State Highway Department of Georgia

The spacing of interchanges on freeways can have a pronounced effect on
the operating efficiency of a freeway in a downtown area and can therefore
affect the entire transportation system within a city. Proper spacing of
interchanges on freeways is also important from a cost and a vehicle-time
viewpoint. The purpose of this study was to determine the influence of off-
ramp spacing on the operational characteristics of the Atlanta Freeway Sys-
tem and the city streets influenced by the Freeway.

The southbound off-ramps at 14th St., 10th St., and North Ave. were
closed for a period of two weeks each during the morning peak traffic period.
During these closures and during normal operations, time-lapse movie
photography was used to collect data at four locations along the Freeway.
Speed and delay studies were made on the freeways and surface streets dur-
ing each ramp closure and during normal operation of the Freeway.

Analysis of variance techniques were used to make comparisons of vol-
umes, speeds, densities, over-all travel, and over-all travel time data ob-
served on all the streets and freeways within the system.

It was found that closing anyone of the southbound off-ramps on the North
Freeway during the morning peak hour caused little or no improvement in
the over-all operating characteristics of the Freeway. When a significant
change was noted, it was usually a reduction in the quality of traffic flow.

As aresult of this study, it was found that off-ramps leading tothe central
business district of a city should be spaced as close together as possible,
consistent with design factors and the ability of the surface streets in the
vicinity of the off-ramp to accommodate the traffic flow from the ramp.

*THE PURPOSE of this research was to determine the influence of off-ramp spacing

on the traffic flow characteristics on the Atlanta Freeway System and city streets in-
fluenced by the Freeway. This is the second phase of a study sponsored by the Georgia
State Highway Department in cooperation with the U. S. Bureau of Public Roads under
a contract with the Georgia Institute of Technology.

The first phase was concerned with the influence of on-ramp spacing on the traffic
flow characteristics on the Atlanta Freeway System and city streets influenced by the
Freeway.

In the first phase it was found that lengthening the spacing by closing any one of the
northbound on-ramps (by closing an on-ramp) on the North Freeway during the after-
noon peak hour improved the over-all operating characteristics of the Freeway. This
improvement was shown by a smoother and more uniform flow of traffic as reflected
by the speeds and densities observed on the Freeway. It was also found that increasing
the spacing of on-ramps caused a significant increase in the total trave!l time in vehicle-
minutes within the entire system. The over-all travel in vehicle-miles was not changed
significantly by closing any one of the northbound on-ramps within the system.

Paper sponsored by Committee on Freeway Operations.
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DATA COLLECTION

The study area (Fig. 1) for this phase of the research lies north of the central
business district of Atlanta. It was chosen because any alterations or changes in ramp
spacing would influence traffic flow conditions in this area. Changes in traffic flow
outside this area would be rather small and the methods used to detect changes in con-
ditions would not be sensitive enough to measure this change.

The land use in this area consists mainly of small business, apartment houses,
boarding houses, insurance offices, small and medium size hotels, service stations,
old residences, and schools. The majority of traffic in the study area during the morn-
ing peak hour is traffic which is destined to or is passing through rather than originating
in the area.

The street system consists of three east-west arterials and {ive arterials running
generally in a north-south direction. The Freeway runs generally north-south near the
center of the study area. The southbound off-ramps exit from the North Freeway at
14th St., 10th St., North Ave., and Williams St.

Within the study area, the Freeway consists of three 12-ft lanes in each direction
between the south limits of the study area and the junction of the Northwest and North-
east Freeways. From this junction north, to both the Northwest and Northeast Free-
ways, it consists of two 12-ft lanes in each direction. The Freeways and ramps have
a concrete surface, and the concrete on the ramps has been darkened to provide color
contrast.

The interchanges on the North Freeway at 14th St., 10th St., and North Ave. are of
diamond-type design with the off-ramps exiting directly from the Freeway with no de-
celeration lanes provided. The Williams St. off-ramp exits directly from the Freeway
onto Williams St. , again with no deceleration lane provided on the Freeway. Fifth St,
is a grade separation only, not an interchange.

The design speed used on the Freeway was 50 mph and the design speed used on the
ramps was 35 mph. The design hour volume used on the Freeway was 1,500 vehicles
per lane per hour. The maximum horizontal curve used was 3 deg and the maximum
vertical grade used was 5 percent.

The method used for varying the ramp spacing was to close certain ramps during
the peak period of flow. This method allowed the ramp spacing to be altered without
making permanent or semi-permanent changes in the Freeway and ramps. When a
ramp was closed, the interchange was effectively eliminated from the system and the
ramp spacing of the "remaining interchanges' was changed. The distances between
interchanges are given in Table 1. Each of the southbound off-ramps located at 14th

, 10th St., and North Ave. was closed during the morning peak peak period between
7:00 and 9:00 AM for a period of two weeks. The ramps were closed on the following
dates: 14th St. —April 2-6, 9-13, 1962 (Monday through Friday of each week); 10th St. —
April 23-27, April 30-May 4, 1962 (Monday through Friday of each week); and

TABLE 1
INTERCHANGE DISTANCES

Distance (mi}

Southbound Off-Ramp
Closed at

Normal
Interchange Ly e
Operation”  worty  10th  14th
Ave. St. St.
Peachtree Rd.
0.891 0.891 0.891
14th St. 1.250
0.359 0.359
10th St. 1.067
0.708 0.997 0.708
North Ave.
0.189 0.189 0.189

Williams St.

LALL ramps open.
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Figure 2. Method of closing North Ave. southbound off-ramp.

North Ave. —May 14-18, 21-25, 1962 (Monday through Friday of each week). Each off-
ramp was closed separately and only one ramp was closed at any one time. Table 1
gives the distance between interchanges for each ramp condition. Figure 2 shows a
typical method of closing an on-ramp.

Most of the studies were made during the second week that each ramp was closed.
The first week that each ramp was closed the traffic within the study area was allowed
to stabilize to permit motorists to establish new patterns of travel. It was assumed
that the motorists would distribute themselves throughout the study area in such a way
as to optimize their travel before the beginning of the second week.

Studies were made at four different locations on the North Freeway under normal
operation of the Freeway, and with the southbound off-ramp closed at 14th St., 10th St.,
and North Ave. The data collected at these locations were volume, speed, and density
in each lane on the North Freeway and the ramp volume. These data were collected
between 7:20 and 8:00 AM and between 8:10 and 8:50 AM by the use of time-lapse movie
photography. The cameras used to make the movies would hold only enough film for
40 min of continuous filming when exposed at the filming rate of 100 frames per min.
All data collected during these two periods were summarized in 5-min time increments.

Fifteen mechanical volume counters were placed on the arterial streets throughout
the study area to determine how the travel patterns changed when a ramp was closed.
Figure 1 shows the locations of these counters. The counters were placed such that
only the southbound and eastbound traffic was counted on the north-south and east-west
arterials, respectively. The assumption was made that the traffic flow in opposite
directions would not be significantly affected by the ramp closures.

The travel time on all freeways and arterials within the study area was measured
by the use of speed and delay studies. The data which were obtained from each speed
and delay run were over-all travel time, total running time (time that vehicle was ac-
tually moving ), total delay time and cause of each delay, over-all travel speed, and run-
ning speed. These data were summarized between major intersections and for the total
trip.

The total vehicle-minutes of travel time were computed for all vehicles in the study
area during each ramp condition on the Freeway by using the data obtained with the
speed and delay studies and volume counts.

Time-lapse motion picture photography was used to collect data at the four study
locations on the Freeway. Figure 3 shows a typical field setup with a camera on a
bridge passing over the North Freeway at the study location, together with stripes of
alternate dark and light color painted on the Freeway at 50-ft intervals.

The film was analyzed by projecting it with a time and motion study projector onto
a screen having a grid which matched the lines painted on the pavement at each study
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Figure 3. Field location of time-lapse movie camera at 10th St.

location. Vehicular speeds were obtained by measuring the distance of movement of a
vehicle for a specified number of movie frames and dividing this distance by the time
required for filming that specified number of movie frames.

Vehicle volumes and vehicle speeds per lane were collected from the movie film.
From this data, the densities in each lane were computed. These data were summarized
in 5-min increments of time. By the use of the final counter on the projector, each
5-min increment could be determined by counting each 500-frame interval. Volume
data were also obtained for each off-ramp.

Average speed for each lane and for each 5-min period was determined by taking a
systematic sample of 20 vehicles per time period. Statistical analysis based on sample
survey theory indicated that a sample of this size was sufficient to give the true average
speed within 2 mph 95 percent of the time.

ANALYSIS OF DATA

To analyze the data which were obtained it was necessary to take the raw data, such
as vehicle volume and vehicle speeds, from the film and refine these data to a usable
form. The film was divided into 5-min time intervals for each of the four study loca-
tions. The following information was evaluated from the time-lapse movie film: (a)
lane volumes (before ramp entrance), (b) lane speeds, (c) lane densities (before ramp
entrance), (d) average lane volumes (before ramp entrance), (e) average lane speeds
(before ramp entrance), (f) average lane densities (before ramp entrance), (g) ramp
volume, and (h) total volume,

The major street system and the Freeway in the study area were divided into links
to determine the total over-all travel time in vehicle minutes and total travel in vehicle-
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TABLE 2

RANK ORDER OF FREEWAY VOLUMES AND SIGNIFICANT
DIFFERENCES OF STUDY LOCATIONS'

Rank Order of Volume

Ramp Condition

Lowest 2nd Lowest  2nd Highest  Highest
Normal operation 5th St. North Ave. 14th St. 10th St.
14th St. closed North Ave. 5th St. 10th St. 14th St.
10th St. closed North Ave. 10th St. 5th St. 14th St.
North Ave. closed  North Ave. 5th St. 14th St. 10th St.
1No significant differences in factors underlined together.
TABLE 3

RANK ORDER OF FREEWAY VOLUMES AND SIGNIFICANT
DIFFERENCES IN RAMP CONDITIONS®

Rank Order of Volume with Ramp Closed at
Study Location

Lowest 2nd Lowest  2nd Highest Highest

North Ave. 10th St. 14th St. North Ave. Normal

5th St. 14th St. North Ave. Normal 10th St.

10th St. 10th St.  North Ave. 14th St. Normal
14th St. 14th St. Normal 10th St. North Ave.

1 No significant differences in factors underlined together.

TABLE 4

RANK ORDER OF FREEWAY SPEEDS AND SIGNIFICANT
DIFFERENCES OF RAMP CONDITIONS'

Rank Order of Speed with Ramp Closed at

Study Location

Lowest 2nd Lowest 2nd Highest Highest
14th St. 14th St. North Ave. Normal 10th St.
10th St. 14th St. North Ave. 10th St. Normal

5th St. 10th St. North Ave. Normal 14th St.
North Ave. North Ave. 10th St. 14th St. Normal

*Wo significant differences in factors underlined together.

TABLE 5

RANK ORDER OF FREEWAY SPEEDS AND SIGNIFICANT
DIFFERENCES OF STUDY LOCATIONS'

Rank Order of Speed

Ramp Condition

Lowest 2nd Lowest 2nd Highest  Highest

Normal operation 14th St. North Ave. 5th St. 10th St.
14th St. closed 14th St. 10th St, North Ave. 5th St.
10th St. closed North Ave. 14th St. 5th St. 10th St.
North Ave. closed North Ave. 14th St. 10th St. 5th St.

o significant differences in factors underlined together.
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miles which accrued during the peak hour. Each of these links consisted of a portion
of a street between two other major streets or a portion of the Freeway between inter-
changes. The total number of vehicle- minutes was computed for each link by multiply-
ing the vehicle volume by the respective travel times. The total travel time on each of
the arterial streets, Freeways and ramps was obtained from the calculations of the link
times.

Analysis of variance methods were used to analyze the data. Mathematical models
were formulated in terms of the unknown parameters and the associated random vari-
ables. The dependent variables of interest in this study consist of the following: (a)
volume, (b) speed, (c) density, (d) total travel time in system (expressed in vehicle-
minutes ), (e) total travel distance in system (expressed in vehicle-miles), (f) over-all
running speed, and (g) over-all travel speed. The independent variables of interest in
this study consist of the following: (a) ramp condition (ramp open or closed), (b) posi-
tion (location of ramp along Freeway), (¢) lane number, (d) day, (e) street, and (f)
replication (replication is each 5-min time interval). The 10 percent level of signifi-
cance was used for testing the variables in the analysis of the variance of the data.

FREEWAY VOLUMES

Figures 4 and 5 show that the volume decreases in the direction of travel along the
Freeway. Figure 5 also shows that the highest volumes occur when the Freeway is
operating normally with all ramps open.

Table 2 gives the rank order and significant differences of ramp conditions at each
study location and Table 3 gives the rank order and significant differences of the vol-
umes at study locations under each ramp condition. These data are represented
graphically in Figure 4. The locations are underscored where the differences in vol-
umes are not significant, according to Duncan's "Multiple Range and Multiple F Tests"
(5).

" The highest volumes generally occurred on the North Freeway when it was operating
normally. The volumes observed under normal operations were significantly different
from those observed when any off-ramp was closed. The volumes observed when any
of the off-ramps were closed were not significant from each other, which is to say that
no matter which off-ramp was closed, the volumes were significantly less than those
which occurred under normal operation.

The traffic volumes decreased in magnitude as one moved southward along the North
Freeway from 14th St. to North Ave., although the volumes observed at 10th St. and
at 5th St. were not significantly differeut from each other.

FREEWAY SPEEDS

Figures 4 and 5 show that there were insignificant differences in the speeds at any
one of the study locations or under any of the ramp conditions except at 14th St. with
the 14th St. off-ramp closed and at North Ave. with the North Ave. off-ramp closed.

Table 4 gives the rank order and significant differences of ramp conditions at each
location and Table 5 gives the rank order of speeds and significant differences of loca-
tions. These data are also shown graphically in Figure 4. The factors are again
underscored where the differences are not significant.

The speed generally increased on the Freeway as one moved southbound along the
North Freeway. The speeds observed at 14th St. were significantly lowest. The speeds
at the other positions were not significantly different from each other.

When averaged over all the locations, the speeds were significantly lowest when the
14th St. off-ramp was closed. The highest speeds occurred when the 10th St. off-ramp
was closed, but these speeds were not significantly different from those observed under
normal operation of the Freeway.

FREEWAY DENSITIES

Figures 4 and 5 show that the density generally decreased as the volume decreased
in the direction of travel southward along the Freeway. It can be noted from Figure 4
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TABLE 6

RANK ORDER OF FREEWAY DENSITIES AND SIGNIFICANT
DIFFERENCES OF RAMP CONDITIONS'

Rank Order of Density with Ramp Closed at
Study Location

Lowest 2nd Lowest 2nd Highest Highest

14th St. 10th St. North Ave. Normal 14th St.
10th 8t. No. Ave. 10th st. Normal 14th St.
Sth St. liﬂl Et. North Ave. I\Lc)rmal 10th St.
North Ave. 14th St. Normal 10th St. North Ave.
'No significant differences in factors underlined together.
TABLE 7

RANK ORDER OF FREEWAY DENSITIES AND SIGNIFICANT
DIFFERENCES OF STUDY LOCATIONS'

Rank Order of Density
Ramp Condition

Lowest 2nd Lowest  2nd Highest Highest

Normal operation North Ave. 5th St. 10th St. 14th St.
14th St. closed 5th St. North Ave. 10th St. 14th St.
10th St. closed 10th St. 14th St. Sth St. No. Ave.
North Ave. closed 10th St. 5th St. North Ave.  14th St.

! No significant differences in factors underlined together.

that the density was least uniform and tended to be highest when the 14th St. and North
Ave. off-ramps were closed. It may also be seen that the most uniform densities oc-
curred when the Freeway was operating normally.

Table 6 gives the rank order of densities and significant differences of ramp condi-
tions and Table 7 gives the rank order of densities and significant differences of study
locations. Again the factors are underscored when the differences are not significant.

SPEED AND DELAY

The speed and delay studies which were made on the Freeway verified the regults
obtained from the analysis of the movie films. The speed and delay studies were
analyzed in several different ways. The over-all travel and running speeds were
analyzed on the North Freeway, Northeast Freeway, Northwest Freeway, North North-
east Freeways combined and the North and Northwest Freeways combined.

The over-all speeds and running speeds tended to be lowest on the North Freeway
when the North Ave. off-ramp was closed, but speeds under this condition were not
significantly different than when the 14th St. off-ramp was closed. The highest speeds
occurred under normal operation, but these speeds were not significantly different
from the speeds occurring when the 10th St. or the 14th St. off-ramps were closed.

When the North Freeway was considered in conjunction with either the Northeast or
Northwest Freeways, the speeds were significantly lowest when the North Ave. off-ramp
was closed and were significantly highest under normal operation.

The speed and delay studies which were made on the surface streets were analyzed
in two groups. The east-west streets were analyzed together and the north-south
streets were analyzed together.

The analysis of variance investigation indicated there were no significant differences
in the over-all travel speeds or running speeds on the east-west streets. Similar re-
sults were indicated for the north-south streets.

SURFACE STREET VOLUMES

The volumes which were observed on the north-south streets and the east-west
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TABLE 8

RANK ORDER OF TOTAL OVER-ALL TRAVEL
TIME AND SIGNIFICANT DIFFERENCES OF RAMP CONDITIONS'

Rank Order of Total Over-all Travel
With Ramp Closed at

Location
Lowest 2nd Lowest 2nd Highest Highest
North-South St. Normal North Ave. 10th St. 14th St.
East-West St. Normal 14th St, North Ave. 10th St.
North Freeway 10th St. Normal 14th St. North Ave.
Northeast Freeway 10th St. Normal North Ave. 14th St.
Northwest Freeway 14th St. Normal North Ave, 10th St.
Freeway and Sts. Normal 14th St. 10th St. North Ave.
1 No significant differences in factors underlined together.
TABLE 9
TOTAL OVER-ALL TRAVEL TIME
Total Over-all Travel Time (veh-min)
Facility Normal 14th st. 10th St. North Ave.
Operation  Ramp Closed Ramp Closed Ramp Closed
Streets 34,836 39,408 41,117 37,275
Freeways and ramps 30,711 33,217 32,767 47,663
Total 65,547 72,685 73,884 84,938

streets were analyzed in a similar manner as were the speed and delay studies. The
volumes which occurred between 7:00 and 8:00 AM were analyzed separately from the
volumes which occurred between 8:00 and 9:00 AM.

The surface street volumes tended to be lowest when the Freeway was operating
under normal conditions. But, the analysis of variance investigation indicated no sig-
nificant differences among the ramp conditions for any of the groups of surface street
volumes analyzed.

