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Foreword

The Southwest Region University Transportation Center (SWUTC) through the Advanced
Institute Program, the Texas Transportation Institute (TTT) and the Civil Engineering Department
at Texas A&M University recently established the Undergraduate Transportation Engineering
Fellows Program. The program design allows undergraduate students in Civil Engineering to
learn more about transportation engineering through participation in a transportation research
program under the supervision of a faculty member or TTI researcher. The intent of the program
is to introduce transportation engineering to students that have demonstrated outstanding
academic performance, thus, developing a critical resource: capable and qualified future
transportation professionals.

This past summer, nine students and faculty/staff mentors participated in the program:

STUDENTS MENTORS

Richard Bartoskewitz Dr. Neilon J. Rowan

Texas A&M University Professor of Civil Engineering

P. Scott Beasley Dr. Thomas Urbanik I

Virginia Polytechnic Institute and State University TTI Research Engineer

S. Ross Blanchard Dr. Carroll 1. Messer

University of Delaware Professor of Civil Engineering
Kenneth L. Fink Dr. Raymond A. Krammes
Pennsylvania State University Asst. Professor of Civil Engineering
Robert A, Hamm Dr. Donald L. Woods

Texas A&M University Professor of Civil Engineering
Janis L. Piper Mr. David F. Pearson

University of Maine TTI Associate Research Engineer
Isabel S. Siu Mr. H. Gene Hawkins, Jr.

Texas A&M University TTI Assistant Research Engineer
Shawn M. Turner Dr. Timothy J. Lomax
Pennsylvania State University TTI Associate Research Engineer
Voranique V. Wagner Dr. Kay Fitzpatrick

Texas A&M University TTI Assistant Research Engineer

A special thanks is extended to the sponsors of this program--the U.S. Department of
Transportation through the Advanced Institute Program of the Southwest Region University
Transportation Center, the Texas Transportation Institute, and the Civil Engineering Department
at Texas A&M University. Without their support and the contributions of the entire transportation
engineering faculty and staif at Texas A&M University, this program could not have succeeded.

Daniel B, Fambro, Ph.D., P.E.
Assistant Professor of Civil Engineering,
Undergraduate Fellows Program Coordinator




Development of an Engineering Database for
Railroad-Highway Grade Crossings

RICHARD BARTOSKEWITZ

In an effort to improve the planning of interim safety
improvementsatrailroad-highway grade crossings, research
was conducted to develop an improved database of grade
crossing inventory data. A comprehensive form for collect-
ing this data was developed, incorporating aspects of the
U.S. DOT/AAR National Inventory and the grade crossing
database maintained by the Texas Department of Transpor-
tation. Prioritization of safety improvements was also
investigated. Currently, a hazard index formula which
considers highway volume, train volume, train speed, ¢ross-
ing protection, and accident history is used to select grade
crossings forimprovement. The effects of considering sight
distance in this process were studied. This was accom-
plished by modifying the existing hazard index formula
with a sight distance rating placed in the denominator. The
sight distance rating was a ratio which attempted to quantify
the restrictions to sight distance at the grade crossing. Four
methods of calculating this ratio were investigated, but no
single method could be identified as superior or preferable
to the others. It was concluded that the inclusion of a sight
distance rating in the hazard index formula appears to be an
improvement. However, further research should be con-
ducted into the development and application of this sight
distance rating.

INTRODUCTION

In an effort to improve safety on the ration’s high-
ways, each state is required by the Federal Highway Admin-
istration (FHWA) to develop and implement a highway
safety improvement program. The goals of a highway
safety improvement program include reductions in the
number of accidents and their severity and the elimination
of potentially hazardous conditions which exist on or adja-
cent to the highway. Railroad-highway grade crossing
safety improvements are considered to be a part of the state
highway safety program.

The basic structure of safety improvement programs
is outlined in the "Federal-Aid Highway Program Manual"
and consists of procedures for planning, implementing, and
evaluating safety improvements, The planning stage, which
is the focus of the research described herein, is divided into
four components:

1. data collection;

2. data analysis to identify candidate locations for
safety improvements;

3. engincering studies to define safety problems en-
countered at specific locations; and

4. prioritization to establish the order in which safety
improvements are to be implemented.

The states have developed various strategies for meeting
each of these planning requirements (1).

Accident data and inventory data are the two types of
information required in order to plan grade crossing safety
improvements. Accidentdatamay beconsidered interms of
train involved and non-train involved accidents. Any colli-
sion which occurs between railroad equipment and a high-
way vehicle or user at a grade crossing must be reported to
the Federal Railroad Administration (FRA), regardless of
the number of fatalities or injuries or the extent of property
damage. A record of non-train involved accidents which
occur at or in the immediate vicinity of grade crossings is
useful in identifying other safety or operational problems
which may be related to the presence or geometric design of
the crossing. Accident data is typically maintained by
several agencies, including the FRA, the National Highway
Traffic Safety Administration, the state highway depart-
ment, and state and local law enforcement agencies (1).

Inventory data is any information which relates to the
location, function, design, and operational characteristics of
a grade crossing. Inventory data for each crossing in the
United States is maintained in the U.S. Department of
Transportation/Association of American Railroads National
Rail-Highway Grade Crossing Inventory. A cooperative
effortin the 1970’s between the FHWA, FRA, Association
of American Railroads, state governments, and railroads
resulted in the creation of the National Inventory. The end
product was a uniform data pool for all the nation’s grade
crossings. The information for this database is provided by
the state or local agency responsible for grade crossings and
the railroads. The databaseitselfis administered by the FRA
(1. A typical grade crossing record from the National
Inventory is shown in Figure 1. The accuracy and effective-
ness of the National Inventory are limited by how its datais
updated as conditions at a crossing change. Several proce-
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RICHARD BARTOSKEWITZ

dures exist by which a government agency or railroad can
initiate an update of the National Inventory records for one
or more locations.

In addition to the National Inventory, many state
highway agencies maintain their own railroad crossing
databases for use inplanning grade crossing improvements,
The Texas Department of Transportation grade crossing
database is used to evaluate the state’s crossings each year
and determine how the amount of funding specified for
upgrading crossings should be spent. The following infor-
mation is included in the Texas grade crossing database:

* DOT crossing ID number

*  county

+ street name/highway number
» Federal Aid System number
= operating railroad

* number of main/other tracks
* pumber of thru trains

« number of switching trains
» speed of thm trains

+ speed of switching trains

» existing crossing protection
= train involved accidents

» railroad milepost

+ daily traffic volume

* priority index value

* crossing status

Various hazard indices and accident prediction mod-
els have been developed to aid in the identification of
crossings which should be considered for safety or opera-
tional improvements. Four of the more widely-used formu-
las are the Peabody-Dimmick Formula, New Hampshire
Index, NCHRP 50 Formula, and the U.S. DOT Accident
Prediction Model. The State of Texas hasdevelopedits own
hazard index formula, which is given by the following
equation:

Texas Hazard Index = V * T * § * P*AMS*K

where:

= traffic volume

train volume

train speed

= protection coefficient

= five-year accident history
= parameter

il

o

ARptwe-«

The protection coefficient, P, varies according to the type of
protection or waming devices at the crossing. For a grade
crossing with train-activated warning devices, the value of
P isless than 1.0. For a crossing with crossbucks, signs, or
no traffic control, the value of this factor is 1.0, as passive
crossings are considered to be the least desirable form of
grade crossing protection. The parameter XK is equal to

0.001 and reduces the value of the hazard index into a
manageable form, as some of the numbers occasionally
become quite large.

Current funding levels for grade crossing improve-
ments in Texas are sufficient to upgrade approximately 200
crossings per year through the installation of flashing red
signals with or without gate arms. These crossings are
selected on the basis of their hazard index, with those having
the largesthazard index receiving top priority. Itis desirable
that interim measures be taken to improve the safety of
crossings which are not within this “high priority” group.
However, at the present time, a standard procedure for
accomplishing this does not exist.

PROBLEM STATEMENT

The National Grade Crossing Inventory and the Texas
Highway Department Database are both useful sources of
information on the state’s public railroad grade crossings.
However, there exists some concern over whether or not the
information in these two databases is sufficient for planning
and implementing grade crossing safety improvements.
Much of the information in the National Inventory, such as
that relating to angle of intersection and the presence of
adjacent highway intersections, is very general in nature.
The Texas crossing database contains information on only
a few aspects of railroad grade crossing safety, design, and
operations, Neither database deals with the important issue
of sight distance on the approach to and at the crossing. A
more comprehensive database which combines elements of
the National Inventory and Texas grade crossing databases
with new features might be a more useful tool in evaluating
grade crossings, determining which crossings are in need of
improvements, and how they should be improved.

A second issue worthy of investigation is the problem
of sight distance on the approach to a grade crossing. Sight
distance is not currently a consideration in the prioritization
of grade crossing safety improvement projects. There are
many ways in which this may be done. One possibilityis to
include a sight distance variable in the existing hazard index
formula. The effect and potential benefits of such a modi-
fication should be studied.

OBJECTIVES

The study was conducted in an effort to fulfill two
objectives. The first objective was to develop procedures
for collecting data reievant to the safety, design, and opera-
tional efficiency of passive railroad grade crossings. This
data might then be used to develop an engineering database
to serve as a tool in planning grade crossing improvements.
The second chjective of the research was to investigate the
inclusion of a sight distance variable in the hazard index
calculation, and to determine what, if any, effect this would
have on the priority ranking.




4
STUDY PROCEDURE

In order to meet the requirements of the two previ-
ously stated objectives, the research was divided into four
tasks.

Task 1 Development of a grade crossing data collec-
tion form, which should combine aspects of
existing grade crossing databases with new
material. '

Task 2 Collection of data at railroad grade crossing
study sites in Brazos County, including sight
distance data.

Task 3 Development of amodification to the hazard
index formula based upon a sight distance
variable.

Task4 Comparison of grade crossing priority rank-
ings based upon the existing hazard index
formula and the modified hazard index for-
mula.

RAILROAD GRADE CROSSING
DATA COLLECTION FORM

To satisfy Task 1 of the study procedure, a railroad
grade crossing data collection form was developed. This
formisillustrated in Figure 2, Its design was based upon that
of the U.S. DOT/AAR. Crossing Inventory Form and incor-
porated much of the information from this database as well
as from the Texas crossing database. However, there are
several significant additions which should be noted:

1. Data on passenger train operations over the cross-
ing, including the number of daily passenger trains
and their maximum speed, is included under “Rail-
road Operating Characteristics.” Information on
passenger train operations is not found in either the
National Inventory or the Texas crossing database.
It is felt that this data is relevant due to the much
greater potential for injuries and fatalities among
passengers in grade crossing accidents involving
passenger trains.

2. The posted speed limit of the highway and the
comfortable speed on the approach to the crossing
are listed under the heading “Roadway/Highway
Characteristics.” Both of these are important con-
siderations in determining safe stopping distances
for highway vehicles, which in turn, are necessary
to the evaluation of sight distance at the crossing.
Data on highway speeds is not found in either the
National Inventory or the Texas crossing database.

3. The angle of intersection and highway approach
grades are included under “Grade Crossing Char-

UNDERGRADUATE FELLOWS PROGRAM

acteristics.” The National Inventory addresses the
smallest crossing angle; however, angles are sim-
ply placed into one of three categories based on
their size: 0° - 29%, 30° 59° or 60° - 90°. The
National Inventory does not require the exact angle
of intersection of the highway and railroad tracks.
It is felt that the exact angle is more descriptive of
the crossing and is more vseful than a simple
classification of the angle's size. Highway ap-
proach grades are not given by either the National
Inventory or the Texas database. This particular
information is reievant, in some cases, to the deter-
mination of safe stopping distances for highway
traffic,

4. ‘The section entitled “Adjacent Highway Intersec-
tions” provides specific data on the location, clas-
sification, design, and operation of any intersection
located within the immediate vicinity of the cross-
ing. Such intersections may tend to distract driver
attention away from the grade crossing, thercby
increasing the potential for a collision to occur
between an automobile and train.