TOTAL OVER-ALL TRAVEL TIME

There were no significant differences in the total over-all travel time on the east-
west streets under any of the ramp conditions. There were also no significant differ-
ences noted in total over-all travel time on the north-south streets under any of the
ramp conditions. )

The over-all travel time on the North Freeway was significantly highest when the
North Ave. off-ramp was closed. There were no significant differences among the
other ramp conditions for over-all travel time on the North Freeway.

The over-all travel times on the Northeast Freeway and the Northwest Freeway
were not significantly different for any of the ramp conditions.

The total over-all travel time in the entire system of freeways and surface streets
considered together was significantly highest when the North Ave. off-ramp was closed.
There were no significant differences noted under any of the other ramp conditions.

The travel times tended to be lowest under normal operation of the Freeway, though
not significantly so.

Table 8 gives the rank order of total over-all travel times and significant differences
of ramp conditions, and Table 9 gives a summary of the observed total over-all travel
times.

TOTAL TRAVEL

The total travel on the freeways and streets expressed in vehicle-miles was analyzed
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TABLE 10

RANK ORDER OF TOTAL OVER-ALL TRAVEL AND SIGNIFICANT
DIFFERENCES OF RAMP CONDITIONS'

Rank Order of Total Over-all Travel

Location With Ramp Closed at

Lowest 2nd Lowest 2nd Highest Highest

North-south Normal North Ave. 10th St. 14th St.

East-west North Ave. Normal 14th St. 10th St.

North Freeway 14th st. _ North Ave.  10th St. Normal
Northwest Freeway 14th St. 10th St. Normal North Ave.

Northeast Freeway 10th St. 14th St. North Ave. Normal

Freeway and Sts. 14th St. Normal North Ave. 10th St.

INo significant differences in factors underlined together.
TABLE 11

TOTAL OVER-ALL TRAVEL

Facility Normal 14th St. 10th St. North Ave.
Operation  Ramp Closed Ramp Closed  Ramp Closed
Streets 9,821 10,731 10,560 10,316
Freeways and ramps 15,285 14,190 14,761 14,812
Total 25,106 24,921 25,321 25,128

in the same manner as were the speed and delay studies and the total over-all travel
time.

The travel on the north-south streets was found to be significantly lowest when the
Freeway was operating normally. Travel on the north-south streets was significantly
higher when a ramp was closed on the Freeway, and one ramp closure was not signif-
icantly different from another.

Travel on the east-west streets was not significantly different under any ramp con-
dition.

Travel on the North Freeway was significantly highest when the Freeway was oper-
ating normally. The closing of any one ramp was not significantly different from the
closing of any other ramp. The results obtained for the Northwest Freeway were
similar to that of the North Freeway.

Travel on the Northeast Freeway was not significantly different under any ramp
condition.

Table 10 gives the rank order of total over-all travel and significant differences of
ramp conditions, and Table 11 gives a summary of the observed total over-all travel
time.

Closing any off-ramp significantly increased the travel on the north-south streets
while significantly decreasing the travel on the North and Northwest Freeways. Fur-
thermore, the closing of an off-ramp had no significant effect on the travel on the east-
west streets, Northwest Freeway, or the system as a whole. Apparently the decrease
in travel on some streets balanced the increase on the other streets causing no signif-
icant differences in the vehicle-miles traveled in the entire study area.

SUMMARY OF RESULTS

A summary of the results of the analysis of the data collected in this study can be
outlined as follows:

1. Averaged over-all positions, the highest volumes occurred on the North Freeway
when the Freeway was operating normally, and these volumes were significantly dif-
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ferent from those observed when any of the ramps were closed. The volumes obtained
when any of the off-ramps were closed were not significantly different from each other.

2. Thetraffic volumes decreased as one moved southward along the North Freeway
from 14th St. to North Ave. The volumes observed at 10th St. and 5th St. were not
significantly different from each other.

3. The speedonthe North Freeway increased significantly between 14th St. and
10th St., when considering all ramp conditions, but there were not any significant dif-
ferences in the speeds observed at the other study positions.

4. Averagedover-allpositions, speeds were significantly lowest when the 14th St.
off-ramp was closed, The highest speeds occurred when the 10th St. off-ramp was
closed and under normal operation, and were not significantly different from each other.

5. When averaged over-all of the ramp conditions, density was significantly highest
at 14th St. The densities observed at each of the other study positions were not signif-
icantly different from each other.

6. The significantly highest densities occurred at all study positions when the 14th
St. off-ramp was closed.

7. Closing any one of the off-ramps did not significantly affect the density on the
North Freeway at a study location prior to ramp that was closed.

8. Closing any one of the off-ramps on the Freeway tended to reduce the volume
on the Freeway, and closing the 14th St. off-ramp or the North Ave. off-ramp tended
to decrease the speeds and thus increase the densities as well.

9. The total over-all travel time on the Freeway was significantly greatest when
the North Ave. off-ramp was closed. The travel time which occurred under the other
conditions were not significantly different.

10. The total over-all travel time for the Freeway and streets was significantly
highest when the North Ave. off-ramp was closed. The total travel time for other
ramp conditions was not significantly different from each other.

11. The total travel on the Freeway was lowest when the 14th St. off-ramp was
closed, and was highest when the Freeway was operating normally.

12. The total travel on the Freeway and streets was not significantly different for
any ramp condition.

CONCLUSIONS

The following conclusions were determined after an evaluation of the results of
analysis of data:

1. Studying the volume, speed, and density on a freeway at several different locations
simultaneously with variable ramp spacings will give a more reliable indication of the
actual traffic flow characteristics which exist on the freeway than will a point study.

2. Closing any one of the southbound off-ramps during the morning peak hour caused
little or no improvement in the operating characteristics of the North Freeway. When
a significant change was noted, it was usually a reduction in the quality of traffic flow.

3. Of all the ramp closings, the closing of the 10th St. southbound off-ramp caused
the least change in the operating characteristics of the North Freeway.

4. The total over-all vehicle-minutes of travel time used by all the vehicles traveling
through the freeway system is an effective measure of the level of service existing in
a freeway system.

5. The relatively high density which was observed at North Ave. when the North
Ave. southbound off-ramp was closed was apparently caused by the close proximity of
the next exit, Williams St.

RECOMMENDATIONS

The following recommendations were made as a result of this study:

1. All off-ramps in the study area should remain open during the morning peak
hour to provide optimum operation of the freeway and city streets.

2. For a freeway to efficiently handle the morning peak hour traffic flow into the
central city, the off-ramps should be spaced as close together as possible, consistent
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with the factors of design of the freeway and the ability of the surface street system in
the vicinity of the off-ramp to accommodate the traffic from the ramp.
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An Analysis of Random Freeway Traffic
Accidents and Vehicle Disabilities

FRANK DE ROSE, JR.
Project Engineer, John C. Lodge Freeway Surveillance Project

Traffic Division, Michigan State Highway Department

®THE John C. Lodge Freeway Surveillance Project is being conducted on the John C.
Lodge Freeway in Detroit, Mich. , between the Davison and Edsel Ford Freeway In-
terchanges. The project is being conducted jointly by the Michigan State Highway
Department, the City of Detroit Streets and Traffic Department, Wayne County Road
Commission, in cooperation with the U, S. Bureau of Public Roads.

The study section is 3.2 mi, with television surveillance being accomplished by 14
remotely controlled television cameras. This section has such geometric features as
portions of 6- and 8-lane divided, 9 on- and 9 off-ramps, a reverse curve and grades.
It has carried as many as 160,000 vehicles per day for both directions. The lane and
speed signal controls have been in operation for 1/z yr. and the television system for
3 yr.

Figure 1 indicates the study section's special design features, location of cameras,
lane signals, speed signs, and ramp signals.

Trained observers are on duty for a 14-hr period from 6:00 AM to 8:00 PM daily,
except weekends and holidays. A general log (see Appendix) is maintained as a per-
manent record of all vehicular incidents including accidents, vehicle disabilities,
maintenance operations, and others such as motorists aiding distressed vehicles. This
log contains all the data for this study and analysis of freeway incidents.

PURPOSE

The purpose of this study is to determine the frequency, duration, and character of
random freeway traffic incidents, and also to investigate the factors influencing their
occurrence,

STUDY DATA

The study data, taken from the general logs, covered the period from June 1, 1962
to June 1, 1963 (255 surveillance days).

Information contained in the general log includes type of accident, time of occurrence,
duration, location, lanes affected, assistance, weather, pavement condition, and other
pertinent remarks.

This study is limited to random vehicular incidents occurring on the freeway proper
and categorized as (a) accidents, and (b) vehicle disabilities. Excluded are (a) main-
tenance operations, and (b) all other non-random incidents such as vehicles stopping
to assist distressed vehicles. All shoulder uses were deleted as these constitute a
separate study and the first report on this subject has been published ("Shoulder Usage
on an Urban Freeway, " January 1962).

ANALYSIS OF DATA

Data were reduced to a presentation of total incidents, accidents, and vehicle dis-
abilities; and analyzed as to location (as indicated by camera field), weather conditions,
pavement surface temperature, aid received, lane in which incident occurred, occur-

Paper sponsored by Committee on Freeway Operations.

73



*UOTI ‘9T0a3eq ‘Lemssag SGpoT ) uyor ‘qosfoxd yoxrssad TOJJUOD DPUBR DUBTTTLSAINS JTIJeIl Lemsslj T SInstd

O)
[s8[ovl[<2]
CEELE]]

XT91VW 3 T19NIS
NOILVD01 1VNDIS [IxEx[&XEX

ssjovsz
e

'J NOSIAVQ

CIHIAYM
="
—t 2

LH3nvo
ERl{dERb]

|

AFHILNON
ANy oM

XTI $IX][$]X

‘AA18 GNVH9 ‘M

—, |;®47

e — ) LRl
1<
°

-
i@
-

LNNOWEIY 10

i
g o
o TOHLINOD
T Inewnuy 3 m : -]
2 Ug
%3, z
o m 2
i, m 3
T

AN

R
S
e ;
il]
i
——Z1 s

| VHINYD

S 3 VHIWY)

£ 4, VHINYD ]

=
W 1

S pVHINYD

6 3 VHIWYO
84 YHINYD

L4 VHINYD
9 g VHIWYD

Ol 3 YH¥3IWVO

o

2 g
= 2
m m
Ed z
> >3
* #*
© &

o
B
=z
m
]
»
#
&

HLYON ONIMIIA

SYHIWVD AL p
ANV ¢

3NV € |




55
rence related to geometric design on 4-lane vs 3-lane sections, day of week, month of
year, and time of day. Vehicle disabilities included stalls, flat tires, spin-outs (vehicle

spinning on slippery pavement, no collision occurring), and others.

Vehicular Incidents by Location

Figure 2 shows the number of incidents by camera field location and by direction,
respectively. Certain camera fields cover 4-lane and 3-lane, respectively, in both
directions of travel. The camera fields 7, 8, 9, 10, 11, and 14 cover the 4-lane section
inbound, whereas camera fields 8, 9, 10, 11, and 14 cover the 4-lane sections outbound.
The greatest number of incidents occurred in camera field 9, which covers a 4-lane
section. In the outbound direction, camera field 9 is located in advance of the point
where the four lanes converge into three lanes. This factor is responsible for daily
congestion and undoubtedly contributes to the occurrence of incidents in this area.

To compare incidents by camera fields, it was decided to determine the number of
incidents per Ys mi of camera field. This distance was selected as it is approximately
the length of the shortest field. Figure 3 shows total incidents and incidents by direc-
tion per ¥ mi of camera field. Again, the 4-lane sections revealed a higher rate of
incidents than the 3-lane section.

A more detailed analysis of the incidents in the 4- and 3-lane sections provides a
better basis for comparison. Table 1 gives the number of vehicle incidents by lane on
the 4- and 3-lane sections of the freeway. A greater number of incidents—both acci-
dents and vehicle disabilities—occurred in the 3-lane section. For the 255 surveillance
days, there was a daily average of 3. 64 incidents (0. 90 accidents and 2. 74 vehicle
disabilities ). Of the 3. 64 incidents, 2.11 occurred in the 3-lane section (0. 54 acci-
dents and 1. 57 vehicle disabilities); 1. 53 occurred in the 4-lane section (0. 36 accidents
and 1. 17 vehicle disabilities).

To effect proper comparison of 4- vs 3-lane sections, the difference in length must
be considered. Table 1 gives the incident rate per mile of section. The daily average
of incidents for the 3-lane section was 0.51 (0. 13 accidents and 0. 38 vehicle disabili-
ties) per mile; for the 4-lane section 0. 69 (0. 16 accidents and 0. 53 vehicle disabili-
ties) per mile. Again, the rate of incidents in the 4-lane section is higher. Compar-
ison also can be made on a per lane basis in the respective sections.

Another basis of comparison for 4- vs 3-lane section can be made from Table 1
which gives the total incidents per million vehicle- miles.

On the basis of a daily volume of 116,000 vehicles for the 255 surveillance days,
Table 1 indicates there were 3.2 more incidents per million vehicle-miles in the 4-lane
section—an increase of 36 percent over the 3-lane section. The difference is reflected
primarily in vehicle disabilities. For the total 3.2 mi of study section, the rates per
million vehicle-miles are as follows: accidents = 2. 4, vehicle disabilities = 7. 4; total
incidents = 9. 8 per million vehicle-miles.

Vehicular Incidents by Time of Day, Direction of Travel,
and Day of Week

Figures 4, presents total and directional occurrence of incidents by time of day and
follows approximately the same pattern as do the daily volume distributions for this
section of freeway.

Comparable to the volume pattern, the occurrence of incidents reached a peak in-
bound between 7:30 and 9:30 AM and reached an even higher peak outbound between
3:30 and 6 PM. There was a difference of only 11 incidents—inbound, 458 incidents;
outbound, 469 incidents. It is evident, and expected, that the probability of an incident
occurring increased as traffic exceeded the maximum density of the freeway.

Table 2 is a comparison of the daily averages of vehicular incidents by day of week.
Analysis shows no significant influence of any particular day although Friday exhibited
a deviation. The higher total rate may be attributable to the higher traffic volumes
and prolonged periods of congestion on Fridays.
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TABLE 1
VEHICULAR INCIDENTS?
3 Vehicle Total
Becidents Disabilities Incidents
— 3-Lane 4-Lane 3-Lane 4-Lane 3-Lane 4-Lane
Sectionb  Section® istal SectionP  Section¢  rotal Section®  Section¢  1otal
(a) Total, by Lane
) | 45 36 81 209 134 343 254 170 424
2 35 23 58 89 61 150 124 84 208
3 53 18 71 96 45 141 149 63 212
4 - 6 6 - 52 52 - 58 58
Multiple 4 9 13 9 3 12 13 12 25
Total 137 92 229 403 295 698 540 387 927
(b) By Lane, per Mile
1 10.7 16.4 12.7 49.8 60.9 53.6 60.5 77.3 66.3
2 8.3 10.5 9.1 21.7 27.7 23.4 29.5 38.2 32.5
3 12.6 8.2 11.1 22.9 20.5 22.0 35.5 28.6 33.1
4 -_ 2.7 2.7 - 23.6 23.6 - 26.4 26.4
Multiple 1.0 4.1 2.0 2.1 1.4 1.9 3.1 5.5 3.9
Total 32.6 41.9 35.8 96.0 134.1 109.1 128.6 176.0 144.8
(¢) Total, per Million Vehicle-Miles
- 2.2 2.8 6.5 9.1 0.7 11.9

#lotal for both directions,

b21.2 mi both directions,

k.2 mi both directions,
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Vehicular Incidents Related to Climatic Conditions

Climatic conditions, especially seasonal variations, contribute to the cause of in-
cidents and influence the frequency. Figure 5 shows the vehicular incidents by month
of year. The greatest number of incidents occurred during the months when driving
conditions were made more hazardous by low temperatures or sudden changes in the

weather.

To compare frequency of incidents according to climatic and pavement conditions,
and temperature, climatic data were obtained from the U. S. Weather Bureau publica-
tions ""Local Climatological Data' for the

study year. Applicable data are given in
Table 3. Weather and temperature data
were obtained from the U. S. Weather
Bureau. Pavement conditions and dura-
tions were obtained from the general log.
Vehicular incidents, by types, were
compared by pavement, weather, and
temperature conditions. The dailyaver-
age of vehicular incidents, by climatic
condition, was computed by dividing the
total number of incidents per climatic
condition by the number of equivalent
days of each condition. The day referred
to is the 14-hr surveillance day. Table 4

AVERAGE NUMBER OF INCIDENTS

TABLE 2

PER DAY BY DAY OF WEEK

Vehicle

Day Accidents Disabilities Total
Monday 0.74 2.37 3.11
Tuesday 0.90 2.66 3.56
Wednesday 0.82 2.77 3.59
Thursday 1.08 2.52 3.60
Friday 0.96 3.28 4.24
Daily Avg. 0.90 2.74 3.64
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Figure 5. Incidents by month.

gives the comparison of total incidents by climatic conditions. Table 4 shows that
the potential frequency of incidents is much greater during rain or snow, slushy and
wet pavement conditions, as well as during colder temperature.

Table 5 gives the frequency of accidents under various conditions of pavement,
weather, and temperature.

Table 6 gives the comparison of vehicle disabilities by climatic conditions. Vehicle
disabilities include stalls, flats, spin-outs, etc.

In the tables, for purposes of comparison only, a rate of incidents per hour and per
day was calculated for the entire study section and then determined for 1 mi of study
section. As these incidents covered both directions of the freeway, the total length
applicable to these incidents was 6.4 mi, thus considering these incidents as occurring
on two roadways of 3.2 mi each.

The tables reveal the obvious effect of snow, wet and/or slushy pavement, and low

temperatures by an increased frequency
of stalled vehicles and accidents. These

TABLE 3 increases were all statistically significant.
oF cufai?r?é' gz)nxggmous It was determiged, however, that the f_re—
quency of flat tires was not affected sig-
Condition Hoiirs 1131;;{; nificantly by climatic conditions.
Pavement: Duration of Incidents
Dry 3,150 hours 225.000
-G s e ~ Figure 6 shows the duration of the 927
S incidents, based on an accumulated per-
Clear or cloudy 3,306 hours  226.143 centile, for the study year. From this
ol 12‘: olins lg:%é data, average durations were determined
N —— to be 6.14 min for accidents, 4.94 min
Low (below 30) 672 hours  48.000 for vehicle disabilities; over-all average
s M of 5.24 min. Median value of all incidents

was 3 min. The duration of 50 percent of
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TABLE 4

VEHICULAR INCIDENTS?
BY CLIMATIC CONDITIONS—TOTALS

Total Time Study Section Incidents
. . s Total of Condition
Climatici Candition Incidents —————— ... PerDay Per Hour  Per Day
Hours Days.(14 hr) (14 hr) per Mile per Mile
Pavement:
Dry 704 3,150 225.00 0.22 3.13 0.03 0.49
Wet 177 373 26.64 0.47 6.64 0.07 1,04
Slushy 46 47 3.36 0.98 13.70 0.15 2.14
Weather:
Clear 120 3,306 236.14 0.22 3.05 0.03 0.48
Rain 106 183 13.07 0.58 8.11 0.09 1.27
Snow 101 81 5.79 1.25 17.46 0.19 2,13
Temperature:
Below 30 253 672 48.00 0.38 5.27 0.06 0.82
30to 70 561 2,366 169.00 0.24 3.32 0.04 0.52
Above 70 113 532 38.00 0.21 2.97 0.03 0.46

8For both directions—6.4 mi, total study area length.

TABLE 5

VEHICULAR INCIDENTS?
BY CLIMATIC CONDITIONS—ACCIDENTS

Total Time Study Section Accidents
i . o Total of Condition
Climatic Condition Accidents —mmmm——————— Per Hour Per Day  Per Hour Per Day
Hours  Days (14 hr) (14 br) per Mile per Mile
Pavement:
Dry 165 3,150 225.00 0.05 0,73 0.01 0.11
Wet 53 373 26.64 0.14 1.99 0.02 0.31
Slushy 11 41 3.36 0.23 3.28 0.04 0.51
Weather:
Clear 173 3,306 236.14 0.05 0.73 0.01 0.11
Rain 31 183 13.07 0.17 2.37 0.03 0.37
Snow 25 81 5.79 0.31 4.32 0.05 0.68
Temperature:
Below 30 67 672 48.00 0.10 1.40 0.02 0.22
30 to 70 141 2,366 169.00 0.06 0.83 0.01 0.13
Above 70 21 532 38.00 0.04 0.55 0.01 0.09

%oy both directions—6.4 mi, total study area length.

TABLE 6

VEHICULAR INCIDENTS?
BY CLIMATIC CONDITIONS—VEHICLE DISABILITIES

T Total Time Study Section Vehicle Disabilities
otal e
Climatic Condition Vehicle of Condition
Disabilities = —~ ... . Per Hour Per Day  Per Hour  Per Day
Hours  Days (14 hr) (14 hr) per Mile  per Mile
Pavement:
Dry 539 3,150 225.00 0.17 2.40 0.03 0.37
Wet 124 373 26.64 0.33 4.65 0.05 0.73
Slushy 35 47 3.36 0.74 10.43 0.12 1.63
Weather:
Clear 547 3,306 236.14 0.17 2.32 0.03 0.36
Rain 75 183 13.07 0.41 5.74 0.06 0.90
Snow 16 81 5.79 0.94 13.14 0.15 2.05
Temperature:
Below 30 186 672 48.00 0.28 3.88 0.04 0.61
30 to 70 420 2,366 169.00 0.18 2.49 0.03 0.39
Above 70 92 532 38.00 0.17 2.42 0.03 0.38

9For both directions—-6.4 wi, total study area length.

all incidents was 3 min or less and 12 percent lasted for 10 min or more. About 90
percent of the vehicle disabilities and 86 percent of the accidents were on the freeway
for 10 min or less. The recorded duration of the incident was terminated when the
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TABLE 7

TOTAL VEHICULAR INCIDENTS
BY TYPE OF AID RECEIVED

Accidents Veh. Disabilities Total Incidents
Type of Aid 0 0 o
No. /o No. /0 No. /0
of Total of Total of Total

Self to

shoulder 108 46 113 16 221 24
Self to

freeway 13 6 187 27 200 22
Pushed or

pulled to

shoulder 52 23 227 33 279 30
Pushed or

pulled on

freeway 2 1 126 18 128 13
Self to

shoulder

with

official

aid 54 24 45 6 99 11

Total 229 100 698 100 927 100

incident (vehicle) was removed to the shoulder or when the freeway traffic resumed
movement.

Figure 6 also shows duration of accidents and vehicle disabilities. Similarity in the
curves is apparent.

Vehicle Incidents and Type of Aid

From the general log, the freeway incidents were correlated by type of aid and by
lane of occurrence. The "aid" was classified as follows:

1. Self to shoulder—motorist assisted self and moved vehicle to shoulder;

2. Self to freeway—motorist assisted self and continued on freeway;

3. Pushed or pulled to shoulder—vehicle disabled to the extent that it was necessary
to be pushed or pulled to the shoulder;

4. Pushed or pulled on freeway—motorist, unable to repair disabled vehicle, received
aid and was pushed or pulled on freeway; and

5. Self to shoulder with official aid—although the motorist was able to move vehicle,
he waited for official aid to arrive before driving vehicle to the shoulder.

Table 7 gives the vehicular incidents for the total study section by types of aid.

Of the 927 total incidents, 46 percent of the motorists were able to move their vehi-
cles to the shoulder or continue on the freeway, 43 percent needed assistance, and 11
percent waited for official aid before driving their vehicles to the shoulder. The total
of 698 vehicle disabilities included 593 stalled vehicles. Forty-one percent of the
motorists were able to restart their vehicles, 55 percent received aid from another
motorist, and only 4 percent waited for official aid.

The record of accidents does not list the total vehicles involved but only the total
number of accidents. Fifty-two percent of the accident vehicles were self-removed
from the freeway, 24 percent needed a tow or push, and 24 percent waited for official
assistance. Analysis of total incident data, to relate type of aid to the lane in which
the incident occurred, has not been completed. Preliminary data reveal that 14 percent
of the motorists, waiting for official aid, were involved in median lane (1) incidents as
compared to 3 percent of the motorists stranded in the shoulder lane. Also, 32 percent
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of the accident vehicles in the median lane were movable but motorists waited for
official aid. As expected, the need for assistance increased as the incidents occurred
in lanes farther from the refuge shoulder.

SUMMARY

Incidents by Location

A comparison of incidents in the 4- and 3-lane sections reveals greater frequency,
reflected in daily averages, in the 4-lane section, as follows:

1. 4-lane section = 0.69 incidents per mile = 0.16 accidents and 0.53 vehicle dis-

abilities.
3-lane section = 0.51 incidents per mile = 0.13 accidents and 0.38 vehicle dis-
abilities.

2. 4-lane section = 11.9 total incidents per million vehicle-miles = 2.8 accidents
and 9.1 vehicle disabilities.
3-lane section = 8.7 total incidents per million vehicle-miles = 2.2 accidents

and 6.5 vehicle disabilities.

Comparison of total incidents, by lane, revealed that 45.7 percent occurred in the
median lane—more than twice those in lane 2 and lane 3; 47 percent of the accidents
occurred in the median lane; and 44 percent of the vehicle disabilities occurred in the
median lane.

Incidents by Time of Day, Direction of Travel, and Day of Week

As expected, the frequency of incidents was greater during the time of day when the
heavy volumes occurred and the greatest number of incidents occurred during the
periods when maximum density of the freeway was exceeded. More analysis of the
volume and density relationship to incidents is planned for the future.

Neither the direction of travel nor the day of the week had any significant influence
on vehicular incidents.

Vehicular Incidents Related to Climatic Conditions

The greatest number of incidents occurred during the months when driving conditions
were made more hazardous by low temperatures or sudden changes in the weather.

Compared to dry conditions, there were twice as many incidents per day per mile
when the pavement was wet and four times as many when the pavement was slushy.
There were three times as many incidents per day per mile when it was raining and
almost six times as many when it was snowing.

Comparison by temperature indicated the frequency of total incidents at below 30°
was 60 percent more than above 30°. As compared to dry pavement, the number of
vehicle disabilities occurring on wet pavement was almost doubled and on slushy pave-
ment was 4 % times as frequent. Judging solely on weather conditions, the frequency
of vehicle disabilities almost tripled during rainy weather and increased by almost 6
times when it was snowing. During temperatures below 30°; the vehicle disabilities
were almost 1.6 times that above 30°.

The frequency of accidents when the pavement was wet was about 3 times greater
than when it was dry and during slushy conditions it was almost 5 times as much.

There were more than three times as many accidents in rain and six times as many
in snow as there were in clear weather. For below 30F the frequency of accidents was
almost double that for above 30F.

Duration of Incidents

The average duration for the total 927 incidents was 5. 24 min; the median value
was 3 min. Thirty-eight percent of the total incidents had a duration of 3 to 10 min;
12 percent had a duration of 10 min or more.

The average duration of 229 accidents was 6. 14 min; 86 percent of the accidents had
a duration of less than 10 min.
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The average duration of vehicle disabilities was 4.94 min; and 90 percent of the
vehicle disabilities had a duration of less than 10 min.

Vehicle Incidents and Type of Aid

Examination of the type of assistance needed by the motorists involved in incidents
showed that 46 percent of the motorists moved their vehicles to the shoulder by them-
selves or continued on the freeway, 43 percent needed a tow or push, and 11 percent
waited in the lane for official aid even though their vehicles were in a condition to be
moved. There was a gradual increase of motorists in the last category as the incident
occurred farther from the shoulder (3 percent in the shoulder lane and 14 percent in
the median lane).

The 698 vehicle disabilities included 593 stalled vehicles. Of these 593, 41 percent
of the motorists were able to restart their vehicles and either continue on the freeway
or move to the shoulder, 55 percent received aid from another motorist or wrecker,
and only 4 percent waited for official aid before driving to the shoulder.

Out of a total of 229 accidents, 52 percent of the situations were resolved by assist-
ance provided by the involved motorists, 24 percent needed a tow or push, and 24 per-
cent waited for officials to arrive even though they were able to move the vehicles to
the shoulder under their own power. Again, a high percentage of accidents occurring
in the median lane were movable, but motorists waited for official aid. The relation-
ship of lane of incident location and type of assistance required and received will be
studied further to supplement this paper.
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Effect of Buses on Freeway Capacity

EDMUND A. HODGKINS
Highway Research Engineer, Traffic Systems Research Division,
U. S. Bureau of Public Roads

®QUESTIONS frequently asked are, "How many buses can an exclusive bus lane on a
freeway carry?' and "What is the effect of buses on mixed traffic flows on freeways?"
Little published material has been released aimed toward providing an answer to these
questions. Therefore, this study was initiated in the spring of 1962 in an effort to make
a first step toward providing answers regarding bus equivalency in connection with
mass transit cperation on highways. It was limited to a study of buses on freeways and
limited-access facilities.

In particular, the purpose of this study was to measure the speeds and the spacing
between buses on freeways or other high-type facilities where several buses form a
continuous group at relatively frequent intervals during the peak periods, to determine
the passenger car equivalent of buses on such roads, thus permitting determination of
the theoretical capacity of the separate all-bus lane on a freeway. It was felt that by
studying a combination of speed-volume data and "cluster' data, it would be possible
to develop capacity values as well as to determine the effect of buses on the traffic
stream.

The study was designed to determine theoretical maximum volumes within a speci-
fied speed range. These volumes have been computed for level, tangent sections of
freeway with 12-ft lane widths and no lateral restrictions. The effects of freeway
interchanges, grades, ramps and ramp spacing have not been considered. The
highest volume recorded of the several "maximum volumes within a specified speed
range' for traffic streams consisting of 100 percent autos should, according to this
criterion, approximate possible capacity under ideal conditions as defined in the High-
way Capacity Manual (1). "Possible capacity, ' as determined by the study data and
methods of analysis of this report, was calculated to be an average lane volume of
2,050 + 50 autos/hr in both the 23- to 27-mph and the 28- to 32-mph speed ranges.

This volume and these speed ranges agree quite closely with the possible capacity of
2,000 autos/hr per lane at approximately 30 mph presented in the Manual (1) The
poss1b1e capacity of an exclusive bus lane, calculated by the same method, was deter-
mined to be 1,300 + 100 buses/hr within the 28~ to 32- mph speed range.

Locations Studied

Inquiries were sent to several agencies in an effort to find locations where there
were a large number of buses in the traffic stream and/or where a separate lane was
reserved for transit use. After studying the descriptions submitted of various locations
the following areas were selected for study:

The Route 3 approaches to the Lincoln Tunnel in New Jersey;

The center tube of the Lincoln Tunnel;

Shoreway West in Cleveland, Ohio;

Lakeshore Drive in Chicago, Illinois;

The Mark Twain Expressway in St. Louis, Missouri;

The Bayshore Freeway in San Francisco, California; and

The lower deck of the San Francisco-Oakland Bay Bridge, including studies at
three different locations on the exclusive bus lane in use at that time.
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Method of Field Observation

To examine the factors on which the determination of the capacity of a separate bus
lane and the effect of buses on a typical freeway must depend, it was necessary to find
a field method that would permit measurement of the following traffic characteristics:
(a) lane volumes; (b) time headway in increments of hours (i. e., the spacing between
vehicles measured in units of time); (c) vehicle classification (herein vehicles are
classified as autos, buses, and trucks); and (d) vehicle speed.

The listed requirements suggested use of some kind of apparatus that would make a
continuous record. Two relatively simple kinds of apparatus to do this are a motion
picture camera and a graphic time recorder in which one or more pens record on a
moving chart. The graphic time recorder was used in this study because of greater
flexibility of the equipment in choosing site locations. For example, in using a motion
picture camera it is necessary to have good light and a good view of the roadway at all
times, whereas in using the graphic time recorder it was possible to study at any time,
from the side of the road, on bridges, and in tunnels where lighting is marginal.

The graphic time recorder used in this study was a standard twenty-pen recorder,
in which each pen, when actuated by its particular push button, makes a characteristic
mark on moving paper. All observations were visual and recorded manually through
the use of these push buttons.

In this study, only nine of the twenty pens were utilized. Chart paper moved through
the recorder at the rate of 10 in. /min. The paper was marked with 100 spaces/6 in.
At the rate of 10 in./min, the time spacings could be read to the nearest 0.00005 hr
(i.e., to the nearest 0.18 sec).

Pens 1,2, and 3 were used to record automobiles, trucks, and buses, respectively,
in lane 1. Similarly, pens 11, 12, and 13 were used to record automobiles, trucks and
buses, respectively, in lane 2. Pens 4 and 14 were used to measure the time required
for a vehicle to traverse a speed trap of predetermined length in lanes 1 and 2, respec-
tively. The vehicle speeds were later calculated in the office. Pen 20 was actuated
at 1-min intervals several times throughout the hour to check chart speed and at 5-min
intervals to record the time. On multilane freeways only two lanes were studied at
one time.

PRELIMINARY ANALYSIS

The preliminary analysis consisted of calculating and recording the time spacings,
volumes, classifications, and speeds observed. These data were recorded on punch
cards for use in computer analysis. It was found necessary to apply a paper speed fac-
tor to correct for day-to-day variation in chart speed on the spring-wound recorder.

Two breakdowns of these data were then made. The first breakdown was simply a
calculation of the hourly volumes observed, the 15-min volumes observed, and the 5-min
volumes observed for each lane at each study site. The volumes for the 5-min periods
were further broken down into the different vehicle classifications and the average
speed and speed ranges were calculated for the 5-min periods.

CLUSTER ANALYSIS

The basic method of analysis for this report is the cluster analysis. The theory
behind the cluster analysis is that capacity flows are being approached on any actual
highway when the driver of a vehicle begins to feel restricted by the vehicles around
him.

The second breakdown of the field data, therefore, consisted of picking "'clusters"
from these data and calculating the cluster value. A cluster was defined as a group of
three or more vehicles of the same type with a time headway between individual vehicles
of 0.0020 hr (approximately 7 sec) or less. An average speed was calculated for each
cluster and a location code was recorded so that the study site, lane number, date, and
5-min interval in which the cluster appeared could be readily determined. The cluster
values were sorted into various speed ranges.

The cluster value is simply the expansion of a cluster volume to an hourly volume
rate. This is calculated by
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W = (N-1) §1o,ooo) (1)
t
in which
Vi = cluster value in vehicles per hour;
N = number of vehicles per cluster;
f = factor to correct for variations in chart speed on the spring-wound
recorder;
t = time spacingin0.0001's hour (i.e., the time spacing from the front axle of the
first vehicle inthe cluster to the front axle of the last vehicle in the cluster ); and
10,000 = factor to convert to a full hour.

For example, if a cluster consisted of three automobiles and the distance from the
front axle of the first to the front axle of the second measured in units of time was
0.0011 hr; and if the time spacing between front axles of the second and third vehicles
was 0.0009 hr; and if the chart paper was moving at exactly 10 in. /min, the f-factor
is 1.0.

In this example, then

N =3
f = 1.0
t = 9+11 = 20 (i.e., a cumulative time spacing of 20 measured in units of ten-
thousandths of an hour)
2 (10,000) 20,000
Vi = =

1.0 (20) ~ 20
Vg = 1,000 vehicles per hour

The cut-off point of 0.0020 hr is that time headway frequently used in driver behavior
studies as the point where the speed of a vehicle is affected by the speed of the vehicle
preceding it. The Manual (1, p. 39) shows the critical spacing to be 9 sec or 0.0025
hr. For purposes of the cluster analysis, the use of 0.0020 hr instead of 0.0025 hr
produced no significant differences in the results, and also was more conservative,
establishing more certain clusters. Therefore, it was used throughout for greater
ease in the manual calculations and checks.

It was assumed that the factors in Table 8 of the Manual (1, p. 54) couldbe applied to all
types of vehicles. This table gives the means to correct for the effect of lateral re-
strictions and lane width; thus, the cluster data are adjusted to represent traffic on a
12-ft lane with no lateral restrictions. Once this adjustment is made, the main factors
that are left to affect the driver of a vehicle are the vehicle ahead and the vehicle behind.
The effect of these vehicles can be measured in terms of time headway.

It was previously mentioned that the cluster values were sorted into speed ranges.
Within any particular speed range there was a distribution of cluster values. Therefore,
if cluster values were averaged within any speed range (speed grouping ), the average
cluster value for that speed grouping would represent the maximum volume that could
be expected to pass a point in one hour's time at the average speed represented by that
speed grouping.

For example, if there were 49 bus clusters recorded traveling in the speed range of
28-32 mph; and if the average of the 49 cluster values was calculated to be 1,300 buses/
hr it was assumed that a lane carrying 100 percent buses would have a maximum vol-
ume of 1,300 buses/hr when the average speed was approximately 30 mph.