5. A section entitled “Special Concerns”™ deals with
pedestrian sidewalks, bicycle lanes, and streetlight-
ing located at the grade crossing. The presence of
pedestrian and bicycle facititics may impact opera-
tions at the crossing and should be carefully consid-
ered in selecting appropriate warning devices or
other forms of traffic control,

6. The final section of the data collection form, “Sight
Distance Characteristics,” addresses the problem
of sight distance on the approaches to the crossing.
Sight distance data is not included in either the
National Inventory or the Texas crossing database.
However, the importance of sight distance to safety
at the crossing cannot be denied.

A computer database can be easily constructed based on the
structure of this new data coliection form. Some potential
applications of the database include:

1. Placement or upgrading of railroad crossbucks and
grade crossing advance warning signs;

2. lIdentification of crossings where advisory speed
signing is appropriate, and determining advisory
speeds for these locations;

3. Identification of locations for crossing sorface im-
provement programs, such as in the case of replac-
ing a sectional timber crossing with a rubber or
prefabricated concrete crossing; and

4. Elimination of sight distance obstructions on rail-
road or highway right-of-way.
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RICHARD BARTOSKEWITZ

SUMMARY OF DATA COLLECTION

To satisfy Task 2 of the study procedure, data was
collected at each public grade crossing in Brazos County
with passive wamning devices. A list of all public crossings
in Brazos County was obtained from the Texas Department
of Transportation to aid in identifying and locating these
passive crossings,

Sight distance data was collected at 18 public cross-
ings with passive warning devices in Brazos County. Gen-
erally, these crossings were selected at random. However,
inactive crossings and crossings located on railroad spur
tracks were excluded. An effort was made to obtain data at
both urban and rural sites and on low-volume and high-
volume roadways. )

the 15-foot hazard zone on the opposite side prior to the
arrival of the train at the crossing. The sight distance table
used for this study was developed with the requirement that
the vehicle come to acompiete stop short of the hazard zone
priorto the arrival of the train. Thus, vehicle length was not
a factor in the development of this table. The basic equa-
tions used in the derivation of this table are as follows:

D, =147*V, * (P&R)+BD +D +d, 43

and

D, = 1.47 %V, *| (P&R) + — 5D

0s*1477v,| @

where:

Sight distance requirements at ¢ach study site were D, = distance along highway from crossing
based upon a sight distance table developed as part of this = safe vehicle stopping distance
research, illustrated in Figure 3. The format of this table is D, = distance along railroad from crossing
based upon the grade crossing sight distance table presented VvV, = velocity of highway vekicle
inthe 1984 edition of " A Policy on the Geometric Design of (P&R) =  driver perception / reaction time
Highways and Streets,” published by the American Asso- = 2.5 sec
ciation of State Highway and Transportation Officials BD = vehicle braking distance
(AASHTQ). However, the assumptions and equations used = VV2/(B0*1)
to derive the distances shown in Figure 3 differ significantly f = coefficient of friction
from those used by AASHTO. The values in the AASHTO D = length of hazard zone
table are very conservative due to the use of a design vehicle = 15feet
length of 65 feet and the requirement that the vehicle is able d = distance from front of car to driver’s eye
to either stop short of a hazard zone beginning 15 feet from = 10 feet
the tracks, or that it is able to safely cross the tracks and clear V., = velocity of train

Train Vehicle Speed (MPH)
Speed 5 10 15 20 25 35 40 45 50 55 60
(MPH) - - -
Distance Along Railroad From Crossing (FT)

10 45 53 62 70 31 94 105 120 133 148 159 175

20 90 107 123 140 161 188 211 240 267 296 318 349

30 135 160 185 210 242 281 316 360 400 443 477 524

40 180 213 247 280 322 375 421 480 534 591 636 698

50 225 267 308 350 403 469 526 600 667 739 794 873

60 270 320 370 420 483 563 632 720 801 887 953 1048

70 315 373 432 450 564 657 737 840 934 1034 1112 1222

80 360 427 493 560 o644 750 842 960 1068 1182 1271 1397

20 405 480 555 630 - 725 844 948 1080 1208 1330 1430 1571

Distance Along Highway From Crossing (FT)
FRICT 45 70 99 132 171 221 273 338 408 486 563 659
04 04 04 04 038 035 034 032 631 03 03 0629

FIGURE 3. GRADE CROSSING SIGHT DISTANCE TABLE.
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Three lines of sight were investigated in each quadrant
at each study site, These are depicted inFigure 4. The first
was the required line of sight from a vehicle on the highway
to an approaching train and was based upon the maximum
operating speed on the railroad track and the posted speed
limit or comfortable approach speed of the highway, which-
ever was greatest. The second line of sight extended from
apoint on the highway located at the safe stopping distance
toapointon the railroad tracks located as far down the tracks
as the driver could see with an unobstructed view. The third
line of sight began at the location down the tracks for
specified train and vehicle speeds and extended 1o the point
on the highway at which the driverhad an unobstructed view
ofatrainatthat location. For crossings at which the required
sight distance was met or exceeded, an investigation of the
second and third lines of sight was not required. However,
if an obstruction existed, then these were studied in order to
establish the precise locatior of the obstruction.

Modification of Hazard Index Formula

A maodification of the hazard index formula was
developed in an attempt to incorporate a sight distance
variable into this calculation. This modification was essen-
tially the inclusion of a sight distance rating in the denomi-
nator of the hazard index formula, as demonstrated by the
general equation:

1.15
VET*S*¥P*A "~ *K

Modified Hazard Index =

UNDERGRADUATE FELLOWS PROGRAM

The rating was actually a ratio that varied according to the
availability of the required sight distance foreach of the four
quadrants atthe crossing. The ratio was calculated such that
its maximum valee was 1.0. For a crossing with severely
restricted sight distance, the ratio would be very small, 0.1
for instance. At a location with fairly good sight distance,
the ratiomight equal 0.8 0or 0.9, If the required sight distance
was available, the ratio would be equivalent to 1.0. By
placing the sight distance rating in the denominator of the
hazard index formula, it was expected that the hazard index
for locations with poor sight distance would be increased
significantly, whereas the index for locations with good or
excellent sight distance would change very little or none at
all.

The sight distance rating was calculated by four meth-
ods. For the first two of these methods, it was necessary to
determine the length of the driver’s line of sight from a point
on the highway defined by the safe stopping distance to the
furthest unobstructed point along the tracks. This was done
for each of the four quadrants at each study site. Method
One defined the sight distance rating as the ratio of the
available sight distance to the required sight distance for the
quadrant with the most restricted sight distance. Method
Two defined the sight distance rating as the average of the
ratios of available sight distance to required sight distance
for all four quadrants. The remaining twomethods involved
determination of the unobstructed area of each quadrant for
each study site. The unobstructed area was defined as the
four-sided areabounded by the roadway, the railroad tracks,
the available line of sight from the safe stopping distance to

sight distance rating the tracks, and the line of sight between the roadway and a
. } llllli_}i?llllj'»!!%
- - - RR TRACKS
m s
O ¥ -
2
B — / AVAILABLE SIGHT
a 4 DISTANCE TO TRAIN
@ yd
z y
& .r':!
5 /X
II.'E .-"f’ / :
I e REQUIRED SIGHT DISTANCE
A
AVAILABLE SIGHT DISTANCE
TO TRACKS
HIGHWAY

FIGURE 4. SIGHT DISTANCE TRIANGLES.
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train Jocated at the distance down the tracks defined by the
vehicle’s safe stopping distance and the maximum train
operating speed. The required unobstructed area was de-
fined as the area bounded by the roadway, railroad tracks,
and required line of sight from the roadway to the tracks.
The ratios were calculated by dividing the unobstructed area
by the required unobstructed area. It was reasoned that a
quadrant relatively free of obstructions would result in a
sight distance rating close to 1.0, and a quadrant with many
obstructions would have a very small rating due to the small
unobstructed area, Method Three defined the sight distance
rating as the ratio of the uncbstructed area to the required
uncbsiructed area for the quadrant with the most restricted
sight distance. Method Four considered the average of the
ratios for all four quadrants at each study site.

RESULTS

Amodified hazard index was calculated by each of the
methods previously described for each of the 18 study sites,
The study sites were then ranked according to theirmodified
hazard index values and compared to the ranking by Texas
hazard index value to determine whether or not a significant
change had occurred in the rankings. The results of these
rankings and comparisons are presented in Tables 1 - 4,

Examination of Tables 1 - 4 reveals that none of the
four methods produced a drastic change in the ranking of the
18 study sites. The position of many of the study sites within
the rankings did change, but rarely by more than one or two

places. There were afew exceptions to this, which indicates
that the basic concept of the sight distance rating may have
some merit. However, the modifications of the hazard index
calculation reported herein do not appear to produce signifi-
cant results,

CONCLUSIONS AND RECOMMENDATIONS

The use of a sight distance rating in the denominator
of the hazard index formula may be an effective means of
identifying crossings with sight distance problems and
placing them higher within the priority ranking. Further
research utilizing a greater number of crossings than was
considered by this study is required to state conclusively
whether or not this is the case. A modification of the sight
distance rating, possibly through the addition of an adjust-
ment factor, may be necessary. It is not clear which of the
four methods of calculating the sight distance rating is
preferable. Itisrecommended that the potential benefits of
using asight distance rating in the denominator of the hazard
index formula and the possible means of calculating this
rating continue to be investigated.

REFERENCES
1. “Railroad-Highway Grade Crossing Handbook,”

FHWA-TS-86-215, Federal Highway Administra-
tion, Washington, D.C., September 1986.
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TABLE 1. COMPARISON OF RANKINGS BY TEXAS HAZARD INDEX FORMULA AND METHOD 1.

Study Texas Hazard Rank Modified Hazard Rank
Site Index Index

L 1656 1 3551 1
N 1088 2 2490 2
J 442 3 1038 3
0 396 4 640 7
H 363 5 1001 4
M 306 6 890 5
Q 236 7 374 8
K 227 8 609 6
P 200 9 289 12
E 176 10 351 9
1 136 138 338 10
G 110 12 249 11
F 85 13 248 13
D 75 14 186 14
A 33 i5 83 15
R 25 i6 69 16
B 8 17 13 18
C 8 17 23 17

TABLE 2. COMPARISON OF RANKINGS BY TEXAS HAZARD INDEX FORMULA AND METHOD 2.

Study Texas Hazard Rank Modified Hazard Rank
Site Index Index

L 1656 1 2221 1
N 1088 2 1492 2
¥ 442 3 616 4
¢ 396 4 584 5
H 363 5 929 3
M 306 6 453 6
Q 236 7 343 8
K 227 8 330 9
P 200 9 281 10
E 176 10 351 7
1 136 11 193 11
G 110 12 157 13
F 85 13 193 11
D 75 14 102 14
A 33 15 82 15
R 25 16 43 16
B 8 17 9 18
C 8 17 10 17
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TABLE 3. COMPARISON OF RANKINGS BY TEXAS HAZARD INDEX FORMULA AND METHOD 3.

Study Texas Hazard Rank Modified Hazard Rank
Site Index Index

L 1656 1 9018 1
N 1088 2 6139 2
J 442 3 1366 6
O 396 4 2673 3
H 363 5 2468 4
M 306 6 1064 8
Q 236 7 2463 5
K 227 8 509 12
p 200 9 1357 7
E 176 10 363 13
I 136 11 850 9
G 110 12 581 10
F 85 13 510 11
D 75 14 189 15
A 33 15 320 14
R 25 16 78 16
B 8 17 12 18
C 8 17 17 17

TABLE 4. COMPARISON OF RANKINGS BY TEXAS HAZARD INDEX FORMULA AND METHOD 4.

Study Texas Hazard Rank Modified Hazard Rank
Site Index Index
L 1656 1 2716 1
N 1088 2 1638 3
¥ 442 3 663 6
0 396 4 1757 2
H 363 5 1538 4
M 306 6 465 8
Q 236 7 1111 5
K 227 8 307 10
P 200 9 605 7
E i76 10 267 11
I 136 11 225 12
G 110 12 167 14
F 85 13 341 9
D 75 14 104 15
A 33 15 189 13
R 25 16 48 16
B 8 17 9 18
C 8 i7 10 17
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Evaluation of an Inside Merge at a Major

Freeway-Freeway Connection
P. SCOTT BEASLEY

The effectiveness of the inside merge configuration as
an alternative two-lane entrance ramp design has been
questioned, and current literature has not sufficiently ad-
dressed the subject. This paper presents the results of an
evaluation performed on a freeway to freeway connection
that has an mside merge design. The evaluation includes
observations from data collected on site, as well as a
simulation analysis on the existing inside merge config-
uration, and an alternative, the exterior parallel merge
configuration.

INTRODUCTION

Continning efforts to improve operational character-
istics on urban freeway facilities involves researching and
understanding different designs so that new facilities can be
built to beiter accommodate future demands. Before a new
facility is constructed, the designer must choose one design
among several alternatives that meets all requirements nec-
essary for good operation. Even though one design cannot
be used universally, there are vsually certain designs or
configurations that are considered more acceptable for
particular conditions.

One example of a type of freeway facility which has
more than one configuration is amulti-lane ramp terminal or
freeway to freeway connection. There are different designs
for multi-lane ramp or freeway connections with high
volume freeway facilities. Perhaps the most simple design
which poses very few operaticnal problems is a contimea-
tion of all entrance lanes. In this case no lanes are dropped
and a merge situation is avoided. However, capacity re-
quirements may not warrant the use of this arrangement, An
alternative to this design is to drop one ramp lane, resulting
in a merge situation.

In the case of two-lane entrance ramps and freeway to
freeway connections, lane drops can be accomplisked with
several configurations. Questions have arisen as to which
configuration is more operationally efficient. Which lane
should be dropped, the inside or the outside ramp lane?
Some professionals believe the inside merge arrangement is
less efficient and less safe because of the possibility of

entrapment between two traffic streams. A recent study
performed at the Texas Transportation Institute supports
this opinion (1). Even AASHTO policy regarding these two
merge configurations has changed, as is explained later in
the paper. The operational characteristics of these merge
configurations have not been fully evaluated. The objective
of this research, therefore, is to study and evaluate a high-
volume multi-lane merge configuration.

Problem Stateinent

The problem lies in the inadequate understanding of
the operational characteristics of inside and outside merge
configurations. Alternative designs for multi-lane entrance
ramps and freeway-freeway connections have not been
fully evaluated; conclusions concerning the effectiveness of
both inside and outside merge configurations are mostly
based on professional or public opinion. It is desirable,
therefore, to have more information available on the opera-
tional characteristics of the alternative merge configura-
tions for multi-lane entrance facilities.

Background

Thereare two basic designs formerging a high volume
mulii-lane ramp or freeway with high volume freeway
mainlanes:

1. No lanes dropped downstream of the merge: Con-
necting a two-lane ramp or a two-lane freeway with
another freeway without dropping any lanes poses
little orno problem to the operation of the freeway.

2. One lane dropped downstream of the merge: Two
configurations result from dropping a ramp lane:
an inside merge and an outside merge, including
tapered and parallel type entry (See Figure 1),

This study examines the effects that the inside merge
configuration has on freeway operations. Becanse there is
a limited amount of information available on the effects of
two-lane entrance facilities on freeway operations, designis
based mostly on professional and public opinions.
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Typical Outside Merge with Paralle] Entry.

FIGURE 1. ALTERNATIVE MERGE CONFIGURATIONS FOR TWO-LANE ENTRANCE RAMPS.

Ronald C. Pfefer provided some information on two-
lane merge configurations in a 1968 Traffic Engineering
article indicating that the inside merge was the preferred
altermative two-lane ramp design (2). The article offers a
summary of comments on different merge configurations,
including comments on the inside merge. The inside merge
configuration was favored over the exterior merge design
but was criticized most for the possibility of vehicle entrap-
ment, -

AASHTO’s current recommended practice allows
the use of both the inside and the ouiside merge arrange-
ments, According to AASHTO, both configurations are
satisfactory when used exclusively in a region or on a
freeway system but should not be intermixed. However,
AASHTO’s design preference has changed in recent years.
In the 1984 edition of "A Policy On Geometric Design of
Highways and Streets," AASHTO prefers the inside taper
merge design over the outside (exterior) parallel merge
design (3). The current (1990) edition, however, indicates
the exterior parallel design as the preferred altemative (4).
Reasons for this change are not given.

A recent study entitled an “Operational Evaluation of
Effects Resnlting From Freeway-Freeway Interchange Geo-
metrics” performed at Texas A&M by the Texas Transpor-
tation Institute examined three merge configurations for
two-lane entrance ramps (1). These configurations in-
cluded:

1. Interior taper merge,
2. Exterior taper merge, and
3. Exterior parallel merge designs (Refer toFigure 1).

The three merge configurations were simulated using
INTRAS (INtegrated TRaffic Simulation), a microscopic
freeway simulation model. The measure of effectiveness
used to compare the simulation results was the traffic
density in the merge section. To illustrate the results,
density (pc/In-mile) was plotted against traffic demand
{vph)onthe merge section. Theresults of this study indicate
that both exterior merge configurations performed more
soundly relative to the interior merge configuration. Ac-
ceptable levels of operation (level of service C or better)
were obtained only at very low traffic demands for the
interior “chicken” merge. Furthermore, the exterior parallel
configuration proved to have an advantage over the other
two types of merge configurations. Their results indicated
that the exterior paraliel merge operated more efficiently at
higher demands than did the interior and exterior taper
configurations.

Objectives

Because data on high-volume two-lane merge con-
figurations is limited, there is a need for a study in which the
operations of these configurations are examined, The main
objective of this study is to perform an experiment of this
nature, Specifically, this study is concerned with describing
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the operations of an inside merge configuration. As dis-
cussed above, a previous study performed at the Texas
Transportation Institute (TTT) indicated that outside merge
configurations were more operationally sound. Since this
study was performed using simulated data, the results give
only the relative benefits of one configuration over another.
This study will use actual field data in the analysis of an
inside merge configuration and will utilize FRESIM, a
microscopic freeway simulation program, to aid in the
analysis of alternative merge configurations (3).

METHODOLOGY
Field Study

Site Description - Data was collected from a study
location prior to the start of this study. The site was used in
a previous study; it was also used for this study because it
had the reguired characteristics. Thatis, the site was chosen
because of its inside merge configuration, Located in south
Dallas, the site is where northbound U.S. 67 and LH. 35
merge. Two-lane U.S. 67 merges with three-lane LH. 350n
the left hand side (Figure 2). Although it resembles a left-
handed two-lane ramp connection with a three-lane free-
way, it should be noted that both roadways are high-volume,
high-speed freeways. The inside merge configuration com-
bines the right lane of U.S. 67 with the left lane of 1L.H, 35
over a distance of about 250 feet. The location is known to
become congested during peak periods,

Data Collection - An 8mm video camera was placed
downstream of the merge on the shoulder of the southbound
roadway. Filming took place on Thursday, May 2, 1991 for
a period of two hours beginning at 6:30 am. Simultz-
neously, a series of coupled loop detectors located approxi-
mately 600 feet downstream of the merge gore recorded raw
data from each passing vehicle. Both the videotaped foot-
age and the loop detector data were used for the operational
analysis of the study site.

Data Reduction - Using the videotape, traffic counts
were obtained for each lane upstream of the connection.
Volumes were recorded in 15-minute intervals during one
hour and forty-five minutes of the two hour period. Truck
volumes were also counted,

The reduction of the loop detector data began with
converting it to a summarized form through the use of the
Statistical Analysis Software (SAS) program. SAS gener-
ated graphs that illustrated flow rate and speed relationships
over the two hoor period. Flow rates and speeds were
computed for every 15-minute interval (moving one minute
at a time) over the 2-hour pericd. Densities were also
computed from the raw data. All relationships and compu-
tations were either tabulated or graphed, Visual observa-
tions and count data were used to verify the SAS graphs and
the density calculations.

UNDERGRADUATE FELLOWS PROGRAM
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FIGURE 2 SCHEMATIC OF STUDY SITE

Observations - Although a visual observation is not
enough to draw conclusions, it can give a general under-
standing of the operations of a particular freeway segment.
An initial observation of the videotape revealed high vol-
ume conditions, Some exceptionally high flow rates were
observed for the left lane of U.S, 67 during all periods and
for LH. 35 for some periods. The heaviest volumes were in
the left lane of U.S. 67 and the two right lanes of LH. 35. It
appeared that drivers avoided the merge lanes (theright lane
of U.S. 67 and the left lane of LH. 35); although during the
lower volume periods, merge operations were quite smooth.
Flow rates for these lanes support this observation,

As time progressed and volumes increased, merge
operations began to deteriorate. A queue began to form
predominately on U.S, 67 around 7:17 a.m. and began to
release around 7:58 am. The site became very congested;
merge operations became inefficient, as merging vehicles
could not find gaps in the traffic stream and no ontlets were
available due to the heavy flows on either side of the merge.
The flow was reduced to stop-and-go conditions for the
merging lanes, while adjacent lanes moved slowly. An
accident occurred in the right lane of U.S 67 just upstream.
of the merge during the time period from 7:45 a.m. to 8:00
a.m. Operations were not affected by this accident, how-
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ever, because the drivers moved their vehicles out of the
roadway into the gore area.

One other observation deserving mention regards
yield behavior, The connection of two freeways in amerge
configuration introduces the question, “Who is supposed to
yield?” In everyday driving when faced with a merge
sitnation, the yielding driver will sometimes indicate a
movement into a gap with a tarn signal. Observation of the
videotape revealed drivers on either side of the merge
signaling to announce their movement into the through-
stream. This observation may indicate “no answer” to the
question asked above.

Field Study Findings - Table 1 summarizes the flow
rates just upstream of the merge that were computed from
the 15-minute counts. The maximum 15-minute flow rates
recorded for a through-lane and amerge lane were 2708 vph
and 1880 vph, respectively, both on U.S. 67. Examination
of this table indicates a lower utilization of the two merge
lanes as compared to flow rates recorded on the through
lanes,

The SAS program summarized data taken from the
loop detectors located downstream of the merge. Figure 3
illustrates the moving 15-minute flow rates for a typical
lane. This graph shows the peak flow to occurbetween 7:00
am. to7:30a.m. A general trend was observed in which the
peak flow rates decrease across each lane from left to right,
the heaviest peak flow being in lane 1 and the lightest peak
flow being in lane 4.

Figure 4 shows the 15-minute moving average speeds
foratypical lane. The figure shows aclear pattern of speed
deterioration over the congested periods, with free flow
speeds being regained at approximately 8:00 am. Lane 2
(the combination of merge lanes) speeds were consistently
lower than all other lane speeds during the heaviest flows.

Table 2 summarizes the calculated densities for each
lane downstream of the merge, as well as the average across

15

all four lanes. These densities were calculated from the raw
data in 15-minute time intervals from 6:30 a.m. until 8:00
a.m. Examination of Table 2 shows a breakdown in opera-
tions between 7:15 a.m. and 7:30 a.m., during which time
the densities recorded for three of the four lanes corre-
sponded to an operation at Ievel of service (LOS) Fin which
merging is on a stop-and-go basis, as presented in the
"Highway Capacity Manual" (HCM) (6). The merge pro-
cess became very turbulent at high flow rates. Densities
were typically heaviest in the two left lanes (lanes 1 and 2)
and somewhat lighter in the two right lanes (lanes 3 and 4)
during most time periods, until all lanes broke down. The
densities typically decrease from left to right across all
Ianes,

Computer Study

Simulation - The existing inside merge and an altermna-
tive configuration, an outside parallel merge, were simu-
lated using Fresim. Initially, a simulationmodel of the study
site was constructed to represent the existing inside merge
configuration. Because Fresim will not accept the merging
of two freeways, the model was setup as a left-handed two-
lane ramp connection to a three-lane freeway. Table 3
describes the coding used to construct the model which
consisted of seven links. See Figure 5 for a link-node
diagram of the site.