It was felt that the average cluster values should be limited to an accuracy of +150
vph within any speed range. To effect this the 95 percent confidence interval was cal-
culated using the standard "t" distribution for each average cluster value and, if the
confidence interval was >+ 150 vph, that average cluster value was considered to be
"not statistically significant' and discarded. In other words, under capacity conditions
on a 12-ft lane with no lateral restrictions, the volume rates presented in this paper
+150 vph should be actually observed at least 95 times out of 100.
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Speed Range Volumes

The same correction factors (i.e., for lateral restrictions and lane widths ) were
applied to the speed volume groupings. There were three stages of these groupings:
(a) all 5-min periods without commercial vehicles, except for buses (thereby elim-
inating the effect of trucks as a variable), were sorted into speed groups, and 5-min
volumes were expanded to an hourly volume rate which was plotted according to speed
grouping, the plots presenting bus vs auto volumes; and (b and c¢) similar graphs of the
peak 5-min periods and the peak hour values were plotted except that trucks were in-
cluded and converted to equivalent auto volumes by truck equivalency factors (1).

Results of Analysis

As previously mentioned, the cluster analysis was the basic method of analysis. It
was assumed that the highest average cluster value at any given location wouldrepresent
the values approaching possible capacity of the facility being studied. When these val-
ues are adjusted to compensate for the reduction in capacity due to lane width and lat-
eral restrictions, the highest adjusted average cluster values represent possible ca-
pacity of an "ideal" roadway.

Possible capacity, as defined (1), represents the highest volume reached on a given
facility, regardless of the speed at which this volume occurs. In this report separate
capacity values are reported for each of the several speed ranges analyzed; each refers
to the maximum hourly volume that can be expected within that speed range. Possible
capacity would be the highest of these several maximums.

Although each study site initially
was analyzed separately, only the
analysis of all sites combined is dis-

cussed in this report. TABLE 1
Table 1 gives the unadjusted aver- UNADJUSTED AVERAGE CLUSTER VALUES (AUTOS)
age cluster values for automobiles Unadjusted .
which were calculated for the seven Speed Range  , Average - 957 Confidence gyyiq4icany
locations studied, the 95 percent con- (mph) hilos (vph) Stgnificant
fidence limits, and whether or not (vph)
these values were considered statis- 13-17 1,448 +38 Yes
: PN ; 18-22 1,690 +36 Yes
§1cally significant. Tpe values given 33 57 1844 id6 o
in Table 1 are not adjusted to correct 28-32 1,885 +45 Yes
i . foti 33-37 1,858 +48 Yes
for lane V.Vldth and lateral restrictions. a8 2 1756 $43 Voo
The unadjusted average cluster values 43-47 1,726 +53 Yes
; o 48-52 1,734 +88 Yes
for automobiles are not significant S 1705 T K
above the 48- to 52-mph speed range. 56-62 1,570 +406 No
Table 2 gives the unadjusted data 83-67 1,226 £1,008 Ho
calculated for bus clusters. There
were no bus clusters recorded at
speeds in excess of 52 mph. The un- TABLE 2
adjusted average cluster values for UNADJUSTED AVERAGE CLUSTER VALUES (BUSES)
buses were not considered statisti- ——
« . ps i " nadjuste o .
cally significant above the 38- to 42 Bt Hgnge Average 95% Confidence g0
mph speed range. Tables 3 and 4 (mph) Clustgr Values, Izlm;lt)s Significant
give the values presented in Tables 1 (uph) *
and 2, respectively, adjusted to 12-ft
2 i 5 13-17 936 +65 Yes
lane widths with no lateral restric- 18-22 1,043 L 68 Yes
tions. 23-27 1,011 +70 Yes
. . 28-32 1,122 £98 i
The primary product of this study, 3337 1116 +113 Yo
the bus equivalent (or ratio of auto- ig-g 1(11;% i;ff S;Ies
. s ez . - -~
mobile capacities to bus capacities in 48-52 1,343 £ 293 B
terms of vehicles per hour) is given 53-57 -2 - No
: : : 58-62 _a £ No
in Table 5. This ratio ranges from 63-67 “a i No

1.52 to 1.64 and it indicates that a bus
uses the same amount of space on one
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TABLE 3 lane of a highway as 1.52 to 1.64
AVERAGE ADJUSTED CLUSTER VALUES (AUTOS) automobiles would use. From this
range, a bus equivalency factor of
Average
Adjusted 95% Confidence Statistically 1.6 was sglected as a reasonably
Speggpﬁl;"ge Cluster Values, Limits Significant conservative general value. Be-
?“,’;gﬁ e cause the sample sizes of the auto-
Som mobile clusters were much larger

i }ggg Z;g Yoo than the sample sizes of the bus

23-217 2,045 +36 §es clusters, the 95 percent confidence

e g b S intervals for the automobile clusters

38-42 1,832 *45 Yes were less than the 95 percent con-

i‘;él 12?3 :32 ¥Z: fidence intervals for the bus clusters;

53-57 1,770 *}43‘31 go therefore, the automobile cluster

58-62 1,628 + [

63-67 1,561 +1,157 No valqes were used as a base and the
equivalency factor of 1.6 was ap-
plied to this base. Table 6 gives
the result of these calculations.
The bus equivalency factor of ap-

TABLE 4 ;
AVERAGE ADJUSTED CLUSTER VALUES (BUSES) prox1mately 1.6 Wa'S .f(?und to be
constant for all facilities and for
Average
Speed Range Adjusted 95% (?on‘fidence Statistically breakdown by lanes, . ”
e €€ Cluster Values Limits 22w In Table 6, the possible capacit
{mph) ’ (vph) Significant ’ p 5
s ® of a 12-ft lane carrying buses only
is found to be 1,300 buses/hr.
69 Yes 2 .
igé; i;i? o Yes Similarly, the capacity of a 12-ft
23-27 1,227 =77 Yes lane carrying automobiles only is
L 104 Y

il 1333 123 Yos found to be 2,050 auto/hr.

38-42 L177 = 2o Originally + 150 vph was estab-

g Ui - : lished as the maximum allowable

48-52 1,463 +333 No : g A

53-57 =2 = - confidence interval; examination of

g - = " ‘ Tables 3 and 4 shows that the max-

63-67 —a - - aples an :
imum 95 percent confidence interval

SRR used for automobiles was actually
+95 vph and the maximum interval for
buses was +131 vph.

TABLE Therefore, it is safe to assume that at
SEEED; BANGE -CAPACITIES capacity flow, on a 12-ft lane with no lateral
SSCTHA Speed Range Capacity (vph/lane) Bus restrictions, the volume rates presented
gt Eqi.  in Table 6, + 150 vph, should be observed
e Buses — at least 95 times out of 100. It is also

LIS }ggg 1ns }gg valid to assume that the volumes given in

éé’:i? 2,050 1,250 1.64 Table 6 will be observed much more often

2892 2,050 1,300 1.58 than the outer limit volumes, and the aver-

304z T /300 15 age volumes of any random nationwide

4341 e e - sampling of volumes will be very close to

-5 : = those given in Table 6.

"ot statistically significant. Incidentally, the cluster analysis further
verifies many previous studies which have
TABLE 6 reported that the true possible capacity of
ROUNDED SPEED RANGE CAPACITIES most highways is achieved sqmewhere be-
et HoTs Volime Be i b T tween 25 and 30 mph. The highest vol-
s u olu 5 =
o — y = d umes that can be expected to be found

’ 100% Autos __ 100% Buses within each of the different speed ranges,

15 1,750 1,100 as determined by the cluster analysis, are

= P s given in Table 5. These volumes have

30 2,050 1,300 been rounded to the nearest 50 vph.

i Lo 1220 Using the bus equivalency factor of 1.6,

45 1,800 1,100 it is possible to calculate the effect of

50 1,800 1,100

buses on the capacity of a lane on a free-
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TABLE 7

SPEED RANGE CAPACITIES — AVERAGE LANE VOLUMES
MIXED AUTO-BUS TRAFFIC

Percentage Capacity Volume Rate of Auto-Bus Mixed Traffic (vph) at

of. Buses Factor  y5nph  20Mph 25Mph 30Mph  35Mph  40Mph 45 Mph
0 1.000 1,750 1,950 2,050 2,050 1,950 1,850 1,800
5 0.971 1700 1,890 1990 1,990  1.890 1,800 1,750
10 0.943 1,650  1.840 1,930 1,930  1.840 1,750 1,700
15 0.917 1,600 1,790 1,880 1,880 1,790 1700 1,850
20 0.893 1,560 1740 1,830 1,830 1,740  1.650 1,600
25 0.870 1,520 1700 1,780 1,780 1,700 1,610 1,570
30 0.847 1,480 1,650 1,740 1,740 1,650 1,570 1,530
35 0.826 1,460 1610 1,690  1.690 1,610 1,530 1,490
40 0.806 1410 1570 1,650  1.650 1,570 1,490 1,450
45 0.787 1,380 1540  1.610 1,610 1,540 1,460 1,420
50 0.769 10350 1500 1,580 1,580  1.500 1,420 1,380
55 0.752 1,320 1470 1540  1.540 1,470 1,300 1,350
60 0.735 1200 1430 1510 1,510 1430 1,350 1,320
65 0.719 10260 1400 1,470 1470  1.400 1,330 1,290
70 0.704 1,230 1370 1,440 1,440  1.370 1,300 1,270
5 0.690 1210 1340 1,420 1,420 1,340 1,280 1,240
80 0.676 1180 1320 1,390 1,390 1,320 1,250 1,220
85 0.662 10160 1290 1,360 1,360 1,200 1,230 1,190
90 0.649 1140 1270 1,330  1.330 1,270 1,200 1,170
95 0.637 10120 1,240 1,310 1,310 1,240 1180 1,150
100 0.625 1,100 1,200 1,300 1,300 1,200 1,150 1,100

way. This is given in two ways in Table 7: The first is the calculation of a capacity
factor for any percentage of buses (this is shown in increments of five percent in the
first two columns ); the second is the calculation of volume rates of mixed traffic con-
sisting of buses and autos.

The speed range capacity figures given in Tables 6 and 7 are average lane values.
When the cluster analysis is made by lanes, different capacity values are found for
each lane. Speed range capacities for individual lanes are given in Table 8. The vol-
umes given are for a traffic flow consisting of 100 percent automobiles. These vol-
umes can be divided by the bus equivalency factor of 1.6 to calculate the capacity of a
lane carrying 100 percent buses. This can be done because the equivalency factor
remained at approximately 1.6 when the cluster values for individual lanes were com-
puted.

The four-lane-divided highway is represented by the two lanes of the center tube of
the Lincoln Tunnel inasmuch as this is the only site studied with only two lanes in one
direction; therefore, although these values have been adjusted to the standard 12-ft
lane with no lateral restrictions, they may not be considered representative of the nation
as a whole. However, the highest statistically significant adjusted cluster volume rate
recorded in the tunnel is 2,000 equivalent passenger cars in lane 2 at 25 mph, which is
the value given as possible capacity in the Manual (1).

From the available data, it appears that the addition of a third lane actually increases
the capacity of the median lane. The possible capacity of lane 3 (the median lane) ap-
pears to be 2,350 vph at 35 mph, while

the possible capacity of both lanes 1 TABLE 8

and 2 is 2,100 vph at 25 mph. Although S(I;%Egsfr‘gg(?&gggglwfugg &I{\giﬂ

insufficient data were collected in this -

study to substantiate the fact, it seems Divided Highway

;‘easocrllab(lje éohgssume tihat OIi an delght' (sf;;‘;s Two Lanes One Direction  Three Lanes One Direction

ane-divided highway, lanes 1 an =

would carry vo%umeg calculated for jane 1ol Ll e d I

lanes 1 and 3 from Table 8, and vol- f e 1550 Lgso LIt 1m00

umes for lanes 2 and 3 would be the 25 1,500 2,000 2,100 2100 2,050

same as those calculated for lane 2 in 24 - i 1,950 2,000 2,200
35 = - 1,900 1,850 2,350

the same table. 40 = = 1,600 1,850 2,150
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OPERATIVE VOLUME

The preceding analysis has described the volume limits for the several speed ranges;
these values have been defined as the speed range capacities. The speed range capac-
ities may be considered as the maximum or "possible' free-flow capacity at a certain
speed. Because the speed range capacity is the maximum hourly volume that can be
obtained at a certain speed, it may be considered the volume rate of impending conges-
tion.

It appeared desirable to investigate also operation under more clearly free-flow
conditions. By definition and through use of ogive curves showing the distribution of
volume rates within a speed range, it was possible to develop an "operative volume"
for a speed range.

The operative volume is that cluster volume rate within a speed range which was
exceeded by 50 percent of the observed clusters. The 50th percentile volume was
arbitrarily chosen. It was assumed that if 50 percent of the drivers are willing to
travel at a spacing closer than that required to attain the operative volume, then the
operative volume is a volume rate at which a freeway lane should operate indefinitely
without danger of congestion setting in. Operative volumes can be calculated for every
speed range. However, it was assumed that operating speeds below 30 mph are not
desirable on multilane highways; therefore, the operative volumes were calculated for
speeds ranging from 30 to 45 mph at 5-mph increments. Figures 1 and 2 show the
ogive curves for the various speed ranges. The fiftieth percentile of each curve is the
operative volume for the speed range it represents. These values are shown in Table 9.

Table 9 gives the average cluster values divided by the 50th percentile volumes re-
sulting in a ratio ranging from 1.1 to 1.3 for both busesandautos. The ratioof 1.25was
selected for calculating the operative volumes. The speed range volumes previously
calculated were divided by 1.25 to arrive at the operative volumes given in Table 9.
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Figure 1. Cumulative distribution, auto clusters.
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Figure 2. Cumulative distribution, bus clusters,

TABLE 9

COMPARISON OF OPERATIVE VOLUMES
WITH SPEED RANGE VOLUMES

Average

Speed Volume from Average . Calculated
Range Ogive Curve, A Cluster RBa}tAO (Srpn ;‘;d) Sp g:ga?:?t':/ge Operative
(mph) (vph) Value, B (vph) (vph) Volume (vph)
(a) Autos
28-32 1,720 2,050 1.2 30 2,050 1,640
33-37 1,710 1,950 1.1 35 1,950 1,560
38-42 1,560 1,850 1.2 40 1,850 1,480
43-417 1,470 1,800 1.2 45 1,800 1,440
(b) Buses
28-32 950 1,300 1.3 30 1,300 1,040
33-37 980 1,250 1.3 35 1,200 960
38-42 920 1,250 1.3 40 1,150 920
43-47 - - - 45 1,100 880

Additional calculations, somewhat incidental to the main purpose of this report, were
made to determine the average densities, the standard deviations of the cluster volume
rates, and the spacings in each of the speed ranges. Figures 3, 4 and 5 show the rela-
tionship of each of these values with speed. It should be noted that the spacings shown
in Figure 5 include the length of the vehicle, thus the spacing shown is actually the
average distance in feet from the front axle of a following vehicle to the front axle of
the vehicle preceding it.
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SPEED RANGE VOLUME ANALYSIS

It was previously mentioned that the speed range volume analysis consisted of sorting
the peak hour volumes, the peak 5-min period volumes, and the volumes for every 5-min
period studied (omitting those 5-min periods which contained trucks) into speed ranges;
each speed grouping was then plotted separately in a series of graphs in an effort to
determine a bus equivalency factor independently from the cluster analysis and, in so
doing, to check the validity of the cluster analysis.

The results of this analysis indicate that the bus equivalency factor may be taken as
1.6 and comparison of these results with those of the cluster analysis indicates that the
cluster analysis is indeed a valid method of computing capacities.

The comparison of the results of the two different methods of computation has been
made in two ways. The first method consists of converting the observed volumes to
equivalent auto volumes using the bus equivalency factor of 1.6 which has been derived
in this study and the truck equivalency factors which are given in the Highway Capacity
Manual.

For example, if a lane in level terrain carried 1,000 autos, 250 buses, and 200 trucks,
the equivalent auto volume would be 1,000, 400, and 400 autos/hr, respectively. The
total equivalent auto volume carried is the sum of these volumes or 1,800 equivalent
autos/hr.

The second method of comparison is the plotting of bus volume vs auto volume on
graphs for each speed range as described earlier in this report.

The highest peak hour values, in terms of equivalent autos, are given in Table 10
and the average cluster values are given for purposes of comparison. If the limit of
+ 150 vph is used as the 95 percent confidence interval, it can be seen {(Table 10) that
for the highest peak hour volumes recorded, only two exceeded these limits. These
were the values for lane 2 at 25 mph and 40 mph on the 6-lane highway. The 2,300 vph
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TABLE 10

HIGHEST PEAK HOUR VALUES PER SPEED RANGE
COMPARED WITH AVERAGE CLUSTER VALUES

Speed Equivalent Auto Volume Volume as Computed by the Cluster Analysis
(mph) Lane 1 Lane 2  Lane 3 Lane 1 Lane 2 Lane 3
4- Lane-Divided Highway
15 1,810 1,754 — 1,900 1,650 -
20 1,797 1,491 - 1,950 1,850 -
25 1,904 N. R, - 1,900 2,000 -
6-Lane-Divided Highway
15 —a ~a ~a 1,650 1,700 1,800
20 1,311 _a =2 1,900 1,900 2,050
25 1,768 2,300 1,954 2,100 2,100 2,050
30 1,469 1,5080 1,629 1,950 2,000 2,200
35 1,875 1,943 N. R. 1,900 1,850 2,350
40 1,408 2,278 2,124 1,600 1,850 2,150
d.
ecurred dur t
TABLE 11

TWENTY HIGHEST BUS PEAK HOURS
COMPARED WITH CLUSTER VALUES

. 1o} o
0 3 2 F=
2 ; . =]
g 2% 5 2% & % =28 & 3%
“ ~ 5 & =l < .7 Zw g 585 Bu SRR
v S
w24 g S< gBd4 M R % 6 385< me CRS i
as 28 &8 g 258 w S8 B8R o Bo. SF 923
[ R = Q .2 o Bl ® g oo g< a.g 9
58 838 7] % 2 pe 2 daog © =R
& ] =] m = s >
ol ZA 5 _g_;q < %) [on=} B
< < >

213 1,012 130 520 1,532 236 1,700 23.0 25 378 2,078 2,100

273 1,251 8 32 1,283 303 1,424 255 25 485 1,727 2,050

337 835 1 4 839 438 1,091 18.3 20 701 1,792 1,950

169 860 4 16 876 220 1,139 17.6 20 352 1,491 1,850

351 815 5 10 826 456 1,094 16.6 15 730 1,804 1,900

176 1,066 0 0 1,066 229 1,386 14.6 15 366 1,752 1,650
7

209 963 13 548 1,511 232 1,677 22.8 25 371 2,048 2,100
260 1,170 7 28 1,198 289 1,330 255 25 462 1,792 2,050
122 910 96 192 1,102 135 1,223 23.8 25 216 1,4392 2,100
224 917 20 40 957 249 1,062 20.6 20 398 1,460% 2,050
223 1,007 129 516 1,523 250 1,691 24.2 25 413 2,104 2,100
261 1,316 4 16 1,332 279 1,479 24.2 25 446 1,925 2,050
141 1,408 64 128 1,536 157 1,705 41.5 40 251 1,956 1,850
291 1,400 17 34 1,434 323 1,592 40.8 40 517 2,109 2,150

117 1,121 0 0 1,121 118 1,132 37.8 40 189 1,321 1,850
2417 8 0 0 8 274 9 26.9 25 438 447 I,SOOb
226 12 0 0 12 251 13 39.0 40 402 415 1,150b
196 478 227 454 932 218 1,035 31.9 35 349 1,384 1,900
243 10 ] 0 10 270 11 39.3 40 432 443 1,150b

163 580 170 340 920 181 1,021 15.0 20 290 1,311 1,900

recorded at 25 mph is 200 vph more than the average cluster value for that speed range
and the 2,278 vph recorded at 40 mph is 428 vph more than the average cluster value
for that range. The remainder of the volumes fall either reasonably close to the aver-
age cluster value (i.e., within the + 150 vph confidence interval) or the values are so
low that the roadway cannot be considered to have been handling close to possible ca-
pacity at the time of the study.