Several simulations were performed to try to calibrate
the model to make the simulated output match the actual
conditions within areasonable range. The parameters used
in the calibration of the model were densities and volumes,
Initial attempts at calibration revealed that the model was
losing vehicles; a substantial number of vehicles input to the
model never showed up on the simulation output because
queueing caused vehicles to back up. The queued vehicles
did not have time to reach the end of the model before
simulation time expired. It was necessary, then, toadjust the
medel until the number of vehicles input equaled the num-
ber of vehicles output and the simulated densities reflected
the actual densities.

TABLE 1. FIFTEEN-MINUTE FLOW RATES (VPHPL) UPSTREAM OF THE MERGE.

Time Lane A Lane B Total Lane A Lane B Lane C Total
6:30 - 6:45 2124 1468 3592 968 1724 1396 4083
6:45 - 7:00 2072 1480 3552 776 1652 1224 3652
7:00 - 7:15 2708 1880 4588 916 1916 1456 4288
7:15 - 730 2306 1648 4044 964 2112 2052 5128
7:30 - 7:45 2328 1488 3816 1068 2024 2096 5188
7:45 - 8:00 2308 1844 4152 652 1900 1956 4508
8:00 - 8:15 2200 1740 3940 640 1524 1480 3644
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TABLE 2 DENSITIES (PC/LN-MILE) FOR EACH LANE DOWNSTREAM OF MERGE.

Density (pc/In-mile)

Time Lane 1 Lane 2 Lane 3 Lane 4 Average
6:30 - 6:45 37 34 30 23 31
6:45 - 7:00 37 34 29 23 31
7:00 - 7:15 46 49 40 32 42
7:15-7:30 76 76 67 65 71
7:30 - 7:45 71 32 79 75 77
7:45 - 8:00 80 83 76 82 80

TABLE 3. FRESIM LINK DESCRIPTION FOR INSIDE MERGE.

Link Fresim Link Designation
Upstream Node  Downstream Node Description Ramp/Freeway

1 8000 1 Freeway input link Freeway
2 1 3 Link upstream of merge Freeway
3 3 4 Merge link Freeway
4 4 5 Link downstream of merge Freeway
5 5 8004 Output link Freeway
6 8001 2 Ramp input link Ramp
7 2 3 Link upstream of merge Ramp

LEGEND

I = Input Link

R = Ramp Link

F = Freeway Link

0 = OQutput Link

r = o,

FIGURE 5. LINK-NODE DIAGRAM FOR THE INSIDE MERGE MODEL.



P. SCOTT BEASLEY

Simulations were performed for varying inside merge
distances including 100 feet, the actual 250 feet, 1000 feet
and finally 2000 feet because larger taper rates (longer
merge distances) have been shown to improve merging
operations.

A simulation model was also constructed for an out-
side parallel merge configuration. The construction of this
model was more complex because there were more vari-
ables involved. Exterior lane lengths could be changed, as
well as the position at which vehicles began to merge along
the exterior lane, Simnlations were performed using vary-
ing exterior lane lengths of 500, 1000, and 2000 feet.

Simulation Findings - The first simulation performed
was the existing inside merge with the actual merge length
of 250 feet, Repeated attempts to make the simulated output
correspond with the actual conditions failed. QOutput vol-
umes indicated that a small amount of vehicles were lost,
however, the small number was not significant enough to
change the computer calculations. The program calculated
density comulatively forentire sections, notbylane. Simple
calculation gave the actual simulated density. A compari-
son of these densities to the actual densities averaged across
all lanes (Table 2} revealed no similarities or patterns, The
highest density calculated by the program (during the heavi-
estflowbetween7:15a.m, and 7:30a.m.) was 46 pc/in-mile,
This value should have corresponded to the actual density at
this time which was 71 pe/ln-mile. A comparison of the
subsequent simulations using longer merge lengths showed
no improvements over the shortest lengths.

Even though the original model could not be cali-
brated, simulations were still performed for the exterior
merge configuration. Varying exterior lane lengths were
used, however, the most interesting result was found by
changing a parameter for an exterior lane length of 1000
feet. The model was changed to allow drivers to begin
merging at three different positions along the exterior lane
{at 300, 500 and 900 feet from the end of the lane). Opera-
tions improved as drivers were given more time and dis-
tance to merge.

RESULTS
Interpretation of Field Data

Data used in the analysis were flow rates, speeds and
densities. Interpretation of the data were verified using
observations of the videotape. These data were used to
describe the operations of the facility so that interpretations
could be made from them,
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The most notable interpretation of the dataregards the
use of themerge lanes. Combining the twomerge laneflows
results in flows no less than 2256 vph and as great as 2796
vph. The convergence of two lanes into one lane resulted in
volumes which overloaded the merge facility.

Operations began to deteriorate around 7:17 am. as
queueing on U.S. 67 began to occur. Because flows in the
lanes adjacent to lane 2 (the combination of the two merge
lanes) became so heavy, merging vehicles had no outlet.
Therefore merge bebhavior was forced, making operations
inefficient. The lack of available gaps, combined with the
inability of drivers to change lanes becanse of the heavy
flows on either side of the merge, made operations of the
inside merge configuration at this high volume location very
inefficient. Speeds and densities recorded during the data
collection support this interpretation.

Another interpretation of the results regards right-of-
way in the merge area. If the study site were a two-lane
entrance ramp terminal, the ramp traffic would theoretically
yield to the through traffic. This study site, however, is the
intersection of two high volume freeways. Merging be-
comes a complicated process. The merge configuration
connects a high-volume freeway lane with a high-speed
freeway lane. Which lane, then, has the right-of-way?
Drawing any conclusions from the limited data collected for
this study was impossible. The question, “Who is supposed
to yield?” remains unanswered.

Interpretation of Computer Simufation

The simulation output of both models could not effec-
tively be compared because of limitations of the FRESIM
model and because differences in the models made compar-
ing the two difficult. To begin with, because two freeway
links may not feed the same link, the FRESTM program was
unable to model the freeway-freeway connection (3). Free-
way to ramp connections, however, could be modeled.
Initially, then, the simulation output was inaccurate because
the model was constructed as a two-lane left hand entrance
ramp terminal with a three-lane freeway, although it is
unclear how much this affected the simulation.

The model of the inside merge was insensitive to any
changes in merge length. The FRESIM program, itappears,
does not merge the vehicles over the merge link. Rather, the
program seems to merge the vehicles at a point where the
two freeway links {coded as a freeway and aramp) connect.
The exterior merge model, however, was more sensitive to
changes in lane length because it has more parameters
which could be altered to produce changes in operation,
These limitations made comparison of the two configura-
tions difficult.
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SUMMARY

The purpose of this study was to describe the opera-
tions of an inside merge configuration at a freeway-freeway
connection. The study was conducted on the basis that the
information on two-lane merge configurations is limited.
Also opinions on which merge configuration (inside
“chicken” merge, outside taper and outside parallel) is more
operationally sound are varied.

The field data and findings suggest that operations of
the inside merge at the site chosen for analysis are ineffi-
cient. Flowrates, speeds, and densities indicated severe and
unsatisfactory operating conditions during peak hours due
to the inside merge’s inability to handle the heavy flows.
The inside merge design prevents the full utilization of two
freeway lanes because they are converged into one. On a
freeway to freeway connection the inside merge configura-
tion violates drivers’ expectancies because vehicles on the
high-speed inside Iane must merge with a slower moving
lane.

The simulation output data of the existing insidemerge
and an alternative, the exterior parallel merge, were not
compared because of limitations in the Fresim programand
because differences inthe model’s representation of the two
alternative configurations made comparison difficult. The
program was unable to accurately model or simulate an
inside merge at a freeway to freeway connection. Opera-
tions of the exterior merge configuration, however, were
more sensitive to changes in exterior lane length,
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A Study of Frontage Road Queuing, Vehicle Spacing and
Applications to Freeway Exit Ramp Design Criteria

S. ROSS BLANCHARD

While extensive study has been conducted on the
signal operations of urban diamond interchanges, litile
research has focused on frontage road/exit ramp activity,
This junction of freeway exit ramp with the frontage road of
a diamond interchange is a major factor in urban diamond
interchange operations. Although freeway and frontage
road traffic are not directly related, at the junction of the
frontage road/exitramp, the two flows interact directly. The
presence of frontage road/exit ramp queues during high
volume conditions demonstrates the need for research on
the association between these elements. The typical ap-
proach for diamond interchange analysis includes computer
simulationand field analysis of existing operations. PASSER
I is one of the computer models designed for analyzing
diamond interchanges. Unlike other traffic simulation
models, it does not produce queuing output, a desired
feature for analyzing an urban diamond interchange which
experiences oversaturated conditions. It is presumed that
PASSER 1I, a signalized arterial application, can simulate
an isolated diamond; and if this is accomplished, the queu-
ing output that PASSER II generates could be used for
further study of exit ramp destgn criteria. For this reason,
development of a quening algorithm for PASSER IT, using
PASSER II techniques, would be ideal, To successfully
relate computer simulation and field data analysis, it is
necessary to identify a subject that comprises both aspects.
Interms of diamondinterchanges, there is a need to translate
frontage road queue size prediction into queue length esti-
mation for use in evaluating exit ramp separation distance
design criteria. To accomplish this, amethod for estimating
vehicle spacing and thus queue lengths, must be developed.

INTRODUCTION

This report is apreliminary investigation into some of
the aspects of diamond interchange operations, withempha-
sis on frontage road activity. The parent project that
supported this research is an investigation of diamond
interchange operations. In an attempt to offer a procedure
for frontage road queue modelling, this paper will address
the steps involved in the process of diamond interchange
frontage road analysis, as well as the results, conclusions,

and recomimendations for future study into this subject.
Alsowithin the contextof thisreport is the investigation into
the concept of vehicle spacing, Results from these two areas
of study will then be incorporated into an investigation of
existing exit ramp design criteria.

Computer software such as PASSER II and PASSER
1II is being used extensively to model the operations of
signalized intersections and diamond interchanges. In dia-
mond interchange analysis, one of the areas that data is
lacking, thus justifying the need for thisresearch, is external
frontage road queue modelling. The latest version of
PASSER II1-90, a software package designed specifically
for diamond interchange analysis, currently does not per-
form frontage road queue calculations. PASSER Il can be
used tomodel an isolated diamond interchange and produce
quening output, bat it is not specifically designed for dia-
mond interchange analysis. For this reason a quening
algorithm could be included in future versions of PASSER
I1I, thus providing another criteria for interchange evalua-
tion-- frontage road/exit ramp activity.

A fundamental aspect of queuning is vehicle spacing.
This is the space which a vehicle occupies while in a
stationary queue. There is no value established as a vehicle
spacing “constant” for queue calculations, unlike the head-
way between quened vehicles as given in chapter one of the
"Highway Capacity Manual” section on interrupted flow
(1). The PASSER III User's Guide suggests a value of
twenty-five feet per vehicle for estimating interior queue
storage capacity, however, this is not to be confused with
queue size prediction (2). Such a value would become
instrumental in urban interchange analysis, particuiarly
analysis of frontage road activity.

If average vehicle spacing was used in conjunction
with queue size estimates, an approximation could be made
as to the length of vehicle quenes. The significance of this
result is the development of a practice for evaluating front-
ageroad/exitramp activity. When queues are presentat this
junction, concerns for safety and efficiency surface. There-
fore, a need exists to investigate the use of these estimations
to evaluate design standards for freeway exit ramps,
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As stated previously, this report is part of a larger
ongoing diamond interchange operations project. To keep
within the scope of the parent project, the goal of this study
is to conduct testing of gueue modelling in the PASSER
programs and investigate vehicle spacing. The objectives
are outlined as follows:

1. Produce frontage road delay and queue size output
using PASSER I11-90 and PASSER II-90.

2. Investigation of a “constant” value for vehicle
spacing.

3. Apply findings to exitramp design criteria.

Lastly, as the title of this report suggests, the focus of
the simulation and vehicle spacing analysis is on frontage
road activity. Another aspect is the desire to differentiate
between the operations of low and high volume conditions.
Thus the emphasis is an investigation of oversaturated
conditions on the frontage road. It is assumed (and later
supported) that for all intensive purposes, the models would
accurately model the key characteristics similarly during
low volume conditions. What was inquestion was PASSER
II's ability to model a diamond interchange accurately
during oversaturated conditions. Also, there was aneed to
determine any relationships between vehicle spacing and
traffic conditions, specifically the effects of high volume on
vehicle spacing. It is shown later in Part 2, when queue
length estimation is put into context with exit ramp design
criteria, that this is an important factor.