Peak hour volumes using buses per hour per lane as the controlling factor rather
than vehicles per hour per lane were also calculated. The 20 highest bus peak hours
are given in Table 11,

The highest observed hourly volume for buses per lane occurred in the center tube
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of the Lincoln Tunnel with volumes of 351 buses/hr, 816 autos/hr and 5 trucks/hr.
When these values are adjusted to compensate for lane width and lateral restrictions,
they amount to 456 buses/hr, 1,074 autos/hr, and 7 trucks/hr or an equivalent of 1,804
autos/hr. During the same hour, the adjoining lane carried 176 buses/hr, 1,066 autos/
hr and no trucks. When these values are adjusted for lane width and lateral restric-
tions, the volumes become 229 buses/hr and 1,386 autos/hr or an equivalent automobile
volume of 1,752 vph. The average speeds within this hour were in the 15-mph range.
Thus the adjusted hourly volumes are 1,804 vph and 1,752 vph compared to 1,750 vph,
the average cluster value calculated for the combined seven study locations by the
cluster analysis, or to 1,900 vph and 1,650 vph calculated for the by-lane breakdown
for the tunnel.

The value of 527 buses/hr is also the highest hourly bus volume that was observed
on any roadway in the country in this study.

The separate bus lane on the San Francisco-Oakland Bay Bridge, which did not
operate at close to capacity volumes, had peaks of 247 buses/hr at an average speed
of 25 mph, and of 243 buses/hr at 40 mph. Three different locations on the exclusive
bus lane were studied: one near the beginning of the lane, one near the middle, and
one close to the end of the lane. The average speed of 25 mph was recorded at the site
close to the beginning of the exclusive lane. At this site the buses had not yet accel-
erated to the 40-mph average speed observed at the other two locations.

It was difficult to get accurate hourly comparisons mainly because of the method of
calculating the average speeds over a full hour. The average speeds used for purposes
of comparison were simply the average of all speed samples taken during the hour. It
was not possible to get a speed for each individual vehicle during the course of the
study. Also, the average speeds do not reflect the effect of stoppages because speed
samples were not taken when the cars were stopped; thus there are no 0-mph speeds
included in the averages. Even with these built-in inaccuracies, most of the peak hour
volumes compare favorably with the average cluster values that would be achieved if
the speeds retained a fair degree of homogeneity throughout the hour.

The peak 5-min periods in terms of vehicles per hour were also calculated and com-
pared with the cluster values. These peak 5-min periods were converted to equivalent
auto volumes as the hourly volumes were. All 5-min values were expanded to hourly
rates, as previously mentioned. Table 12 gives the highest peak 5-min periods for each
speed range.

In Table 12 the 21 peak periods shown are the highest peak 5-min period shown in
each speed range. Six of the values are higher than the upper limit of the 95 percent
confidence intervals. Because 1,022 different 5-min periods were included in this
analysis, it can be expected that many of them should fall outside of the 95 percent con-
fidence intervals.

All 5-min periods which did not
contain any trucks were plotted with
auto volume vs bus volume and these
values were compared with the limit-
ing volumes calculated with the bus

TABLE 12
HIGHEST PEAK 5-MIN PERIOD IN A SPEED RANGE

Equivalent Auto Vol. Vol. as Computed by

e i Speed Cluster Analysis
equivalency factor derived from the (mph)

. . Lane 1 Lane 2 Lane 3 1 L 2 L 3
cluster analysis. Figures 6through Lang ane ang
10 show samples of these graphs. (a) 4-Lane-Divided Highway
Separate grapbs have been plotted . e 18 = TR LooD =
for each lane in every speed range 20 1,901 -8 = 1,950 1,850 -
for both 4-Iane and 6-lane-divided 25 1,856 1,938 = 1,500 2,000 -
highways and are fairly good ex- (b) 6-Lane-Divided Highway
amples of how the observed vol- 7 = 1,899 = 1650 1700 1,800
umes compared with the calculated 20 1,676 2,510 2,097 1,900 1,900 2,050

+d line i 25 1,958 2,106 2,106 2,100 2,100 2,050
cluster values. The solid line in P T0s oo : 195 zom  s200
each graph represents the speed 35 2,013 2,421 2,323 1,900 1,850 2,350

Sty 3 : 40 1,444 1,977 2,321 1,600 1,850 2,150
range capacity in terms of mixed s 1540 2229 e 1600 1850 2100

bus and auto traffic as calculated -
from the cluster analysis. The Not recorded,
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dotted lines represent the + 150-vph limit set for the 95 percent confidence interval.
The peak period values have also been added to these graphs for purposes of comparison.

For example, in Figure 10, the graph for lane 3 of a 6-lane-divided highway in the
25-mph average speed category (i.e., the 23- to 27-mph speed range), the solid line
indicates that when the lane is operating at capacity it can carry 1,200 autos/hr plus
about 530 buses/hr for a total of 1,730 vph. This can be calculated using the average
cluster value previously derived for autos (2,050 autos/hr) and the bus equivalency
factor of 1.6 for a traffic flow consisting of 30.7 percent buses and 69.3 percent auto-
mobiles. Similarly, every auto volume shown on the abscissa has a complementary
bus volume shown on the ordinate axis. The two volumes added together give the total
vehicles per hour (autos and buses) that can be carried by lane 3 of a 6-lane-divided
highway at 25 mph. The points plotted on Figure 10 include two observed bus peak
hour volumes, 3 peak hour volumes (where the peak was determined by the total number
of vehicles—i.e., buses, autos, and trucks—and not by the bus peak hour), and several
5-min expanded volumes. It will be noted that all of the observed peak period volumes
fall within the 95 percent confidence limits; none of the observed volumes exceeds the
upper confidence limit; a scattering of 5-min periods fall below the lower confidence
limit indicating that these particular 5-min periods were not carrying volumes ap-
proaching possible capacity. It should be noted that the slope of the theoretical capacity
line appears to be correct, although for this graph the observed peak hour periods seem
to indicate that possible capacity of this lane should be reduced from 2,050 autos/hr to
2,000 autos/hr at 25 mph. All observed volumes have been adjusted to 12-ft lanes with
no lateral restrictions; the observed peak period volumes include some trucks which
have been converted to equivalent autos as described previously.

Figures 6 through 10 are fairly representative of the speed range volume graphs
which were plotted. However, in the higher speed ranges a large number of the random
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non-peak 5-min volumes which were plotted were below the lower limit of the confidence
interval. In almost all of the cases the volumes were so low that it was obvious the
roadway was not carrying close to possible capacity at that particular time. The number
of observed volumes higher than the upper limit of the 95 percent confidence interval
was no more than could be reasonably expected.

SUMMARY AND CONCLUSIONS
The following results have been derived from this study:

1. The bus equivalency factor for a bus on a reasonably level freeway may be taken
as 1.6 regardless of which lane it is in or the speed at which it is traveling.

2. It is possible to determine the capacity of a lane through use of cluster analysis.
The term capacity is used here as the maximum volume within a speed range.

3. The possible capacity of an exclusive bus lane is 1,300 buses/hr per lane at 25
and 30 mph. Actually, on a multilane highway, if lane 1 (the right shoulder lane) is
designated as the separate bus lane, the possible capacity would be 1,300 buses/hr at
25 mph, if lane 2 is chosen, possible capacity is 1,300 buses/hr at 25 mph, and, if lane
3 is selected, possible capacity is 1,450 buses/hr at 35 mph.

4. Operative volumes may be taken as approximately 80 percent of the speed range
capacities as derived from the cluster analysis.

5. The maximum number of buses actually observed on any of the roadways studied
in a 1-hr period was 527 buses/hr in the center, two-lane, tube of the Lincoln Tunnel.
At the same time, the same roadway carried 1,882 automobiles and 5 tractor-semi-
trailer trucks.

This study indicated that, in some instances, it may prove desirable to designate
exclusive bus lanes on freeways. However, even if the maximum number of buses ob-
served in this study on any roadway in the country (i.e., 527 buses/hr in the center tube
of the Lincoln Tunnel) were put on a single lane, that lane would still appear capable
of carrying at least 800 more automobiles with relatively little speed reduction in level
terrain. In the author's opinion, it would seem, therefore, that an exclusive, continuous
bus lane on a freeway would not prove practical unless:

1. The freeway was already operating beyond its practical capacity to the point of
congestion.
2. There were at least 200 buses/hr using the lane during peak periods.

Where adverse grades exist, of course, bus climbing lanes might be desirable under
other conditions.

This volume of 200 buses/hr appears to be a reasonable, lower-volume limit because
on the typical 6-lane-divided freeway 200 buses/hr can carry at least 10,000 people/hr,
more than equal to the capabilities of automobiles in two adjacent lanes, which would in
all likelihood carry less than 8,000 people/hr. Such criteria, which would apply only
to peak periods, would insure that a majority of the people using the freeway would not
be affected by the congestion. (Vehicle occupancy counts were not made during this
study, but it was noted that most of the buses observed carried a large percentage of
standing passengers; with such loading, the percentage of commuters avoiding congestion
would be even greater.) Strict enforcement, or physical separation to keep autos from
traveling in the bus lane, would be required.
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Improving Traffic Flow at Transfer Roadways
On Collector-Distributor Type Expressways

JOSEPH M. MC DERMOTT and CHARLES H. MC LEAN
Respectively, Graduate Student, Northwestern University, and
District Traffic Engineer, Illinois Division of Highways

®THE Dan Ryan Expressway on Chicago's south side features a 5-mi section of four
depressed traveled ways, two in each direction, with a total cross-section of either 12
or 14 traffic lanes. The two inner roadways function as express routes for through
traffic; the two outer roadways serve as continuous collector-distributor roads for
more localized traffic. Crossover connections from express lanes to local lanes, or
vice versa, are provided by 2-lane transfer roadways at three locations for each direc-
tion of travel.

Inasmuch as the design feature of continous collector-distributor roadways is a rel-
atively recent development, an analysis of traffic operations at transfer roadways
seemed appropriate. An initial operational study at two transfer roadway locations (_1)
recommended several control measures for improving the efficiency of traffic flow at
transfer roadways. This presentation concerns the study of operational characteristics
at an express-to-local transfer roadway and compares "before' and "after' pavement
markings.

Definitions
Certain terms used throughout this paper are defined as follows:

Transfer roadway—a high-type crossover connection between express lanes and col-
lector-distributor lanes, or vice versa.

Express vehicles—vehicles traveling on the express roadway.

Transfer vehicles—vehicles using a transfer roadway.

Local vehicles—vehicles traveling on the collector-distributor roadway.

63rd St. vehicles—vehicles traveling on the expressway destined for 63rd St.

Through vehicles—vehicles destined for points beyond the Chicago Skyway exit.

Local lanes—collector-distributor lanes.

EXPRESSWAY CHARACTERISTICS

Route Description

The Dan Ryan Expressway links the Eisenhower Expressway (I-90) and the Kennedy
Expressway (I-94) with the Chicago Skyway (I-94) and the Calumet Expressway (I-90)
(Fig. 1). The north terminal of the Dan Ryan Expressway is the Halsted Street inter-
change, the junction of Dan Ryan, Kennedy and Eisenhower Expressways, located about
1 mi west of the Chicago downtown area. This interchange accommodates an average
daily traffic of approximately 300,000 vehicles. The Dan Ryan Expressway carries
I-90 between this interchange and the Calumet Expressway, 11.5 mi south, and is des-
ignated both I-90 and I-94 between this interchange and the Chicago Skyway, 8.0 mi
south. The latter section was opened to traffic on December 15, 1962, and includes 5
mi of continuous collector-distributor roadways at the southern end.

As shown in Figure 2, the continuous collector-distributor (C-D) roadways are used
between 27th St. and 65th St. Although through traffic may use either the express road-
ways or the C-D roadways, weaving is minimized and flow is expedited for vehicles on
the express roadways. At the north end of this section local (C-D) and express road-
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ways combine on an 8-lane elevated structure. Connection to the future Southwest
Expressway and the Franklin Street Extension is provided near 31st St. At the south
end of the 5-mi route connection to the Chicago Skyway is provided near 65th St., beyond
which local and express lanes combine to form an 8-lane cross-section with only one
traveled way for each direction. Thus, the 5-mi continuous C-D roadway section has
either 14 or 12 through traffic lanes and connects 8-lane sections at each end.

Route Geometrics

High-type design standards were applied throughout the construction of the four de-
pressed roadways of the Dan Ryan Expressway. Continuous one-way frontage roads
feed and collect ramp traffic to and from the continuous C-D roadways at diamond in-
terchanges spaced approximately at 0.5-mi intervals. Continuity prevails along the
route because all ramps adjoin the right-hand side of the C-D roadways. A common
acceleration-deceleration lane is used where adjacent ramps handle entering and
exiting C-D traffic. The only diverging and merging movements on the expressway
not requiring right-hand operations occur at the six transfer roadways, which either
leave or enter the local roadway on the left side.

Transfer roadways are located for both directions of travel near 45th St., 49th St.
and 59th St. All six sites differ either in lane configuration or type of transfer. Figure
2 shows that the cross-section lane configuration changes at each transfer point, inas-
much as one traffic lane is physically "transferred" between roadways. The second
lane of a transfer roadway permits optional use of an additional express or local lane
at each terminal. An exception occurs at 49th St., however, where the normal cross-
section changes from 14 lanes on the north to 12 lanes on the south via the transfer
roadways.

All traffic lanes are 12 ft wide and are constructed of continuously reinforced con-
crete pavement. Contrasting shoulders of bituminous material, generally 8 to 10 ft
wide, are furnished on both sides of each roadway. A combination gutter and mountable
curb separates shoulders from through pavements. Because most of the route has been
designated to accommodate a future mass transit median facility, an unusually wide
center median, protected by guardrail along both edges, separates directional flow along
the route. Express and local roadways are separated by a 20-ft shoulder-median
bisected by continuous, double-faced, steel, barrier-type guardrail. Throughout the
whole expressway, mercury vapor luminaires are provided and directional signs are
externally illuminated.

Operational Controls

Soon after the Dan Ryan Expressway was opened to traffic, operational problems
resulted in the imposition of commercial vehicle lane-use restrictions. Trucks are
confined to the collector-distributor roadways, where speed limits are 45 mph for cars
and buses and 40 mph for trucks. Passenger vehicles on the express roadways are
limited to 50 mph, with a posted minimum of 40 mph.

STUDY PROCEDURE

Although the initial operational study (1) was conducted for both transfer roadways
at 59th St., pavement marking improvements were fully installed only at the southbound
site. This presentation, therefore, contains 'before' and "after" findings for the south-
bound express-to-local transfer roadway at 59th St.

Study Section Details

Figure 3 shows the study area, located approximately 7 mi south of downtown Chicago
and 1 mi north of the Chicago Skyway connection. The total cross-section at this site
is 12 through traffic lanes and the average daily traffic flow is approximately 180,000
vehicles. This transfer roadway "transfers" one lane of pavement from the express
roadway to the local roadway. Thus, the express roadway is reduced from 4 lanes to
3 lanes and the local roadway is increased from 2 lanes to 3 lanes. Vehicles approach-
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Figure 3. Study section, southbound express-to-local transfer roadway at 59th St.

ing in the right express lane, therefore, are required to transfer; vehicles approaching
in the adjacent express lane (second from the right) may either transfer or remain on

the express roadway.

The 1,470-ft study section begins at a normal 48-ft express pavement width and ends

at a normal 36-1ft local cross-section.

Observation was confined within these extremes

for transfer vehicles (Secs. A-A and D-D); express and local traffic were studied in the
diverging (Secs. A-A and B-B) and merging (Secs. C-C and D-D) areas terminating at

Figure 4.

Diverging Terminal of study section with "after" pavement markings.
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the nose and commencing at the merging end, respectively. Data were obtained from
time-lapse films taken simultaneously from both sides of the 53th St. overpass, as shown
in Figure 3. Figures 4 and 5 show typical camera views from the overpass positions.

For notation purposes, lanes were numbered from left to right at the four check
points (A-A, B-B, C-C, and D-D) indicated in Figure 3. L and R denote left or right
lane of the transfer roadway. All vehicles were counted in and out of the study section.
Examples of typical vehicle traces through the study limits for express, transfer, and
local vehicles are 3-2, 4-R-R-5, and 5-6, respectively.

Individual transfer vehicles were checked outside the study section to determine if
they exited at 63rd St. Such a maneuver requires a left-to-right weave within 1,500 ft
across local traffic. Although this particular maneuver is not illegal, advance signing
advises use of the 45th St. transfer roadway for express traffic desiring to exit at the
63rd St. ramp.

Signing on the express roadway for the study section directs only "CHICAGO SKY-
WAY (I-94 EAST)" traffic into the transfer roadway from express lane 4 and optionally
from express lane 3. "THRU TRAFFIC (I-90 EAST)" is advised to remain on the ex-
press roadway in express lanes 1, 2, or 3, although transfer to the C-D roadway also
allows through travel. Overhead directional signing is provided at the nose, and 0.5 mi
and 1.8 mi in advance of the nose. Although the study site is situated in a level tangent
location, a slight shift due to extra pavement and median introduces some horizontal
curvature.

The analysis of the study section was based on the hypothesis that all vehicles in the
express roadway, on entering the study section, should be located in the proper lane
for executing the desired movements. All transfer vehicles should originate only from
express lanes 3 and 4 and terminate only in local lanes 4 and 5. No through express
traffic should enter in express lane 4 and no local traffic should encroach on local lane
4, It was further assumed that any violation of the neutral approach nose pavement
area constituted a hazardous maneuver, reflecting the quality of traffic operations at
the diverging terminal.

i
)
N
b
{
J

Figure 5. Merging terminal of study section with "after'" pavement markings.
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Field Methods

Two time-lapse cameras equipped with 16-mm color film were used for data collec-
tion at the study site. Approximately 65 min of continuous observation per roll of film
was produced by exposing one frame per second. Power for the initial study was sup-
plied by a 110-v AC inverter connected to a standard 12-v automobile battery. The ex-
pressway lighting circuit was tapped for the "after' study power supply.

Before actual filming operations, reference lines were whitewashed at 50-ft intervals
along the shoulder nearest the transfer roadway at the diverging and merging areas of
the study section, thus delineating the extremes of the study site and providing inter-
mediate speed traps. A radar speed meter was also used to check speeds in the "after"
study.

For the initial study, data films were taken on Wednesday, May 1, 1963, for three
complete hours of traffic—1:55-2:55 PM; 3:15-4:15 PM, and 4:30-5:30 PM. For the
"after' study, data films were taken on Tuesday, September 10, 1963, for two complete
hours of traffic —1:55-2:55 PM and 4:30-5:30 PM. Weather conditions were ideal and
traffic conditions were normal throughout all study periods.

Film Analysis

Ten films covering 5 hr of traffic were analyzed for the study section. All labora-
tory work was performed with a modified commercial projector featuring variable con-
trols and a daylight screen.

Each matching pair of films was coordinated by identifying every transfer vehicle
and tracing its path through the four check points of the study section: lane of entry
(Sec. A-A); lane at nose (Sec. B-B); lane at merging end (Sec. C-~C); and lane of exit
(Sec. D-D). Each transfer vehicle was also classified as a ""63rd"" vehicle if the 63rd
St. exit ramp was used.

Both matching films were then analyzed for each 5-min interval; lane volume counts
were made of all vehicles at the nose and merging end check stations. These lane vol-
ume figures were combined with lane change movements in the terminal areas to pro-
duce lane volumes at the extremes of the study section. Using this method, flow values
for all movements within the study section were determined for all coverage periods.

Vehicle types were classified only at the 2-lane C-D section located at the merging
end (Sec. C-C). Truck volumes were negligible on express and transfer roadways due
to the prohibition of such operations. Vehicles having more than four tires were con-
sidered heavy trucks; four-tired single-unit trucks of the panel and pickup variety were
classified as light trucks.

Hazardous maneuvers were summarized for each hour of data based on violation of
the neutral approach nose pavement at the diverging terminal. Two degrees of severity
were recorded: crossing the neutral zone with all wheels and straddling this area with
either side of wheels.

In the initial study, speeds were checked through a 500-ft trap terminating at the
nose and a 400-ft trap commencing at the merging end. Because present traffic de-
mands seldom produce congestion during normal peak flows through the study section,
speeds usually are quite uniform. Thus, instead of checking every vehicle, individual
speed samples were obtained from each lane throughout each initial study period. The
radar speed meter used in the "after" study provided comparable data.

INITIAL OPERATIONAL STUDY

The initial study findings at the express-to-local transfer roadway are based on
worn pavement markings, which were limited to painted lane lines that had been applied
as a minimum control to allow use of the expressway immediately following pavement
construction. Although similar in color and texture to the traveled way, the neutral
approach nose pavement lacked delineation other than visible construction joints along
the edges of contiguous traffic lanes. Therefore, the "before' markings could not be
considered as an effective traffic control measure because of their deteriorated condi-
tion.
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Figure 6. Traffic pattern in study section.

TABLE 1
AVERAGE SPEED BY LANE AND PERIOD

Average Speed (mph)

Lane
Off-Peak Transition Peak
1:55-2:55 PM 3:15-4:15 PM 4:30-5:30 PM
(a) Section B-B, Approach Nose
1 52 54 48
2 51 53 47
3 49 53 48
L 48 51 48
R 48 51 47
(Sample size) (44) (53) (57)
(b) Section C-C, Merging End
L 50 50 48
R 48 46 44
5 45 44 42
6 41 42 40
(Sample size) (44) (55) (72)

Traffic Pattern

Figure 6 shows actual 5-min roadway volumes plotted against clock time for the
three initial coverage periods. The peak 5-min flow rates are also depicted; the peak
5-min lane volume of 180 (2,160 vph) occurred in express lane 1,

From the total trend displayed, the hour periods are classified as: off-peak (1:55-
2:55 PM); transition (3:15-4:15 PM); and peak (4:30-5:30 PM). Roadway volumes at
the various check points indicate that the bulk of the volume increase occurs in the ex-
press lanes, whereas transfer traffic values are relatively low.
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Figure 7. Roadway volumes and lane distributions, by period.

Speeds

Table 1 gives the general range of lane speeds for each hour of analysis, merely
verifying operations as "free-flowing.' These values seem reasonable in view of the
differential speed limits. Only a few individual vehicles deviated greatly from these
averages, usually for maneuvers requiring speed reductions.

Flow Diagrams

Figure 7 summarizes the data of Figure 6 into hourly roadway volumes and also
presents lane volume distributions. Figures 8, 9 and 10 show volumes for all move-
ments observed in the 3 hr of initial analysis, as well as vehicle classifications.

These four figures indicate that express lanes 1 and 2 are not apparently influenced
by transfer operations and express lane 4 feeds many non-transfer vehicles into the
diverging terminal. Optional transfers from express lane 3 are minor; transfers from
express lanes 1 and 2 are relatively insignificant. The movement of vehicles avoiding
compulsory transfer from express lane 4 imposes weaving conditions with optional
transfers and merging conditions with through express vehicles.

At the merging end, a substantial number of local vehicles shift into local lane 4
and many transfer vehicles leave the study section via local lane 6. These weaves were
performed despite local traffic of high truck concentration.
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Figure 12. Transfer paths.

Transfer Traffic

Figure 11 shows the traffic pattern of transfer vehicles during the initial study. A
large number of transfer vehicles do not conform to the advisory signing, but exiting
for 63rd St. via this transfer roadway. For the three periods 63rd St. exits accounted
for 39, 45 and 36 percent of all transfer vehicles as total volumes increased. The max-
imum flow rate for total transfer traffic during a 5-min period was 912 vph. Only
three heavy trucks were observed on the transfer roadway during three hours of study.

Figure 12 presents volumes for vehicle paths through the transfer roadway. The
coverage figures indicate the proportion of total transfer vehicles represented by paths
of at least 20 vph, as shown. Although express lane 4 originates most of the transfer
traffic, many vehicles shift to the left lane of the transfer roadway, particularly in the
peak hour, so as to enter local lane 4 freely. Vehicles destined for 63rd St. generally
keep to the right, thus accounting for nearly all shifts from the transfer roadway into
local lane 6.

Hazardous Maneuvers

Figure 13 summarizes the hazardous maneuvers observed at the diverging terminal,
as based on the criterion of neutral approach nose pavement violation. Although haz-
ardous maneuvers increase with increasing total volumes, the percentage of these un-
desirable movements decreases. The magnitude of hazardous maneuvers, mostly of
the more severe type in which all wheels cross the neutral zone, reflects the major
problem of vehicles not transferring from express lane 4. Total violations for this
movement comprised a nearly constant 35 percent of all express lane 4 traffic for the
whole initial study period. On the other hand, fewer than 5 percent of all transfer
vehicles executed hazardous maneuvers at the diverging terminal in each hour. An
average of only 12 percent of the transfer hazardous maneuvers were destined for 63rd
Street.
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Figure 13. Hazardous maneuvers at diverging terminal.

Many hazardous maneuvers from express lane 4 into express lane 3 required forced
entry into normally unacceptable gaps, especially during peak flow. Lane 3 vehicles
affected by these movements usually shifted to lane 2 or reduced speed. These events
occurred beyond the study limits in the area contiguous to the elongated recovery taper
and did not affect more than one or two individual vehicles at a time. Hence, these
"merges' did not cause speed reductions and lane changes within the actual study
boundaries.

DISCUSSION OF INITIAL FINDINGS

The initial operational study of the southbound express-to-local transfer roadway
at 59th St. indicated that a satisfactory level of service was provided for all lanes for
the range of volumes normally encountered. Closer study of other factors, however,
suggested that the efficiency of traffic operations could be improved by eliminating
certain undesirable lane changes at each transfer roadway terminal. Although accident
records do not reflect particular problems at transfer roadway locations, the observed
maneuvers reveal a definite accident potential.

The movements of major concern, as shown in Figure 14, are discussed hereafter:
transfer vehicles shifting into local lane 6 and local vehicles encroaching into local
lane 4 at the merging end; and non-transfer vehicles originating from express lane 4
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in the diverging area. It is highly conceivable that these particular maneuvers would

have a greater influence on the level of service if the expressway demand were increased
at this location.

The Merging Terminal

The effect of the 63rd St. exit ramp on traffic operations is reflected by the magni-
tude of transfer vehicles weaving for this destination. Disregard for advisory signing
suggests that familiar drivers probably perform this maneuver, which is often charac-
terized by an urgent shift immediately from the transfer roadway into local lane 6,
despite relatively high volumes of heavy truck composition on the local lanes. The
AASHO Urban Policy (2) recommends for this type of design: '"Weaving distances. ..
should be 2,000 ft or more and not less than 1,500 ft." The physical weaving distance
at this location is 1,500 ft, merging end to nose, but this length includes merging, weav-
ing, and ramp diverging areas, as well as auxiliary weaving pavement shared by the
63rd St. exit ramp as a common acceleration-deceleration lane with the 59th St. en-
trance ramp.

Evidence exists to warrant prohibition of 63rd St. exits by vehicles using the transfer
roadway at 59th St. Although such enforcement would help to minimize conflicts at the
merging terminal of the transfer roadway, transfer volumes would decrease at the study
site and increase at the 45th St. express-to-local transfer roadway. Further research
would be needed at upstream transfer roadways and C-D sections to assure no problems
occur from shifting all 63rd express vehicles into the C-D roadway at 45th St.

Due to the lane balance problem at each terminal from physically "transferring" one
complete traffic lane, the low transfer demand imposes correspondingly low volumes
in the "free" lane at each extreme of the transfer roadway. This relatively empty lane
attracts traffic from adjacent lanes at each terminal, particularly at the merging end
where local vehicles seek relief from heavy truck concentrations by shifting into local
lane 4. Restricting transfer exit to one lane at this terminal would alter the encroaching
movement to a normal lane change beyond the study section and eliminate the merging
operations now present. Obviously one-lane channelization would increase the difficulty
of transfer vehicles exiting at 63rd St. and could not be safely justified without the
prohibition of this weave.
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The Diverging Terminal

The "attraction theory' also explains in part why many non-transfer vehicles enter
the study area in express lane 4. The magnitude of this movement indicates a definite
need to emphatically forewarn drivers of mandatory transfer from that particular lane.
The flexibility of design at the nose of the transfer roadway permits, or perhaps even
encourages, many hazardous maneuvers. Undoubtedly contributing to the number per-
formed by express lane 4 vehicles is the fear of "exit.' Signing advises "CHICAGO
SKYWAY" traffic to transfer and "THRU TRAFFIC" to remain on the express roadway.
Thus the diverging terminal appears to be an exit, although transfer to the C-D roadway
allows through traffic to continue on the expressway via the local lanes.

It is quite likely that the increase of right-to-left lane shifts within the transfer
roadway in the peak hour can be attributed to familiar drivers utilizing the relatively
vacant transfer roadway for through travel. Most vehicles performing this operation
remained in local lane 4 for a considerable distance beyond the study section; Chicago
Skyway and 63rd St. traffic must perform a left-to-right weave to exit from the ex-
pressway. Although actual counts were unobtainable from the films, very little weaving
was noticed for transfer vehicles suspected as through traffic.

If some express traffic were encouraged by signing to transfer from express lane 4
to local lane 4 as through vehicles, transfer roadway volumes would increase and un-
desirable movements at the nose would decrease. Under heavy express flows it might
be feasible to relieve the pressure of four lanes reducing to three lanes by using the
transfer roadway and local lane 4 for express travel (3). Although this scheme of
through access via the transfer roadway would improve traffic operations in the vicinity
of the transfer facility, further research would be needed at downstream locations to
determine the ability of the C-D roadway to handle increased volumes, especially in the
2-lane section just beyond the Chicago Skyway direct exit.

PAVEMENT MARKING STUDY

Because the lack of sufficient pavement markings obviously contributed to the unde-
sirable movements in the transfer roadway diverging area, new pavement markings
were installed and the transfer roadway was restudied to evaluate the effectiveness of
the markings as a traffic control measure.

Figure 15 shows the locations of thermoplastic pavement marking improvements in
the diverging area. As part of the standard State of Illinois expressway striping pro-
gram (4), traffic lanes were delineated by broken, white, 5-in. lane lines having 15-ft
line segments and 25-ft gaps. In addition, an 8-in. solid, white, channelizing line was
installed to isolate the neutral approach nose pavement. These standard markings can
be seen in Figures 4 and 5.

Based on the initial operational findings, special markings were applied to further
improve operations in the diverging area. A solid, white, 5-in. channelizing line was
placed to indicate compulsory transfer from express lane 4. Advance warning in this
lane was provided by white, right-arrows elongated to 8 ft and accompanied by "ONLY"
legends in 8-ft elongated letters. Express lane 3 was furnished with white, straight-
through-and-right-arrows elongated to 8 ft, thus showing optional movements permitted
from this lane.

These pavement marking improvements were the only physical changes made in the
study area between the initial operational analysis in May 1963 and the "after' study in
September 1963. Inasmuch as the improved pavement markings were installed in
August 1963, the short time of service which the new markings experienced prior to
the "after' study adds further impact to the results obtained. The procedures of the
initial study were repeated in the "after'" study for the same off-peak and peak time
periods.

Traffic Pattern

Traffic volumes in the "before' and "after" study periods are fairly comparable
(Fig. 16). The rate of vehicle entry into the study section, however, is slightly higher
during the '"before' peak hour, due to higher express roadway inputs.
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Speeds

In general, the radar speed meter indicated that speeds approximated the "before
averages. There was a decrease in average speeds in the express lanes after 5:00 PM,
but the average speeds for each hour remained over 40 mph for all lanes.

Flow Diagrams

Figure 17 shows hourly roadway volumes and lane volume distributions, with "before"
results indicated inparentheses. Figures 18 and 19 display "after' movements and
vehicle classifications for the off-peak and peak hours, respectively. Significant changes
between data in these three figures and the "before' findings are summarized in Table 2.

The operational movements in the "after' periods were basically comparable with
the "before' movements except for the two right express lanes affected by the improved
pavement markings. Another obvious difference was the over-all reduction in lane
changes at both transfer roadway terminals.

Table 2 indicates that the combined inputs of express lanes 3 and 4 were practically
identical "before' and "after' for both time periods. Essentially, express lane 4 ap-
proach volumes were decreased and express lane 3 volumes increased an equivalent
amount.

For the off-peak period the 46 percent reduction (162 to 88) of express lane 4 vehi-
cles avoiding transfer can be attributed mostly to vehicles shifting to the through road-
way in advance of the study section. The decrease in transfer roadway volume with an
increase in express roadway input, however, suggests that some transfer traffic may
have been similarly shifted to the through express lanes. Perhaps the 'before' transfer
volume included some unfamiliar motorists who desired through travel but became
trapped on the transfer roadway under the former transfer approach pattern.

For the peak period, the 56 percent reduction (329 to 144) of express lane 4 vehicles
avoiding transfer can be attributed partly to vehicles shifting to the through express
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roadway in advance of the study
section and partly to vehicles
shifting to the transfer roadway
as through traffic. This latter
movement, probably performed
Traifle Volume {yph) by familiar users, is suspected
Lanes Off-Peak, 1:55-2:55 PM Off-Peak, 4:30-5:30 PM because transfer roadway vol-
umes increased, although the
express roadway input decreased.

TABLE 2
LANE TRAFFIC VOLUME COMPARISONS

Before  After Change Before After Change

6-Lane total 4115 4274 +159 8882 8655 - 227

Express in 2407 2487 + 80 6221 5954 - 267

3and 4 in 1021 1006 - 15 2420 2408 - 12 Transfer Traffic

3 In 566 667 +101 1469 1566 + 97 — <

4 In 455 339 -116 951 842 -109 Fig-ure 20 deplcts the pattern
Transfer 361 310 - 51 731 792+ 61 i = o o

4Tn 3 out 162 88 - 74 329 144 -185 of "before' and "after" transfer

traffic volumes for off-peak and
peak periods. The higher max-
imum 5-min flow rate of the
"after' data (1,080 vph) is prob-
ably due to an increase in trans-
fer roadway use for through
travel by familiar drivers. The transfer volume increase occurred after 5:00 PM and
coincides with average speed decreases on the express roadway. Thus it is likely that
many through vehicles were attracted to the faster moving collector-distributor road-
way via the transfer roadway.

Observations in both study periods revealed continued motorist lack of response to
the advisory signing which designates the express-to-local transfer roadway at 45th St.
for traffic exiting from the expressway at 63rd St. The posted regulation restricting
commercial vehicles to the local lanes was again well observed, as only four trucks
were express roadway travelers in the two "after' hours.



12007 100

960~ 80 ~

720—

o
1)
1

Before

HOURLY TLOW RATE
!

$-MINUTE VOLUME
1

Y
@®
1
g

|

240 20—

0 0
T T 1 T ] T [ T [ 7 ——
ne 5 = 0 ° e = e
“- & P @ = - = ey A
TIME, P.M.

Figure 20. "After" transfer traffic pattern.
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Hazardous Maneuvers

The considerable reduction in hazardous maneuvers at the diverging terminal is
shown in Figure 21. The neutral approach nose pavement encroachments were reduced
71 percent (189 to 55) in the off-peak hour and 83 percent (359 to 60) in the peak hour.
Hazardous maneuvers of the more severe type, in which all wheels cross the neutral
zone, were reduced 77 percent (145 to 33) in the off-peak hour and 86 percent (260 to
36) in the peak hour. Once again the movement from express lane 4 to express lane 3
across the neutral approach nose pavement accounted for the majority of the hazardous
maneuvers in the diverging area.