OVERVIEW OF ANALYSIS AND
METHODOLOGY

This report is presented in three sections. Part 1 will
address the first objective: computer simulation using the
PASSER models. Part 2 will pursue the second objective:
the investigation of vehicle spacing and further applications
to design criteria. And Part 3 will consist of a practical
assimilation of the previous two topics by examining the
applications to freeway exit ramp design standards.

Part 1 - Computer Simulation

This project involved extensive use of the latest ver-
sions(1990) of the PASSER H and PASSER III software
programs. The primary objective was to génerate matching
output from both of the PASSER models, in order to
determine how PASSER 11 could simulate an isolated dia-
mond interchange in comparison to PASSER III. While it
was known that this can be achieved, unanswered questions
about the accuracy and correctness of the PASSER 1L output
from this simulation remained.

The primary concern in this stage was the delay in
the frontage road movements. Radwan demonstrated that
both the PASSER models could produce similar delay
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output for various phasings using collected ficld data (3). In
this report, however, the emphasis for the conventional
diamond analysis was the comparison between four simula-
tion models and the ontput generated by each model for the
five standard phasing schemes. Obviously, it was aconcern
to accurately model all aspects of the simulated diamond;
however, all other criteria remained subordinate to the
frontage road characteristics.

Producing identical cutput from the computer models
involved a two stage process. First, it was necessary to
simulate the characteristics of a diamond interchange, the
geometrics, and the signal control characteristics. Then it
wasnecessary tocorrectly input the movement volumes and
saturation flows. To limit the amount of variability in the
simulation process, preliminary judgements were made as
to the general input requirements. One conclusion was to
use equal volume on each approach in oder to preventany
movement priority developing in the models that would
affect the frontage road output. Also, the <F3> assistant was
used in calcalating saturation flows. Minimum phase dura-
tions used by PASSER IIT were assumed to five seconds for
each movement. The value of ten seconds for the interior
movement is attributed to the overlap presentin the TTI lead
phasing pattern,

PASSER I was used as the foundation for the com-
puter simulation process, as it is designed specifically for
diamond interchange analysis. Prior to the input procedure,
it was determined that several assumptions were tobe made
for the PASSER III input data. The data for the three
pertinent PASSER Il input screens (General, Signal, Move-
ment) are shown in Figures 1,2, & 3. A brief overview of
the input data is as follows; an 80 second cycle length was
chosen, left tums were protected only, interior fravel time
was obtained from Table 2 provided in the PASSER HI
User’s Guide, queue storage estimates were made using the
suggested 25 feet vehicle length, and TTI lead phasing was
used exclusively.

Output was generated using PASSER II1, then after
careful review, the optimum phase length data generated by
PASSER III was used for input into PASSER II as the
minimum phaselengths (doing so forces these phaselengths
to be used by PASSER IT). Input values are essentially the
same as those used in PASSER 1II, it is the format that
differs among the two. There were two steps that required
careful consideration, the signal phasings and the move-
ment volumes. This is where the ease of PASSER Il input
ismostnotable simply because it is designed specifically for
diamond interchanges, Essentially, the PASSER II simnla-
tion translates into two closely spaced signalized intersec-
tions along an arterial, considered the interchange cross
streetin PASSER III analysis. The cross streets of the two
intersections have volume in only one direction and thus
represent the one-way frontage roads of the interchange.
The input that was used for PASSER H is shown in Figures
4,5, &6.
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PASSER III - 90 Version 1.00
Texas Department of Highways & Public Transportation

FREEWAY IDENTIFICATION

Run Number: 01 Freeway Name: Interstate 10

District : 2?7 City Name: Houston

Number of Interchanges {1 for isolated analysis) : 1
———————— CYCLE LENGTHS—-——————=—- :
Lower: 80 Upper: 80 Incr: -

Calculate Band Split Proportional to Traffic?(Y/N): #
WA direction Percentage { 0 to 100 }:
Speed- Search? (¥/N):

Time/Space Diagram {Y/N):
~~~~~~~~~~~~ PLOT SCALING / INCH
Horizontal (Seconds): Vertical ({Feet):

Note: Set to 0 for program selected values

FIGURE 1. PASSER III GENERAL INPUT SCREEN.

PASSER IIT - 90 Version 1.00
Texas Department of Highways & Public Transportation

INTERCHANGE 1 DATA

Cross Street Name Permitted Left Turns (Y/N)
Bingle-Rd.: - Left-side: N Right-side: N
Interior~Travel-Time Interior-Queue~Storage
~-Rgt——> <==Lft=-- Left-5ide Right-Side
(Sec) {Sec) Left Thru Left Thru
6 6 8 8 8 8

SIGNAL PHASING DATA

Type_of Run Delay-0ffset — ————- Seconds Offset =—w———
Phasing Analysis (¥/N) Forced Int. Forced Ext.

Lead-Lead
Lag-Lead
Lead-Lag
Lag-Lag
TFI-Lead

mE R

FIGURE 2. PASSER III SIGNAL INPUT SCREEN.




2

UNDERGRADUATE FELLOWS PROGRAM

PASSER

IXIT - 90
Texas Department of Highways & Public Transportation

Version 1.00

-

l Bingle Rd. I

-

|

- !
Left Side I

r

Vol/ sat Min
Hour Flow Phase

CROSS-STREET

-100 1665 right-turn 100 1665
100 1665 straight-through 100 1665
100 1800 straight-then~left 100 1800

FRONTAGE ROAD
100 1665 right-turn 100 1665
100 1665 straight-through 100 1665
100 1710 left-then-straight 100 1710
o 0 left~-then-left (U} ] 0
INTERIOR
160 1710 left-turn 100 1710
200 3600 straight-through 200 3600

Vol/ Sat Min
Hour Flow Phase

FIGURE 3. PASSER IIl MOVEMENT INPUT SCREEN.

Part 2 - Investigation of Vehicle Spacing

A study of vehicle quening includes several factors
which are associated with other aspects of traffic operations.
The characteristic in question in this analysis was the
distance that queued vehicles occupy. Obviously, vehicle
and driver characteristics vary widely, and there was diffi-
cuity in developing general characteristics. In fact, with
growing traffic activity and the changing characteristics,
particularly size of passenger cars, there was a need to
“update” previous research into the concept of vehicle
spacing. For this project it was initially assumed that data
collection and analysis would yield a standard measurement
of vehicle spacing. Thatis, vehicle spacing would notbe site
specific, and the variability would be accounted for by
driver tendencies.

An initial hypothesis was to examine the Jegitimacy of
a constant value for vehicle spacing to be used in conjunc-
tion with the PASSER Il maximum queue size predictions
from Part 1. To facilitate analysis and applications to this
research, data collection was made on the frontage roads of
an urban diamond interchange rather than at random loca-
tions, ie. a mix of intersections and interchanges. An
isolated urban diamond interchange in Houston was chosen
as the source of data because it is the subject of a related

current project as well as its urban location and traffic
characteristics. The interchange was at Interstate Highway
10and Bingle Read in Houston, shown in Figure 7. During
rush periods as the volume on the freeway increases, inher-
ently, the volume along the frontage road increases thus
creating extremely long vehicle queues. Both AM (in-
bound) and P.M, (outbound) periods were observed on July
18th, 1991.

The process of collecting data involved vehicle counts
as well as gueue length measurement. This was accom-
plished by selecting a random number of queved vehicles
and measuring the distance occupied by the queue. The
formula is shown below:

Length of Queue (ft.)
No. Vehicles in Quene

Vehicle Spacing =

where:
Length of Queue = Distance measured from stop line
to front of Nth vehicle; and
No. Vehicles in Queue = (N-1) vehicles.

To elaborate on this procedure further it should be noted that
queue length measurements and vehicle counts did not
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=[F2] ESC>=
PASSER II-90 Arterial Data
Run Number : 1 City Name : Houston
Number of Intersections : 2 Arterial Name : Bingle
District Number : Date : 08/07/91
Lower Cycle Length : 80 | T/S Scales Movement #2 "A" Direction : 3
Upper Cycle Length ; 80
X : 30 1 = North 3 = East 0 = None
Cycle Increment : 0 Y : 1000 2 = South 4 = West
Output Level : 0 Simulated Operation

From :

0 = Output All Pages
1 = Error Exit - Cover & Error Pages
2 = Less Input Data Echo
3 = Less Input Echo and Best Soln
4 = Simple - Cover, Pin.Set, T/S
5 = Debug -~ All Pages, Variables
Best Solution Format 0 = PASSER II

(0 or 1) : 0 1 = AAP P2

FIGURE 4. PASSER I1 ARTERIAL DATA INPUT.

—[F2] ESC>—
Bingle Arterial Link Geometry 2 Intersections
uaAn Queue Speed Distance Distahce Speed Queue ngw
Link Clear. (MPH) (FT) (FT) (MPH) Clear. Link
1- 2 ] 30 200 200 30 0 2- 1

8. Frontage To : N. Frontage

FIGURE 5. PASSER II ARTERIAL LINK GEOMETRY DATA.
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STREET NAME HN. Frontage
4 7[5]
VOLUMES 0 0
SAT FLO 0 )
MIN PHS 0 0
" VAN VOLUMES 300
VOLUMES 100 Ly r SAT FLO 4664
SAT FLO 1710 \ MIN PHS 22 6
5[5 MIN PHS 36 1 < -
/ - Bingle
> / VOLUMES 0 1[5]
2 VOLUMES 200 \ L SAT FLO 0
SAT FLO 3429 J MIN PHS 0
MIN PHS. 36 r oA
1 A
' VOLUMES 100 200
SAT FLO 1710 3172
MIN PHS 22 22
' 3[5] 8

STREET NAME §. Frontage
4 7(5]
VOLUMES 200 - 100
SAT FLO 3172 1710
MIN PHS 22 22
V4 IRN VOLUMES 200
VOLUMES ] Ly 4 SAT FLO 3429
SAT FLO o \ MIN PHS 36 6
5[5] MIN PHS v q <
. /> / VOLUMES 100 1{5]
2 VOLUMES 300 \ - L SAT FLO 1710
SAT FLO 4664 4 MIN PHS 36
MIN PHS 22 ro A
1 A
VOLUMES 0 0
SAT FLO o 0
MIN PHS 0O 0
3(5] 8

FIGURE 6. PASSER I INTERSECTION MOVEMENT DATA.
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[-10 & Bingle Rd.

FIGURE 7. SUBJECT DIAMOND INTERCHANGE AT INTERSTATE 10 AND BINGLE ROAD.

include the entire quene for each cycle. That is, the number
of vehicles used in the vehicle spacing formula was not the
total number of vehicles in the queue each cycle, similarly,
the quene length is not the total Iength of the queues that
existed each cycle. In fact, for several observed queues, the
number of vehicles counted and the measured distances
were half the length of the queue that actually existed.
Another point of consideration was the type of vehicle
population. Due to the geometrics of the intersections and
the demographics of the surrounding ar¢a there was little
use of the interchange by trucks and heavy vehicles. Asa
result, the analysis involved and the resulting vehicle spac-
ing value is in general representative of passenger cars.

Part 3 - Applications to Design Criteria

After developing an average “constant” value for
vehicle spacing from all of the observed queues, the next
step was to combing this value with the results from Part 1.
Using computer simulation sofiware in conjunction with
actual observed data and associating the two combines the
best of both worlds. The objective here was to generate
gueue length estimations using PASSER Il output for maxi-
mum queue size and the vehicle spacing constant. This
calculation was a stmple product of the maximum queue
size and the spacing constant,

The Texas DOT's "Highway Design Division Opera-
tions and Procedures Manual” has a graph showing three
levels of design standards (4) . Once the queue length
approximations were computed, the results were plotted on
this graph. One data value existed for each level of service.
This was done in an attempt to show the exponential pattern
of growth for gueue length, Demonstration of this pattern
would suggest the need for an investigation into the methods
of developing design standards. This stage was the practical
assimilation of all the analysis involved in this research
project.

SUMMARY OF RESULTS

The following synopsis is a brief oufline and summary
of the results that have been accomplished in this research
and the fulfillment of the objectives. Most of the conclu-
sions which are presented are visually supported in the form
of graphs and tables. For this reason, this section addresses
the objectives and refers the reader to the visuals for further
interpretation.

The process of computer simulation and the pursuit of
the first objective was successful . It was demonstrated that
PASSER II-90 can successfully simulate an isolated dia-
mond interchange. Tables 1 & 2 show the frontage road
delay output from the two programs for relevant input. In
Figure &, it is possible to see the pattern that develops in the
production of delay output in these models. The calculation
of delay within both models is in fact a higher order
function. This demonstrates the reasonable conclusion that
for future diamond interchange analysis, PASSER Il canbe
vsed as an additional tool, until such time that external
queue analysis is included in future versions of PASSER 111

The investigation of vehicle spacing yielded interest-
ing results both in terms of conclusions and analytical
procedures.  As initially desired, an average value for
vehicle spacing was established, 23.5 feet/vehicle. The
calculation of this value was not made in an attempt to
provide a standard value, but rather in hopes that a constant
would simply provide some way of translating queue size in
vehicles into a measurement of length. For all intensive
purposes, it can be assumed that the PASSER IT user’s
guide suggested value of 25 feet for vehicle spacing is an
appropriate estimate when considering frontage road queu-
ing. : .
Finally, the applications of the aforementioned results
and conclusions yield interesting insight into possible appli-
cations of computer modelling for review of design criteria,
Figure 10 shows the quene size output generated by PASSER.
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TABLE 1. COMPARISON OF DELAY OUTPUT
FOR DIFFERING LANE VOLUMES.
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TABLE 2. COMPARISON OF DELAY

Computer Simulation Delay Output (3)
Volume/Lane PASSER II PASSER 1II
100 23.90 23.88
200 25.90 25.94
300 3040 30.38
400 46.40 4645
500 123.30 12527

II-80. The result of this data, when used in conjunction with
the vehicle spacing “constant” is shown in Figure 11. This
data is then expanded into the results shown in Figure 12,
‘When these results are then plotted on Figure 13, itbecomes
apparent that the impacts of high volume conditions are
substantial in terms of design requirements. The most
noteworthy result was the presence of a value for quene
length that exceeded the minimum design standard. This
demonstrates that there is the possibility that interchanges
whichexperience oversaturated conditions conld pose safety
problems due to lack of design standards. The results from
all these observations show that both field data analysis and
investigative modelling, when combined, can demonstrate
the need for a better understanding of the relationships
between existing conditions and design conditions.

RECOMMENDATIONS

There were several underlying aspects of this field of
research which warrant mention but which were not crucial
to the analysis procedure of this project. As the computer
simulation process was a large portion of this research,
much time was spent to ensure its accuracy. When equal
movement volumes on each approach were used, great
success was achieved in the modelling. For this project,
attempts were made to use more realistic interchange input,
and when this was done, the results were considered suc-
cessful, however, they were notasideal, Great care must be
taken to ensure that the PASSER II movement input is
accurately modified to suit the model. For the vehicle
spacing analysis, the data collection procedure came into
question because it produced results that were “too good.”
A characteristic was noted that when volumes increased,
vehicle spacing tended to decrease, a compression factor.
Essentially, the point was made that perhaps the design of
the data collection process was in fact what caused the
compression factor to surface as opposed to the true exist-
ence of the factor. There is a need for more study into this
topic, however the problems need to be more clearly re-
searched and defined,

OUTPUT FOR EACH LOS,
Computer Simulation Delay Qutput (§)
LOS PASSER I PASSER III
A 25.65 25.68
B 31.50 32.32
C 34.00 3527
D 37.90 39.78
E 59.50 58.81
F 106.45 106.46
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FIGURE 8. DELAY OUTPUT AS A FUNCTION OF LANE VOLUMES.

FIGURE 9. AVERAGE VEHICLE SPACING IN RESPECT TO QUEUE SIZE OBSERVATIONS.
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Relating Speed and Geometric Inconsistencies on

Two-Lane Rural Highways
KENNETH L. FINK

This research paper evaluates the relationship be-
tween Dr. Carroll J. Messer’s workload procedure for quan-
tifying geometric inconsistencies and the change in operat-
ing speeds on horizontal curves. Sixteen sites were exam-
ined. The sites were chosen from two Farm-to-Market roads
in the State of Texas. The data collected at each sile was the
change in operating speed associated with the feature.
Regression equations were formulated to test the relation-
ship between Dr. Messer's workload values and the change
in operating speeds for the sites. Also evaluated was the
correlation between Dr. Messer's workload values and the
mean change in operating speeds for each site. Finally,
relationships were established between both the degree of
curvature versus the change in operating speed and the
degree of curvature versus the mean change in operating
speed. The results showed that all the relationships tested
were statistically significant. Considerable variability was
observed among the drivers at each site. As a result, the r?
values were relatively low (0.23 - 0.56). Additional data
should be collected on alarger number of vehicles ata larger
number of sites to account for the observed variability and
thereby develop more reliable regression equations.

INTRODUCTION

Almost everyone, from the best transportation engi-
neer to the beginning driver, realizes that accidents are more
likely to occur on curves than along tangents on a roadway.
However, the reasons for this are not clear. There is, of
course, some intrinsic logic that tells us that the more severe
a horizontal curve is the greater the chance of driver error.
But, what makes one curve more severe than the other, and
how do we quantify this severity? The most cbvious, and
common, factor used to describe and determine the severity
of a horizontal curve is its degree of curvature. This is an
excellent indicator and has been used in speed-based-proce-
dures for analyzing horizontal curves by Leisch and Lamm
(1, 2). However, the degree of curvature is not the only
factor that contributes to the severity of a curve. Other
factors such as sight distance, driver expectancy, driver
unfamiliarity, and preceding elements also can affect a
curve’s severity. Therefore, the accident potential at curves

cannot be quantified based solely on their degree of curva-
ture. An alternative method must be used that rates the
serousness of acurve notonly by its degree of curvature but

also by other variables that the road presents to the driver,
as well as variables the driver brings to the road.

Curves that create problems for the driver by being
inconsistent with either the roadway or what the driver
would expect of the roadway are labeled as geometric
inconsistencies. “A geometric inconsistency in rural high-
way design is defined as a geometric feature or combination
of adjacent features that has such unexpectedly high driving
task workload that ondesirable driving is a distinct possibil-
ity by those surprised motorists” (3). For example, prob-
lems often arise when a driver is encouraged by a suffi-
ciently long or inviting section of more gentle alignment to
increase speed momentarily, though vehicle speed may
need to be reduced further along the road (1). Geometric
inconsistencies increase a driver’s workload and thereby
increase the likelihood of an accident occurring. “Driver
workload is the time rate at which drivers must perform a
given amount of work or driving task™ (3). Therefore, if
driver workload can be quantified, the severity of geometric
inconsistencies, including horizontal curves, also can be
measured,

Workload may be estimated via the Messer procedure
(3.4, 5). The Messer procedure incorporates driver expect-
ancy, driver unfamiliarity, sight distance, and separation
distance with other elements, such as degree of curvature, to
assign workload values to geometricinconsistencies. Messer
contends that the higher the workload value, the more severe
the feature.

PROBLEM STATEMENT

A concern about Messer’s procedure is that workload
can not be measured directly. Therefore, to better measure
the severity of horizontal curves and to verify Messer’s
procedure it becomes necessary torelate Messer's workload
values with amore directly measurable value. This relation-
ship also will help to determine if Messer’s procedure is
preferable for use in qurantifying geometric inconsistencies
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over operating-speed-based procedure such as proposed by
Leisch and Lamm (1, 2). The relationship that will be
explored in this paper is that between Messer’s workload
values and the change in vehicle operating speeds. Al-
though there are many types of geometric inconsistencies,
due to limited time and resources for data collection, the