CONCLUSIONS

The operational studies at the express-to-local transfer roadway pointed out various
possibilities for improving the efficiency and safety of traffic flow by the elimination or
reduction of certain undesirable movements at the merging and diverging terminals.

The effect of pavement markings in reducing hazardous lane changes in the transfer
roadway diverging area demonstrated the usefulness of this type of traffic control
measure.

Other possibilities for further improving the quality of traffic operations at this
transfer roadway location warrant investigation. These include:

1. Geometric changes to allow one-lane operations on the transfer roadway.

2. Advance warning signs for vehicles approaching in the compulsory transfer lane.

3. Signing to inform express traffic of through access via the transfer roadway.

4. Methods to eliminate or reduce weaving at the merging terminal by transfer
vehicles exiting at the next downstream ramp.
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Optimization of Freeway Traffic by
Ramp Control

EDWARD F. GERVAIS
Project Manager, John C. Lodge Freeway Surveillance Project, Traffic Division
Michigan State Highway Department

eTHE JOHN C. LODGE Freeway Traffic Surveillance Research Project in Detroit,
Mich. , has as one of its principal objectives the development of a freeway variable
traffic control system which will permit a more efficient utilization of this high-type
road facility. The intent of the research is to develop and create a control system
which will reduce congestion, improve capacity, and provide a safer travel environ-
ment. If these benefits are realized, costs savings of considerable proportions will
result, These savings could then be compared to the costs of construction which would
produce equivalent benefits. If the control system proves to be the most efficient, the
money should be placed in this area rather than in expensive construction.

The project has developed three distinct types of variable traffic control on the free-
way. One is the lane signal system telling the motorist when, or when not, to use a
driving lane; the second is a variable speed control advising the motorist on the proper
speed to drive the freeway; and the third, ramp entrance control permitting the open-
ing or closing of a ramp, is the subject of this paper.

RAMP CONTROL SIGNAL

There are nine entrance ramps in the 3-mi study area on the John C. Lodge Free-
way. Each of these entrance ramps was placed under the control of a ramp signal
bearing the message "Dont Enter'" (Fig. 1). This signal is a blankout type signal de-
vice that shows the message only when the signal is illuminated.

Preliminary tests, measuring the effectiveness of the ramp signals, were conduct-
ed in Detroit in the spring of 1960. An experimental ramp signal installation was made
at the Trumbull Avenue entrance ramp to the westbound direction of the Edsel Ford
Freeway. The installation consisted of two back-to-back signals mounted on a mast
arm so they were visible to both directions of oncoming Trumbull Avenue traffic. The
results of this experiment were documented by Richard D. Belprez and Conrad L.
Dudek.

In general, the experiment proved that motorists read a signal placed in a visible
location. However, this does not imply that they always obey. Several motorists
were observed to look intently at the signal and then look around to determine whether
the ramp was still usable. If clear, they would then enter the freeway.

The "sheep' effect of people was also noted during this experiment. If one motorist
would commit himself to enter the ramp against the signal message, several others
would follow. However, if the lead motorist in a platoon would obey the signal, the
rest of the motorist did likewise. The fact that the motorist did not always obey the
signal was accepted as being quite natural due to the fact that there had been no pub-
licity about the test and no enforcement efforts were made. Unless it can be proved
that a ramp can be controlled only by a signal, there is little evidence to support the
expense of obtaining devices such as automatic gates, which would cost considerably
more than a signal system but yet be cheaper than law enforcement.

Proper mounting of ramp signals plays a very important part in the success of ramp
control. Each approach direction to the ramp must have a signal plainly visible to the
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motorist and the ramp must be identified
with the signal. An overhead mount is
most appropriate for the majority of lo-
cations; however, pedestal mounts were
used in certain areas for better visibility.

DESCRIPTION OF EXPERIMENT

The installation of signals at each en-
trance ramp provided an opportunity to
study the effects of ramp control on free-
way tratfic by a total closure of a ramp
during selected periods of time., No at-
tempt was made to meter ramp traffic by
any signal system during this experi-
ment.

A continuing study is being made on N ey
the John C. Lodge Freeway, showing g
volume-speed relationships, by lanes,
for various locations. Results indicate
that single point measurements of free-
way traffic donot permitanaccurate pre-
diction of impending breakdown. It is
only by considering the downstream na-
ture of the traffic, and comparing it to the
traffic being discharged into the area,
that a reasonable prediction can be made.
For example, a high-volume high-speed
platoon of traffic moving into an area of
lower speed limit which cannot be raised
before the arrival of the higher speed
traffic can result in a complete traffic
breakdown. This same traffic, moving into an area that is discharging traffic as fast
as it is received, will cause no difficulty. If this knowledge is added to the fact that
the highest traffic volumes on a freeway are recorded while traffic is moving in a fluid
condition, the benefits to be derived from ramp control become apparent.

Experience has proved that fluid levels of traffic can be maintained if no interference
occurs in the traffic stream to cause this large volume to break speed and, consequently,
reduce capacity. When large volumes of traffic are using the freeway, the average
spatial headway between vehicles becomes reduced to a point that, whenever an inter-
ference establishes itself in the traffic path, there is not enough elasticity in the fraf-
fic stream to permit any alteration in the spatial headway between vehicles without
creating a speed reduction on the traffic following. This influence creates the well-
known ""'shock wave."

One of the most prevalent conditions creating this disturbance in the traffic stream,
thus breaking vehicle speed, is entrance ramp traffic. A vehicle entering the freeway
will merge into a gap between vehicles but will not continue to maintain this close dis-
tance while driving on the freeway. As a result, the vehicle will slow down to acquire
a greater distance from the preceding vehicle. When the gaps between vehicles reduce
to an average of approximately three car lengths, lowering of speeds will result because
vehicles back off to obtain more comfortable driving space (1). The purpose of the
ramp experiment was to prove that, when headways between vehicles were of the order
permitting high traffic volumes at good speeds on the freeway but with no-additional
capacity to permit ramp traffic to enter, for reasons mentioned, closing ramps during
such periods of time would preserve good freeway operation. The theory was that, if
higher volumes of traffic could use the freeway in a short period of time, there would
be less backlog of traffic in the central business area. This would not only benefit
freeway traffic operation but would actually minimize congestion on the arterial\streets.

Figure 1. Ramp signal.
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It generally works out, in practice, that the freeway starts loading with traffic from
the various entrance ramps in the central business area. As traffic keeps accumulat-
ing on the freeway, it reaches the condition where high traffic volumes cannot be main-
tained because of the lowering of speed. The study area of the John C. Lodge Research
Project is in an area adjacent to the central business district, thereby permitting eval-
uation of the practical application of this reasoning.

Closing freeway ramps to entering traffic created a problem of public reaction which
had to be handled carefully to avoid discontinuance of experiments because of lack of
public support. If was necessary to carefully select and sign alternate routes by which
motorists could travel in a path parallel to the freeway either to their destinations or
to a point on the freeway farther downstream where reduction in traffic volumes, due
to discharge at exit ramps, permitted the addition of more traffic without creating
traffic stoppages. Trail blazer-type signs were used to mark the alternate routes for
the motorists not permitted to enter the entrance ramps. These signs advised motor-
ists how to proceed along the alternate route and reach the next entrance to the freeway.

This left the problem of those cases where the second entrance ramp also was closed.
A motorist may tolerate finding his first choice of an entrance ramp closed and may
follow an alternate route; but, if he is guided into a second closed entrance ramp, he
may become quite impatient. If this were repeated often enough, it could create a
serious public relations problem. To prevent this difficulty, the trail blazer sign,
located at the point where a motorist could be guided to a closed entrance ramp, was
designed so the arrows on the sign could be changed manually to direct the motorist
farther along the bypass route and eventually to an open entrance ramp.

DESIGN OF STUDY

The initial ramp closure study was conducted during the week of March 4, 1963.
There are nine entrance ramps in the study area, as shown in Figure 2. Various com-
binations of ramps and periods of time at which they would be closed were selected to
determine not only the effect of number of vehicles entering the freeway from entrance
ramps but also the effects of individual ramps.

The selection of the ramps and combination of ramps to be closed was based on
several considerations. Each entrance ramp was scheduled for at least one closure
period to gain the most complete experience possible on the effects of various types of
entrance ramps on freeway traffic behavior. Peak traffic periods were chosen because
these were the periods when ramp traffic would have its most marked effects. Pre-
vious studies had indicated locations where trouble was likely to develop during peak
travel periods. Ramps at or near these locations were selected for special attention.
By noting the effects of the closure of individual ramps, combinations of ramp closures
were selected during the course of the experiment.

It was important to the results of the experiment to show the changing traffic char-
acteristics created by ramp closure; therefore, three weeks in advance of the ramp
closing experiment, various traffic measurements were taken both on the freeway
proper and on surrounding streets that would be used by bypass traffic. Forty-eight
locations were studied so that a pattern of traffic movements could be obtained. During
these 3 wk, freeway lane stoppages caused by traffic volume congestion were recorded
for the peak traffic directions from 7:00 to 9:00 AM and from 3:00 to 6:00 PM. Stop-
pages due to a stalled vehicle or other incident were recorded separately so they could
be properly interpreted in the analysis of the experiment. The data gathered in advance
of the experiment were used also to determine the proper placement of directional signs
throughout the area in which motorists would be guided along alternate routes to the
freeway whenever entrance ramps were closed.

Approximately two-thirds of the length of the freeway in the study area is paralleled
by service drives which offer very convenient alternate paths to the next available en-
trance point to the freeway. In the areas without service drives, motorists were direct-
ed to the most accessible arterial street which would carry them to the open entrance
ramps. Figure 2 shows these routes. Dispersal of ramp traffic after departing from
a closed entrance ramp was carefully noted to determine their new travel paths and
the ability of the surface streets to handle the additional travel load.



AVM33Y¥4 aHO4 8 73803

FAT AV AV AV A AT VA
AFINVLS

o

TRUMBULL

N
|

laaxnvmml [ 'I
v AT OnNves "
<= -
H FEFSRRIT] I L ] | I ‘
- T GEVM3S =
2 z
arana

[ET)

=S
¥ N
—7)
<
=

1 334ONId

NN
VAW

+3NOLSAVO

12 TH
14TH

T.V. CAMERAS
VIEWING NORTH

LNMOWHIVID

wy
Te s
®

SECOND
THIRD

8
1

“aATe H 09VJIHD
s

11

ENTRANCE RAMPS

NORTHBOUND (1) THRU (3)
SOUTHBOUND (5) THRU ()

Tu3AvD
z=
I S
|
s L
B Fe CCELD [
t z
; &
@"/ — 8 t
TA3YILNON @ F ‘
t 3 l I
i K,
x —_— w
g 5 ONYTHOIH e
— <
= L] S
P—— Z
\ AN A Y AV AT AV AT FAVAVLN 1= ]
= FIVONITTD l:&
qQ-
> w2
a 09
z g
wow
i , w oo
% — L a
ICLEELE] l
a 8
w
as 2
o0 z
o2 =
FoT
Zx
§2 N33

Figure 2. John C. Lodge Freeway on-ramp study area plan showing alternate routes.




108

To improve obedience to the ""Dont Enter' ramp signals, police officers were sta-
tioned at the head of the entrance ramps. This permitted measurement of the full ef-
fect of positive closure at these various points and the full impact on diverted ramp
traffic to the surface street.

Vehicle stoppages on the freeway, along with the travel times of numerous vehicles,
were recorded by lane throughout the study area. This information was acquired by
stationing observers at television monitors in the TV control center of the Project.
Reference lines were placed on the TV monitors to identify the location of the vehicle
with respect to the pavement, for the purpose of obtaining travel times. Lane changes
were recorded, in several camera views in each direction, covering the areas most
critical in their relationship to the ramps being closed.

The first day of the study week was devoted to familiarizing the numerous new men
with the performance of various duties toward gathering data for the study. For this
reason, data for the first day are not included with the four other days of the study
week.

FREEWAY TRAFFIC FLOW ANALYSIS

During the study week, closing of ramps during peak traffic periods substantially
benefited freeway traffic movement. The comparison of freeway traffic volumes for
the peak travel periods of 7:00 to 9:00 AM and 3:00 to 6:00 PM is very important to the
results of the ramp closure evaluation study. Table 1 shows the comparison of 2-hr
southbound volumes and 3-hr northbound volumes on the John C. Lodge Freeway in the
3-wk period before ramp closure and the 1-wk period of ramp closure. Southbound
traffic was inbound to the central business area of Detroit in the morning and north-
bound traffic was outbound in the afternoon. These represented the peak travel direc-
tions and were used in the comparisons shown in Table 1. Instrumentation limitations
prevented comparisons of both fravel directions simultaneously but had no influence on
the validity of the results. Any unusual incidents occurring in the direction of lighter
travel, which could have influenced traffic behavior in the peak travel direction, would
have been noted by television surveillance.

An examination of the volumes shows that freeway volumes were, in all instances,
higher during the ramp closure week than during the nonclosure periods. These figures
are distorted to the disadvantage of ramp closure since, in certain of the closures,
some traffic normally using the freeway was bypassing the traffic sensors. A moreperfect
experiment would have been obtained if the freeway sensors could be placed at the be-
ginning and end of the ramp closure area. Again, equipment limitations did not permit
this but it will definitely be considered in future experiments. Southbound traffic vol-
umes increased from 4. 8 to 13. 7 percent, whereas northbound traffic volumes increased
from 3. 5 to 5 percent.

Since stoppages on a freeway are definite indications of poor operating conditions,
Table 2 was designed to compare stoppages on the freeway, with and without ramp
control, For the southbound direction, there was a 22 to 54 percent reduction in stop-
pages between 7:00 and 9:00 AM. Considering the ramp closure periods only, the re-
duction in stoppages were even more marked: 26 to 65 percent. The northbound direc-
tion has a reduction in lane stoppages ranging from 51. 5 to 92. 5 percent in a compari-
son of 3-hr periods from 3:00 to 6:00 PM. Comparing ramp closing periods only, the

reduction in stoppages, with ramp closure,
is 65 to 92. 5 percent.

TABLE 1 The stoppages on the freeway were tabu-
FREEWAY VOLUME COMPARISONS lated for the entire length of the freeway in
2-H Southbound Volumes T Nortnbaund Volumes the study area. Under these circumstances,
Dy = — _ not only the number of stoppa}ges but also
e o Sk week % the extent of the stoppage is important.
Avit. 3-5-61 Avig. 3-6-63

One stoppage extending a short distance
can be far less critical than one extending
a long distance. In Table 3, the average
5 length of travel of stoppage waves in the

Tues. 10,998 11, 521 4.8 16, 490 17, 320
Wed, 10, 807 11, 456 6 15,378 15,954
Thurs. 9,998 11, 365 13.7 16,248 17, 067
Fri. 10, 845 11,542 6.5 16,575 17,155

Loe o
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TABLE 2
FREEWAY LANE STOPPAGE COMPARISONS?

Southbound Northbound
Lane Stoppages % Lane Stoppages %
7:00-9:00 AM Difference 3:00-6:00 PM Difference
Day —ma —m—m—m—m————
Previous Study 2-Hr Cligé?xge Previous Study 3-Hr C?g;ﬁge
3-Week Week Study iod 3-Week Week  Study Perisd
Av 3-5-63  Period ToX995  Taye” 3563 Period  oriods
& Only Only
Tues. 43. 5 34 Down Down 67 33 Down Down
22 36 51 65
Wed. 67 31 Down Down 114 26 Down Down
54 65 77 82
Thurs. 58 28 Down Down 90 9 Down Down
52 54 90 90
Fri, 40. 5 30 Down Down 94 /j Down Down
26 26 92,5 92.5
Agtoppages due to congestion only.
period before ramp closure is compared
with that in the period after ramp clo- iy
r N LENGTH OF TRAVEL OF STOPPAGE WAVES COMPARISON
sure. These reductions were very sig- S
ifi i Average Length of
m.flcant, ranging from ?8 to 86 percent — i %
with most of the reductions nearer the Reduction
& 5 Before Period Study Week
higher percentage figure. i
An interpretation of Tables 2 and 3 in- ) Soathbound
dicates that ramp control not only reduced Tues.  7:00-8:00 AM 5,980 1,500 "
Wed. 7:00-9:00 AM 580 350 40
the number of stoppages but alsg reduced e 5,00 e s
the area of the freeway over which they Fri.  7:00-9:00 AM 4,600 2,880 31
had influence. This has a twofold bene- (5) Northbound
fit producu}g_a traffic stream of much S o ey 5900 =
greater fluidity. Ramp closuxe - w0 N
i B riod: 5,13 6
An analysis of travel-time data gather- Wed.  300.6:00 PM 5,130 3,190 38
3 3 Ramp closure
ed on the frgeway gives sn_lbstance to Fhls ol o 4,466 1,498 -
last conclusion. Travel time of traffic Thurs. 3:00-6:00 PM 4,790 1,140 76
= Ramp closure
moving through the study area was taken neriods only 3,190 570 82
3 3 iqi 3 Fri, 3:00-6:00 PM 2,280 80O 65
by observers viewing the tele\f1s1on moni- o s B
tors. The results are shown in Table 4. periods only 2,280 800 65

This table shows average travel speed

through the study area by time of day and

identifies the period during which desig-

nated ramps were closed. Although closure of all ramps did not produce positive bene-
fits, the results showed higher average speeds during most ramp-closing periods. To
properly interpret Table 4, it is necessary to take a period during which a ramp is
closed and compare to the time period best matching it.

During the critical period from 7:30 to 8:45 AM, the average travel speed without
ramp control was 27 mph; yet in this same period, average travel speeds upward to
42 mph could be obtained. Although direct comparisons of this type are open to ques-
tion, there can be no doubt that the average travel speed is significantly higher under
most choices of ramp closures.