scope of this study will be limited to horizontal curves,
which are among the most common geometric inconsisten-
cies and the most likely to demonstrate changes in operating
speeds.

OBJECTIVES

The overall objective of this research was todetermine
the correlation between workload and changes in operating
speed, as well as to test the relationship between degree of
curvature and changes in operating speed. These relation-
ships will enable us to determine the validity of Messer’s
workload values and form other inferences about workload
and how it is measured.

BACKGROUND

Messer introduced his method of quantifying geomet-
ric inconsistencies, via use of workload values, in a report
submifted to the Federal Highway Administration in 1979
(3.4, 5 . Messer’s equation for measuring workload values
is as follows:

WL, = U*E*S*R, +C*WL_,

Where WL, is the workload value that is being obtained for
the feature, R, is the workload potential rating, and the base
value for determining workload. The workload potential
ratings were determined by a group of 21 experienced
highway design engineers and research engineers having
experience in highway design, traffic engineering, and
human factors (3). The group was asked to rate a variety of
geometric features on a 7-point rating scale. A rating of 0
was given to a feature they felt would pose no problem to the
driver, and arating of 6 was given to features that they would
termn as critical. Factors such as width of shoulders, degree
of curve, deflection angle, and many other variables are
used to determine a specific Rf for the feature that is being
analyzed.

The U value is the unfamiliarity factor, Values for UJ
range from 0.4 to 1.0 depending on the percentage of drivers
unfamiliar with the roadway, and classified by the type of
roadway. The U value increases as the percentage of
unfamiliar drivers increases. For example, a rural principal
arterial would receive an unfamiliarity factor of 1.0, a rural
local road would receive a 0.4. For this study all roads were
Farm-to-Marketroads and classified as rural collector roads
and assigned an unfamiliarity factor of 0.6.
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The E variable is defined as the feature expectation
factor. This factor adjusts for the potential confirmation of
driver expectancy where the prior feature is similar to the
current (3). If the feature is similar to the previous feature,
E=1-C. If the feature is not similar to the prior feature,
E=1.

The S variable describes the effect of sight distance
and is termed the sight distance factor, The sight distance
factor is determined by use of a graph that incorporates sight
distance and 85th-percentile speed. As the sight distance to
the feature decreases, the S value increases and, therefore,
adjusts the workload value upward.

The C variable is known as the carryover factor. The
purpose of the carryover factor is to determine the percent-
age of workload that has been carried over from the preced-
ing feature. In other words, it is a measure of how much the
driver has recovered from the workload of the previous
feature. Carryover factors are determined from a graph,
much like the sight distance factor, which incorporates the
85th-percentile speed and the separation distance between
the features. Values for the carryover factor canrange from
one to zero. As the separation distance between features
increases the carryover factor decreases thereby lowering
the effect of the preceding feature on the workload for the
current feature,

Finally, WL, is the workload of the preceding fea-
ture. This value is combined with the carryover factor 1o -
determine the amount of workload that is carried over from
the prior feature and contributes to the total workload for the

feature.,

Messer went on to define levels of consistency, or
LOC’s, for his workload values. These Levels of Consis-
tency are very similar to the Levels of Service used com-
monly in highway capacity analysis. LOC’s range from the
letter A to the letter F with F being the most severe and
representing a workload greater than six.

The first attempt at correlating these workload values
with other data wasrecently done by Glascock in his masters
thesis at Texas A&M University (6). In his thesis Glascock
explored a relationship between Messer's workload values
and accident experience on two-lane rural highways. He
evaluated the accident history for five roads, and then
calculated the workload values for all the features along
eachroad, He then formulated regression equations with his
data. By doing this he was able to determine a direct
cormrelation between workload and accidentrates. Glascock
developed models that produced r* values from 0.61 t0 0.88;
which means that 61 to 88 percent of the variability in
accident rates among highways was accounted for by the
mean workload value. This was a very impressive finding
as previous studies have only been able to explain up to 50
percent of accident variability.
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Jack E, Leisch and Joel P, Leisch proposed an operat-
ing-speed-based procedure in an attempt to identify prob-
lems in roadway alignment (I). The objective of their
procedure was o “meet driver expectations and to comply
with his or her inherent characteristics to achieve opera-
tional consistency and to improve driving comfort and
safety” (1). They proposed a 10 mile-per-hour rule that
congists of three considerations. First, reductions in design
speed should be avoided if possible, but if required should
be no more than 10 mph (1). Second, within a given design
speed, potential antomobile speeds along the highway nor-
mally should vary no more than 10 mph (1). Finally,
potential truck speeds generally should be no more than 10
mph lower than automobile speeds on common lanes. To
avoid these situations, Leisch proposes a speed-profile
technique, The technique entails determining speeds on an
existing highway at close intervals along the road and
plotting these speeds against the distance along the high-
way. This enables the engineer to see variations in speeds
and where they occur along the roadway.

Lamm presented a procedure for measuring the con-
sistency of horizontal design as defined by operating speed
and accidents expected (2). Lamm contends that operating
speeds and accident rates can be predicted for various lane
widths based on degree of curvature and posted recom-
mended speeds. Lamm defines a poor design as bhaving a
change in degree of curve between successive design ele-
ments that exceed 10° andfor a change in 85th-percentile
speed of greater than 12 mph. He goes on to define a fair
design, or adesign having at least minor inconsistencies, as
having a change in speed between 5° and 10° and/orachange
in 85th-percentile speed between 6 and 12 mph. Lamm
describes a good design as one having a change in degree of
curvature of less than or equal to 5°and/or a change in
operating speed of less than or equal to 6 mph. Lamm feels
these criteria should be considered when evaluating designs
and especially in the resurfacing, restoration, and rehabili-
tation of existing roadways.

Glennon believed that to create a good design one
must conceptualize a relationship between driver perfor-
mance and highway system demand in creation of accident
circumstances (7). Glennon demonstrated this by plotting
dover performance and system demand versus time. He
proposed that as time went on and the two curves converged
the opportunity for accident increased. Glennon stated “in
developing design criteria that are functionally related to the
design constraints, the real solution is one of matching the
limited sensory and motor capabilities of the driver to the
requirements of the driver task for various combinations of
vehicle, roadway, traffic, and environmental constraints”
(2). Glennon’s approach for evaluating design features for
design consistency consists of six countermeasures:

1. Improve driver detection.
2. Increase driver perception and response time.
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3. Eliminate “false cue” designs.

4. Decrease driver guidance and control demands.
5. Increase driver expectancy.

6. Build “relief valve” designs.

Another research report that was used for reference
was Alexander’s 1986 report to the Federal Highway Ad-
ministration (8). Alexander’s report is based on the idea of
driver expectancy and how violations thereof affect the
driver. According to the author, “expectancy relates to a
driver’s readiness to respond to situations, events and infor-
mation in predictable and successful ways™ (8). Alexander
asserts that when the road meets the driver’s expectancy,
performance tends to be error free. This was an important
study because it dealt with more than what the roadway
presents, but with what the driver expects the roadway to
present and how violation of this expectancy can increase
the chance for driver error.

STUDY DESIGN

Sixteen features with varying workload values and
degrees of curvature were chosen for data collection and
analysis. The curves were selected from tworoads that were
studied by Glascock: FM 391 and FM 1179 (6). Four curves
were selected from FM 391 and the remaining twelve from
FM 1179, The rational for the larger number of sites on FM
1179 was that although the AADT on FM 391 was 995
vehicles, attempts at data collection at sites along FM 391
failed to provide enough vehicles for continued collection.
The four curves stadied on FM 391 were included in the
data, however, although the number of vehicles was much
lower than the studies on FM 1179, The other three roads
in Glascock’s thesis (FM 2154, FM 1362 and FM 3058)
were not used due o either low AADT's or lack of signifi-
cant curves, The workload values for the curves had been
previously calculated by Glascock. However, these values
were verified and in some case slightly revised for consis-
tency sake. Differing workload values and degrees of
curvature were selected to formulate a good distribution of
values for the regression analysis. The sites and their
characteristics are summarized in Table 1.

Speeds were taken at two locations at each feature.
First, each vehicle’s speed was taken approaching the curve.
All the curves selected were preceded by a relatively long
tangent so speeds could be taken at the midpoint of the
tangent, before the vehicle began to decelerate for the curve.
Each vehicle’s speed was then taken at the midpoint of the
curve. The operating speed of the vehicle in the curve was
then subtracted from its speed in the tangent to determine its
change in operating speed. Data collection personnel used
radar guns tomeasure the vehicles speed in both the tangent
and the curve. At each site data collection personnel
attempted to conceal themselves as bestas possible from the
motorists, so their presence would not affect the vehicle's
operating speeds.
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TABLE 1. SUMMARY OF SITES USED FOR DATA COLLECTION AND ANALYSIS.
ROAD STATION DEGREE OF CURVE WORKIL.OAD

391 Eastbound 210+ 793 18° 00 9.09

391 Westbound 280+ 702 5°%00' 14.50

391 Eastbound 602 + 542 10%00" 2.53

391 Westbound 675+62.5 10° 00’ 2.53
1179 Northbound 66+ 32.0 6°00" 494
1179 Northbound 120+ 13.0 12°%00° 9.54
1179 Southbound 126 + 00.0 12 00' 8.07
1179 Northbound 161+273 5°00 4.69
1179 Southbound 161 +27.3 5%0° 4.65
1179 Northbound 172 +30.2 400" 6.05
1179 Southbound 172 +30.2 4 00 0.92
1179 Northbound 194 +61.0 1200’ 1.32
117% Northbound 232+ 70.5 300" 0.64
1179 Southbound 243 +38.3 300’ 2.33
1179 Northbound 265 +05.5 6"00" 1.44
1179 Southbound 265 +05.5 6°00' 2.33

RESULTS through regression. Another reason is the large inherent

The field data was then brought back into the office
where it was analyzed with SAS, a statistical software
package. After entering all the data into SAS, the software
was used to perform various statistical procedures, The
procedure of greatest interest for this research was the
regressionanalysis performed between workload and change
in operating speed. Also of interest was the analysis
between workload and the mean change in operating speed
at each site. The relationship between degree of curvature
and change in operating speed was also explored and com-
pared withthe relationship between workload and change in
operating speed. Finally, therelationship between degree of
curvature and the mean change in operating speed was
studied and compared to the previous analyses. The results
from these regression analyses are shown in Table 2.

The first regression equation that was formed was to
test the correlation between workload and change in operat-
ingspeed. Theresulisof this model are shownin Table 2and
the scatter plot is displayed in Figure 1. Workload was
assigned as the independent variable and change in operat-
ing speed as the dependent variable. Unfortunately the 1
that was computed came out to be lower than expected at
(.23. Although thisis arather low value, the F- and p-values
for the test were 77.84 and 0.0001 respectively. The highF-
value means there is a correlation between the variables,
and the p value tells us that the test is significant. The low
r? value indicates that a large percentage of the variability in
the data remains unexplained.

There are several reasons the i value would be solow,
The first reason might be that the variables do not have a
strong enough correlation to form a substantial relationship

variability among drivers within a site and the lack of data
from enough sites to override the effect of that variability.
This is believed to be the case for this study. Since there
were only sixteen sites studied with an average of just
seventeen vehicles per site, the chance for variability within
the data was very large. If one or two sites were inconsistent
with the rest of the sites, the r* value could have been
adversely affected. This is thought to be the reason for the
low 12 value calculated in this study.

Out of the sixteen sites, two had a standard deviation in their
changes in operating speeds of greater than five miles per
hour and three had standard deviations greater than seven
miles per hour, This certainly demonstrates alarge amount
of the variability in the data. The reasons for this variability
are varied. It might have been the time of day that the study
was done. For instance, if the study was done at peak hours
the drivers would have been primarily commuters, who
would be more familiar with the road thus affecting the data;
the opposite circumstance would of course happen during
off-peak hours. The drivers may bave been affected by
something following the curve, such as another curve or an
intersection, and slowed down a greater amount than they
normally would have under usual circumstances. Finalty,
the most probable canse would be that the motorists saw the
data collection personnel. Although they hid themselves as
best as possible, some sites did not provide good “hiding
places,” and detection by the motorists could have been
possible, This would have caused the motoristtoslow down
either out of curiosity, to see why a man was attempting to
hide in the bushes along the road, or because they mistook
the data collection personnel for police officers and were
more cautious with their speed.
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TABLE 2. REGRESSION EQUATIONS AND CORRESPONDING RESULTS.

Model F-Value P-Value R-Square Root MSE
CHGSPD =04+ 1.1 * WL 77.82 0.0001 0.2270 6.7925
MCHGSPD =14+ 0.9 * WL 7.53 0.0158 0.3499 5.0760
CHGSPD = -3.8 + 1.5 * DOC 220.96 0.0001 0.4546 5.7051
MCHGSPD =-14+1.0 *DOC 8.00 0.0008 0.5624 5.7969
CHGSPD = Change in operating speed
WL = Workload
DOC = Degree of Curve
MCHGSPD = Mean change in operating speed
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FIGURE 1. SCATTER PLOT OF THE CHANGE IN SPEED VS. WORKLOAD.

In an attempt to somehow compensate for the variability
within the data, the mean change in speed at each site was
calculated and these values then regressed against the
workload values for the sites. The results from this analysis
are shown in Table 2 and the scatter plot is displayed in
Figure 2. This analysis showed a significant increase in the
r? value to 0.35. Although this value is still rather low, itis
promising in that it demonstrates that some of the variability
is among the drivers within the sites. If the r* value for the
means of the sites were equal to or less than the 1? value for
the entire data, it would show that the problem was probably
within the relationship between the variables. However,
since the 1 value increased, it demonstrates some correla-
tion within the data, although there is still some variability.

Anotherrelationship that was studied was between the
change in operating speed and the degree of curvature for

the curve. The output from this analysis is shown in Table
2 and plotted in Figure 3. This relationship appeared to be
stronger (12 value was 0.45). The F- and p-values were
220.96 and 0.0001 respectively. It is intuitive that as the
degree of curve increases, the change in operating speed