The afternoon period for northbound traffic produces similar results. Here it was
possible to obtain even greater improvements in average travel speeds with ramp con-
trol. Table 5 gives lane changing data for the northbound direction with (a) all ramps
open, (b) West Grand Boulevard ramp closed, and (c) Seward Avenue ramp closed.
The data show a definite relationship between entering ramp traffic and lane changing.
In making the study of the effects of lane changing by ramp control, all camera fields
were not covered due to limitations of personnel and the location of some cameras in
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TABLE 4
SPEED COMPARISONS

Ramps Closed All Ramps Open
: Avg. Travel Avg. Travel
Time Time Speeds Speed Range Avg. Time Speeds
and Ramp 1 1g2 {mph) Weekday (1 1&2)
Day (lanes 1 & 2) mph Periods anes
(mph) (mph)
(a) Southbound (AM)
7:30-8:00 T  Glendale & Webb 35.4 32.3-42.17 7:00-7:15 39.1
8:15-8:30 T  Glendale 42.0 36.1-45.6 7:15-7:30 33.4
7:30-8:30 W Glendale & Webb 37.0 31,3-43.1 7:30-7:45 24.4
7:35-7:50 Th Davison 28.4 27,5-28.9 7:45-8:00 27.6
8:00-8:30 Th Glendale & Webb 39.6 30.5-48.2 8:00-8:15 26,6
8:30-8:45 Th  Davison 40.7 39,5-42.7 8:15-8:30 28.3
7:15-7:50 F Glendale 33.8 28,1-43.7 8:30-8:45 28.0
7:50-8:20 F Glendale & Webb 37.2 34.3-39.5 8:45-9:00 22,9
8:20-8:40 F Glendale 40,3 38.0-43.7 9:00-9:15 34.3
9:15-9:30 40.1
Avg. 37,2 Avg.® 25,5
(b) Northbound (PM)
3:45-4:15 T W. Grand Blvd. 33,3 29,0-41.0 3:00-3:15 44.2
4:30-5:00 T Seward & Chicago 41.0 34.0-46,1 3:15-3:30 49.2
6:15-5:30 T Seward & W. Grand Blvd. 37.5 34.0-41.0 3:30-3:45 36.0
5:30-5:40 T W. Grand Blvd. 38.9 37.0-41.0 3:45-4:00 27.0
3:30-3:45 W W. Grand Blvd. 41.2 40.0-42.3 4:00-4:15 28.0
4:00-4:15 W Chicago & Seward 30.6 28.5-33.9 4:15-4:30 30.7
4:15-5:00 W Webb, Chicago, & Seward 28.2 26.0-31.7 4:30-4:45 29.0
5:00-5:35 W Chicago & Seward 36.6 31,7-50.5 4:45-5:00 22.%
3:45-4:00 Th Chicago & Seward 45,0 38.7-49.7 5:00-5:15 20.5
4:00-5:34 Th W, Grand Blvd. 44.7 37.0-52.2 5:15-5:30 21,4
3:;30-3:56 F  W. Grand Blvd, 38.0 33.7-47.5 5:30-5:45 24.9
3:56-5:11 F Chicago & W. Grand Blvd, 43.5 37,0-50.8 5:45-6:00 28.68
5:11-5:35 F W. Grand Blvd. 42.0 36.6-46.8 6:00-6:15 37.2
6:15-6:30 43,4
Avg. 38.5 Avg.2 25,5

AValues in brackets,

TABLE 5

LANE CHANGE RATE COMPARISONS
(Seward and West Grand Blvd. Ramps Closed vs All Ramps Open?)

Camera Fields

Condition

(Northbound Direction Only) Total

W:bb Calxerl szago Total

Gladstone Euclid Seward Pallisler
8 9 10 11

All ramps open, lane

changes per min 0.4 0,4 0.15 0.95 0.7 1.6 3 2.9 6.9
W, Grand Blvd. closed

(camera field 12)

lane changes per min 0.6 0.8 0.1 L5 1.2 2.8 1.2 1.3 6.5
Seward Ave. ramp closed

(camera field 10)

lane changes per min 0.6 1.0 0.4 2.0 0.4 12 1.2 3.1 5.9

20ne week average, 3:00-6:00 PM.

areas of the freeway least likely to be influenced by ramp control. The lane changes
per minute, observed in the Webb (No. 1), Calvert (No. 2), and Chicago (No. 3) camera
fields, show that fewer lane changes occur in the north area than in the south portion
covered by the Gladstone (No. 8), Euclid (No. 9), Seward (No. 10), and Pallister (No.
11) camera fields. A logical explanation is that, in the north area, only the low-vol-
ume Chicago ramp feeds traffic to the freeway, whereas in the south portion are the
very-high-volume West Grand Boulevard entrance ramp and the above-average-vol-
ume Seward entrance ramp. The results show significant changes in lane changing
under the influence of ramp control. Interpretation of results will require more work
in the future due to two factors which apparently work against each other,

Ramp control produced more fluidity of traffic movement in the freeway permitting
more lane changes than would be possible under conditions of congestion. Contrary
to this is the reduction of entering traffic in certain areas due to ramp control. This
should reduce the number of lane changes that might otherwise occur. The phenomena
of lane changing will require much more detailed study in the future because findings
in this study show definite merit to such investigation.
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TABLE 6

DIRECTION OF LANE CHANGING COMPARISON
(Northbound Direction Only, PM)

Lane Changes and Left Movements

No Ramps Closed

Seward Closed. W. Grand Blvd. W. Grand Blvd.

Camera = -
: Wed Closed, Thurs, Closed, Fri.
Fields ! - 2 Tues. Wed, Thars,
(4:00-5149) (4:00-5145) (3:80-0:00) (4:15-4:30) (3:45. 4:00) (3:10-3:45) |
Total Lelt % Tolal Left ¥ Tolal Lol % ‘yemi—ron 4 'Tomml LeH. 2  Totl Lew @
8 42 28 67 70 63 90 187 160 86 — = — 7 6 85 30 22 13
9 133 84 63 164 140 85 573 531 93 55 46 84 22 18 82 20 13 65
10 116 81 170 67 35 52 215 109 51 8 5 63 9 4 44 16 14 88
11 320 218 68 155 52 34 159 70 44 56 38 68 70 52 74 90 63 170
Table 6 gives a comparison of the di-
TABLE 7

rection of lane changing, showing how RN A
lane changes to the left were affected by =

Congestion Periods

the various ramp closures. The results = -

. s g . Period Avg.
Show SIgnlflcant variance from. one Tuesday Wednesday Thursday Friday Fj{\ding
period of study to another; again, proper ) Times
analysis is difficult because of the in- (a) Southbound—AM Peak
fluence of variables beyond the control of Previous [7:12-8:27  7:28-8:58  7:16-8:53  7:15-8:54

) e 89.8 ¢ -9 8" 1128 —— 8:46
the experiment. The number of lane Sevind | oG5 108645  7:75-8:23
Changes in the camera fields Studied was Sludy week 7:14-8:36 7:08-8:19 T7:15-8:46 T:14-8:22 B:30
generally higher with ramp closure. The () Northbound—PM Peak
percentage of lane changes to the left, as Prviems (S4i-5id5  BS-600  MM-EST sat-eve)
=W :47-6: -5:5 :28-5; _ s

compared to the total number of changes, potlod (547550 3:44.620  £15-6:03  3:49-5:49
showed Wlde Variations but no deﬁ.nite Study week  3:41-5:00 3:49-5:33 3:42-5:00 3:36-5:51 5:20
association with ramp closure. A future "Periods with stoppages.

study should include the volumes of both

entrance and exit ramps, along with free-

way volumes in each study area, to obtain lane change rates. These would have to be
compared to traffic stream velocities during the period of study.

In Table 7 a comparison of congestion periods, with and without ramp control, was
made. These periods were declared to be ended when stoppages, due to traffic con-
gestion, were no longer present in the traffic stream. Under these circumstances,
the freeway had sufficient capacity to handle the traffic demand. In the northbound
direction, congestion periods with ramp control averaged 37 min less time; in the
southbound direction the average was 16 min less. This was logical inasmuch as none
of the southbound entrance ramps have the amount of traffic using the northbound
Seward and West Grand Boulevard ramps. Also, because the distance to be traveled
south by the freeway to the central business area is so short, drivers have already
learned to avoid congestion by use of alternate routes.

Shortening of the congestion periods by ramp control appears to be consistent with
facts because it is reasonable to assume that a fairly constant number of trips are
generated from an area in a fixed period of time. If this traffic cannot be handled in
accordance with demand, movement over the surface street and freeway system is re-
tarded. This slow-speed storage of vehicles results in congestion that endures until
the capacity of the streets again catches up with the demand. The experiment indicates
that freeway capacity can be increased, thus handling more quickly a fixed supply of
vehicles either entering or leaving the central business area of Detroit.

Table 8 shows the effectiveness of ramp signals at the various entrance ramps after
a 2-mo period in which no enforcement was applied. The results appear to confirm
previous studies in this area and conclusively point out the need for either continuous
enforcement or a positive barrier.
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TABLE 8

RAMP SIGN VIOLATIONS
(Two Months After Study Week)

Violation Violation
Southbound % of Northbound % of
Ramp Closures Normal Ramp Closures Normal
Volume Volume
Glendale 42 Chicago 28
Glendale 36 Chicago 44
Glendale 23 W. Grand Blvd, 24
Webb 37 W. Grand Blvd. 32
Chicago 30 Seward 54
Clairmount 11 Chicago 21
Clairmount 23
@
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Figure 3. Alternate routes used when north-
bound West Grand Blvd. ramp 1is closed.
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Figure 4. Alternate routes used when north-
bound Seward Ave. ramp is closed.

SURFACE STREET ANALYSIS

Figures 3 to 8 show the normal traffic
volumes at various entrance ramps and
their distribution to other ramps or sur-
face streets as determined by machine
counts at the various locations.

Figure 3 shows that 64 percent of di-
verted northbound West Grand Boulevard
ramp traffic enters at Seward. The other
distributions indicate that nearly 30 per-
cent of the rest of the volume proceeded
eastward to 2nd Avenue, or east on Davi-
son. In any case, this group apparently
travels no further on the John C. Lodge
Freeway than to the Davison ramps.
Seward's dispersion pattern indicates a
rather high percent of short-trip travelers,
inasmuch as all diverted ramp traffic was
dispersed before it reached Chicago Boule-
vard. Conversely, traffic diverted from
the Chicago ramp appears to be freeway
oriented, inasmuch as 67 percent entered
the freeway at the Webb ramp (Fig. 4).

In the southbound direction with Glen-
dale closed, Figure 5 shows 37 percent of
the normal Glendale ramp traffic enters
at the Webb ramp, with most of the balance
using surface streets. Sixty-nine percent
of the Webb Avenue ramp traffic proceeds
to Chicago ramp and most of the balance
enters at Clairmount as shown in Figure
6. Figure 7 shows the combined distri-
butions of Glendale and Webb ramp clo-
sures, most of which proceeds to Chicago
and Clairmount entrances.

Some of the short-period ramp-closure
volumes could not be traced reliably, as
at Milwaukee and Clairmount; hence, they
are not included in the sketches.

The approximate percentages of divert-
ed entrance ramp traffic of the volumes
moving on the freeway ranged from 9 to 17
percent for the 3-hr outbound periods.
This traffic merely had to proceed to the
next available entrance ramp to confinue
in the desired direction or proceed to a
surface street if they were short-trip
drivers. In the morning 2-hr period, the
various closures diverted from 5 to 8. 8
percent of the inbound volume on the free-
way. By shifting the entrance point for
relatively few vehicles, it was possible to
improve the movement throughout the
whole area, and these diversions, for the
most part, did not stagnate surface street
movements. Usually the surface street
volumes would move steadily through the
area between signal changes.
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Alternate route used when Chicago Blvd. northbound ramp is closed.
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SUMMARY

This review of the week's study definitely shows that a great gain in freedom of traf-
fic flow is possible by the use of the ramp closure system, provided it is used wisely
and prudently as conditions warrant and driver adherence to the sign indications re-
mains at a high level. The ramp-closing experiment indicates that freeway traffic
volumes are increased during the peak periods from 7:00 to 9:00 AM and 3:00 to 6:00
PM. This increase is accomplished even though some of the diverted ramp traffic is
bypassing the freeway traffic sensors during some of the ramp-closing incidents. The
passage of greater traffic volumes is reflected by a definite shortening of the periods
when congestion occurs. This tends to prove the theory that much of the congestion
on freeways and surface streets can be minimized by a traffic control system designed
to keep traffic moving at greater speed through or around areas of capacity "bottle-
necks. "

Increases in peak-period traffic volumes are a result of producing higher average
speeds on the freeway during ramp closing, along with a marked reduction in the
number and extent of lane stoppages. A close examination of several ramp-closing
incidents proves that, even after the freeway reaches a condition of very low speeds
accompanied by stoppages, traffic capacity can be regained by closing ramps. Under
normal conditions, without ramp control, low capacity caused by low vehicle speeds
will persist until there is a definite lessening of peak-period traffic. The freeway is
normally subjected to a series of shock waves traveling long distances upstream. With
ramp control, the number of shock waves is greatly curtailed and could be dissolved
without affecting large areas of the freeway.

Observations of traffic on the surface street system surrounding the freeway reveal
many instances where improvements in traffic control would increase capacity. These
changes could accommodate bypass traffic from the freeway in a reasonable manner.
Although this statement must be confined to the situation found in Detroit, it would
probably be true in many other areas. With greater experience in ramp control, if
bypass capacity was found needed but unobtainable in a certain area, more capacity
could be obtained by construction which, in turn, is implemented by a control system.
This would be far more efficient than present methods in which surface street control
is not integrated with freeway traffic.

To acquire more information for use in future studies on the utilization of the John
C. Lodge Freeway by traffic entering at the West Grand Boulevard on-ramp, a license
plate study was conducted. A record was kept of the departures of this traffic from

Figure 9. B8ervice drive.
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the off-ramps lying beyond the West Grand Boulevard entrance ramp and as far as the
interchange with the Davison Freeway. This represents a distance of approximately
2% mi. From a total of 3,043 vehicles recorded entering at West Grand Boulevard,
54 left at Clairmount, 198 at Hamilton, 51 at Glendale, and 282 at the Davison Inter-
change. From these figures, it can be seen that 21 percent of the traffic entering at
West Grand Boulevard left the freeway within a distance of 2% mi.

Figure 9 shows service drive being utilized by traffic prevented from entering the
freeway by a closed entrance ramp. The statistical evidence showing the high per-
centage of short-trip lengths utilizing the freeway seems to account for another inter-
esting observation. During "after" periods, without ramp control, large numbers of
vehicles were observed using the service drives to travel along the freeway. Apparent-
ly the experience they obtained during ramp closures showed the value of using surface
routes during rush hours.

More specific information gathered during the ramp-closing study shows that, be-
cause the major traffic restrictions for southbound traffic in the study area occurred
in the first three camera fields with the major restriction located at the Davison en-
trance ramp, ramp closures of the Davison, Glendale, and Webb ramps provides the
greatest betterment to freeway traffic operation. Traffic, diverted from the freeway
by the closure of these ramps, had little difficulty entering the freeway further south
at the Chicago and Clairmount ramps, due to the addition of another lane to the John
C. Lodge in this area beginning at Chicago Boulevard. Closing of the Clairmount and
Milwaukee entrance ramps showed little or no improvement in freeway traffic behavior.
Whereas this might seem inconsequential to the experiment, actually it is quite im-
portant. It gives evidence to support the view that all ramps do not produce equal dis-
ruptions to freeway traffic; therefore, by a careful selection of ramps to remain open,
widespread areas of a city need not be deprived of an entrance to the freeway. Sooner
or later, traffic leaving a freeway permits the addition of more traffic downstream to
the exit point.

Northbound or outbound traffic from the central business district regularly has
stoppages in the area between the Edsel Ford Freeway (Camera 14) and Calvert (Cam-
era 4). One hundred or more stoppages due to congestion normally occur daily between
3:30 and 6:00 PM. This condition is caused by a left- and right-hand entrance ramp
from the Edsel Ford Freeway joining northbound John C. Lodge Freeway traffic. North
of the Hamilton exit ramp, the John C. Lodge Freeway is reduced from four to three
lanes without enough departing traffic to justify the lane reduction. Even with these
obvious deficiencies in freeway capacity, ramp control was able to show definite im-
provements in freeway coperation without any great sacrifice on the part of the motorists
affected by ramp control.

A series of trace recordings, made by an X-Y pen recorder, show many interesting
relationships between speed and volume, with and without ramp control. Although this
method of recording does not lend itself to the acquisition of composite data, it shows
a predominant number of individual examples giving evidence to support the fact that
ramp control does improve speed and capacity of the freeway. Whereas the scope of
this study and the limitation of present instrumentation do not permit conclusive evi-
dence on the effects of ramp control, the results are most encouraging and show defi-
nite benefits to be derived from future studies. Experiences gained from the initial
study will prove very beneficial in planning future work.

CONCLUSION

The results of the 1-wk experiment are being documented and publicity will be given
to the Detroit public for the purpose of acquainting them with the advantages created by
ramp closure. This will offset the complaints from some neighborhood groups who
were of the opinion that ramps were being closed for the purpose of taking care of
people living in the suburbs to the detriment of the people living in the city. In one re-
spect, this may be true since long-trip lengths are given preference. The public must
be informed, in an intelligent manner, why ramp control is needed to preserve good
freeway operation. This will be a benefit to the majority of motorists by a small
sacrifice on the part of a few. They must appreciate that the bypass routes offer a
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reasonable substitute to an otherwise congested freeway without benefit of ramp con-
trol. This situation is no different from the removal of left turns from a street during
rush hours to improve the capacity of through movements. If the people of the city,
who make the short-trip lengths on the freeway, are allowed to gain entrance and add
their traffic volumes to the saturated freeway traffic, the total travel time may actually
be longer for them as well as the people on the freeway. Once this point can be con-
veyed to the public, continuation of ramp closure experiments can probably be perform-
ed without difficulty.

On the whole, the public acceptance of ramp closure has been good. The majority
of people like the results. The people driving the freeway during the week of the ex-
periment were quite lavish in their praise. However, the minority who were closed
off of the ramp which led from their local area did voice objections; and these are the
people who must be convinced that the path, which is provided as an alternate, would
be the equal to the one which they formerly traveled—if not even a little better.

To improve this travel path, alternate routes will be established in areas further
from the freeway so areas of maximum congestion may be avoided. Animated signs
may be used to give the driver information on the freeway conditions well in advance
of the freeway area so he may choose an alternate route where more choices of routes
are available. On the marked or signed alternate routes, changing arrow signals may
be provided underneath the trail-blazer signs leading to ramps so the motorist will
not be led to a ramp if it is closed. @ The arrow will always point the motorist along
the alternate route to the ramp open to freeway traffic. This could be done quite
simply with the present control system.

In future experiments on ramp closure, it is hoped that the surveillance system will
be improved to better document actual traffic conditions. The problem of getting more
positive obedience to the ramp signals can be alleviated by the provision of barrier
gates along with the signals. This would free the police officers for duty elsewhere.
Although it may not be possible to provide a gate at all entrance ramps, due to the
limitation of present Project funds, certain entrance ramps may be selected in which
the greatest benefits are obtained by ramp closure and gates may be provided. By
closing these ramps in future experiments, more conclusive data may be obtained
which will prove or disprove the benefits of ramp control.
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