increases, and therefore less data is needed to confirm this
relationship. Also, when workload was regressed against
change in operating speed, there were more variables in-
volved. Although it only appeared to be two, workload and
change in operating speed, the workload values are actually
calculated from several variables, including degree of cur-
vature. Since degree of curvature is a directly measured
quantity, its inherent variability is less, thus creating less
variability in the relationship with the change in operating
speed.
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The mean change in operating speed was then re-
gressed against the degree of curvature to determine if it
would lessen some of the variability as it did previously with
workload. Again the r* value increased, this time to 0.56.
These results are summarized in Table 2 and Figure 4. This
also helps to prove the previous claim, that there was
considerable variability among drivers at individuals sites,

CONCLUSION

These results show there is a correlation between both
workload versus change in operating speed and degree of
curvature versus change in operating speed. Although the
1* for the relationship between workload and change in
operating speed was low, the results are still promising. The
F-value was high and the p-value very low. Also the
correlation became stronger when the mean change in
operating speed was used at each site. The use of the mean
change in operating speed allowed for the reduction of
variability thereby demonstrating that the collected data
were not as consistent as it could have been, or, in other
words, the low 1 value was probably not due to a lack of
significant relationship between workload and change in
operating speed.
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The r* value for the relationship between degree of
curvature and change in operating speed was higher than
that of the relationship between workload and degree of
curvature., This, however, does not mean that degree of
curvature is a better measure of the severity of a curve than
workload. As explained before, the degree of curvature is
a simpler and more direct measure than workload, and
therefore has a lower inherent variability. The r* value for
the degree of curvature versus the mean change in speed also
increased, which helped to substantiate the claim that there
is considerable variability in driver behavior at individual
sites,

RECOMMENDATIONS

If further study is to be done in this area, the first
consideration must be the collection of data. As much data
should be collected at as many sites as possible. The data
should be taken at each site twice, at different times of the
day. Finally, data should be collected from as many differ-
ent roads as possible.

These recommendations should help to eliminate the
excess variability in the data and assist in determining the
validity of the relationship between workload and change in
operating speed.
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Analysis of Inductance Loop Detector

Sensitivities

ROBERT A. HAMM

This report presents the results of a group of tests on
the accuracy and sensitivity of inductance loops. The
detection ability of deep buried loops to bicycles, motor-
cycles, MOPEDs, and high profile trucks are discussed.
Also included is the effect of water and the effect of a
manhole on the detector's sensitivity.

Deep buried loops were found to be unsuitable for
detecting bicycles and MOPEDs. However, deep buried
loops up to a depth of 15 inches did successfully detect and
hold the call for high profile trucks.

Water did create a slight change in the loop induc-
tance, but the Texas series detector was able to adjust around
the change. No effect on vehicle detection was found when
the loop was flooded with water. _

A manhole within the loop area did not detract from
the loop's ability to accurately detect vehicles, The loop
performed essentially the same as a loop located in an area
without a manhole.

INTRODUCTION
Purpose

Inductance loops play amajor role in vehicle detection
systems that provide data for use in traffic-actuated signal
control and other surveillance systems. Induction loops
detect the presence or passage of automobiles and trucks.
Considering the wide variety of vehicles on the road today,
ithas become increasingly important to find a loop configu-
ration that will accurately detect odd-sized vehicles. Odd-
sized vehicles include motorcycles, mopeds, bicycles, and
especially high profile trucks. This loop type should also be
easy to install and relatively maintenance free.

Most loops in use today are rectangular surface loops
and are not efficient enough to detect these vehicles. A
recent study found that deep buried loops are as accurate in
detecting automobiles as surface loops (1). However, since
damage by pavement movement, traffic flow, and construc-
tion equipment does not exist, deep buried loops require less
maintenance. Itis therefore desirable to determine if deep
buried loops are sensitive enough to detect bicycles,
MOPEDs, motorcycles and high profile trucks.

Several common practices used today during loop
installation use up valuable time and may not even be
necessary. One practice requires sealing the loop for protec-
tion from water, and another is toavoid placing the loopnear
amanhole. Many professionals believe that water around a
loop wire or the presence of a manhole near a loop has an
adverse effect on a loop’s accuracy. Therefore, it is desir-
able to determine what effect, if any, these conditions have
on accurate inductance loop operation.

Objectives

The broad objective of this research effort is to estab-
lish a better understanding of induction loop detector sensi-
tivity. The specific objectives of this research are:

‘1. To determine how sensitive deep buried skewed
loop detectors are to bicycles, MOPEDs, and mo-
torcycles for two, three, four and five tums of wire.

2. To determine how sensitive deep buried loop de-
tectors are to high profile trucks for two, three, four
and five turns of wire.

3. To determine how the presence of water around
the loop wire in the conduit affects the detection
ability of the loop for two, three, four, and five turns
of wire,

4. To determine how the presence of a manhole in the
loop area influences the sensitivity of a surface
loop.

BACKGROUND
Principles of Detection

An inductance loop is composed of a detector unit, a
Iead-in cable, and an insulated wire (the loop) wound one or
more times (gach wind is known as a turn} in the pavement
surface. The detector unit energizes the loop system RE
circuit at a certain frequency. The loop becomes an induc-
tive element, and, as a vehicle travels over the loop, the
inductance of the loop decreases. The detector unit senses
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this change in peak frequency and interprets this as a vehicle
presence if its magnitude exceeds the threshold value set on
the detector.

Loop Inductance Measurements

A loop should contain more than 50 microhenries of
inductance to operate effectively, and, depending on the size
of the loop and the lead-in cable length, the loop requires a
certainnumber of wire turns. The minimum number of turns
needed for a certain loop size can be approximated as
follows:

5PN2 eh)
N+10 _

L=

where:
L. = Loop inductance in microhenries
P = Perimeter of the loop in feet
N = Number of turns of wire used

The actual inductance is determined in several ways.
1t is measured with an inductance meter or determined from
the frequency by using the manufacturer’s frequency verses
inductance plot on the frequency meter. The inductance can
also be calculated from the following relationship:

1
f= 2
2mVLC @
where:
f = frequency of the loop in hertz
L = loop inductance in henries
C = capacitance of the loop in picofarads

A loop’s sensitivity can be adjusted. The detectorunit
has high, medium, and low settings which adjust a loop’s
sensitivity. The number of tums of wire also affects the
sensitivity. A greater number of wire turns results in a
greater detector sensitivity.

Loop Configurations in Bicycle Detection

Although many loop designs exist, the most common
surface loop design used in the field is the 6' x 6' square. This
design effectively detects automobiles and is easy to install.
A recent study has shown, however, that this design does not
accurately detect bicycie and motorcycle traffic. The study
found that a &' x 6' loop skewed 45 degrees to the direction
of uraffic is the best design for accurate detection of bicycies,
MOPEDs, and motorcycles (2). Other designs primarily
used for bicycle and MOPED detection are shown in Figure

13).
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Skewed Type D Bicycle
45 Dagrees Lane Loop
Wide Coverage
Chavron Quadrupole Bicycle Loop

FIGURE 1. TYPICAL BICYCLE LOOP DESIGNS.

Deep Buried Loops and Bicycle Detection

Aloop installed below the pavement surface is known
as a deep buried loop. A recent study showed that a 6' x 6'
square twenty inch deep buried loop detects automobiles as
well as a 6' x 6 square surface loop (1). However, neither
the surface loop nor the deep buried loop accurately de-
tected bicycles, MOPEDs, or motorcycles possibly becanse
of the square loop shape. For deep buried loops to be
effective, small vehicle detection must be achieved at a
sensitivity level that will not cause false detections from
adjacent lanes. This is especially true if the loop is located
in a bike lane,

Deep Buried Loops and High Profile Truck Detection

One type of vehicle which may be hard to detect with
adeepburied loopisahigh profile truck. High profile trucks
sit at or about 51 inches off of the ground. With the loop
buried at 20 inches below the surface, the truck bed is 71
inches (5.9 feet) away from the inductance loop. This
distance may be too large for the loop inductance to change,
so presence detection may not be possible.

For deep buried loops to be considered an acceptable
loop alternative, high profile truck detection is necessary, If
the detector only detects each axle, it falsely detects the
passage of two vehicles. Large vehicles must be detected
and allowed to pass through on the green phase. Non-
detection of these vehicles can canse jack-knifing, a longer
start-up time delaying other traffic, and increased noise and
air pollution resulting from high profile truck start-up (3).
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Effect of Water on a Loop

Commori practice in surface loop installation is to seal
the loop for protection from water and for holding the loop
in place and away from traffic damage. Many believe that
water affects the inductance of aloop, thereby degrading the
loop’s detection ability. However, a recent study in a
laboratory proved that the presence of water around a loop
produces only a small change in capacitance and frequency
(1). With the current state of modern detectors, this small
change in frequency does not affect the ability of the
detector to function accurately.

The Federal Highway Administration (FHWA) ques-
tioned the study because the study did not consider the effect
the soil will have on the water saturated loop. The FHWA
believes that water around a deep buried loop will change
the inductance enough to frigger a false detection (4). If
water does not have any affect on a loop, sealing the loop
100% will not benecessary, thereby saving time and money.

Effect of a Manhole on a Loop

The FHW A recommends that traffic detectors should
not operate within 10 feet of a manhole located in the
roadway, This distance is required to allow for maintenance
work on the manhole without disturbing the detector (3.) No
studies, however, have been completed to determine the
effect of metal objects, such as manholes, on detector
sensitivity. This research effort examines the effect of a
manhole on the sensitivity and detection ability of a surface
loop.

STUDY DESIGN
Installation of Induction Loops

Two deep buried 6' x 6' square loops exist on Univer-
sity Drive near Avenue A. The loops are 15 inches and 20
inches below the pavement surface. Installation of a deep
buried 6' x 6' loop skewed 45 degrees to the direction of
traffic occurred in the 1200 block of Neal Pickett Drive in
College Station, Texas. Due to the compaction of the
subbase course prior to installation, the loop was placed
only 10 inches below the surface,

Installation of a temporary 6' X 6’ square surface loop
occurred on Villa Maria Road between Texas Avenue and
Wayside Drive in Bryan, Texas. The loop was placed
around a 24 inch diameter manhole located in the far right
hand eastbound lane as shown in Figore 2.

Small Vehicle Sensitivity Study

Manual observations using a Detector Systems Digi-
tal Loop Detector tested a MOPED, motorcycle, and two
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FIGURE 2. SURFACE LOOP MANHOLE LAYOUT.

bicycles passing over the 45 degree deep buried skewed
loop. The vehicles traveled on paths across the loop inboth
directions as shown in Figure 3.

Eack vehicle made several passes on each path for
each number of turns and sensitivity tested. Testing began
with five wire turns and a high sensitivity level and slowly
decreased. A medium frequency levelremained thronghout
testing, A previous study has proven that no effect on
vehicle detection exists for different frequency settings (1).
Due to time constraints, testing stopped when a vehicle
made one pass on every path and no detections occurred.
The number of turns and/or the sensitivity level then in-
creased.

Observations also included the base frequency of the
loop and the frequency as a vehicle passed over the {oop.
The frequercy was used to determine the loop inductance
and the percent change in inductance caused by a vehicle
presence.

High Profile Truck Sensitivity Study

Manual observations using the Detector Systems Digi-
tal Loop Detector observed the high profile truck passing
over both the 15" deep and the 20" deep 6' X 6' square loops
buried on University Drive. Observations included two,
three, four and five tumns of wire with low, medium, and high
sensitivity settings. A medium frequency level remained
throughout testing. The TTI water truck was used as the
high profile truck.

‘While the truck study was performed, the percent
change in inductance of different sized vehicles was deter-
mined. The base frequency of the loop and the frequency as
the vehicles passed over the loop were recorded.
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FIGURE 3. SKEWED LOOP TEST PATHS.

Manbhole Sensitivity Study

Using the Detector Systems Detector Unit, manual
observations determined if the manbole affects a loop’s
accuracy. Observations began with two turns of wire and a
low sensitivity setting. A medium frequency level remained
throughont testing. Observations included 50 passes of
random vehicles for each number of turn and sensitivity
combination tested. The number of faise detections from
the adjacent lane (spillovers), and number of vehicles
travelling in the adjacent lane were also recorded.,

Water Sensitivity Study

Since an inductance meter could not be located, the
inductance of the loop was directly calculated using the RF
circuit frequency. Capacitance and frequency measure-
ments were taken on the University Drive 20" deep buried
loop for all turns of wire. About two gallons of regular tap
water then filled the loop PVC conduit. Capacitance and
frequency measurements were then remeasured for all turns
of wire.

An incorrect hookup of the MICRONTA multimeter
resulted in invalid capacitance measurements.
Remeasurements revealed that the multimeter’ s scales were
too high toregister a capacitance. Measurements were then
attempted using a CIRCUITM ATE Capacitance Meter, but
the scales were still not small enough to read the loop
capacitance. Therefore, no capacitance measurements ap-
pear to be valid.
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Loop observations included at least 50 passes of
random vehicles each for two, three, four, and five turns of
wire. Following each observation, the frequency was mea-
sured again. All measurements and observations were then
repeated on the 15" deep buried leop.

RESULTS
Bicycles, MOPEDs, and Motorcycles

The 10 inch deep buried loop did not perform as well
as expected for these small vehicles. The bicycle and
MOPED were generally very hard to detect, with 5 turns
and a high sensitivity level the only combination producing
100 percent detection, as shown in Table 1.

One-hundred percent detection includes paths B
through J {one foot outside the loop perimeter). It is consid-
ered necessary for the bicycle to be detected one foot outside
of the loop boundary because that is generally where the
bicyclist will ride.

If only paths located within the loop périmeter are
considered, the MOPED achieved 100 percent detection on
high sensitivity and five turns. However, no MOPED
detections occurred on any other number of turns or sensi-
tivity combination.

Much better results were achieved with the motor-
cycle than the other small vehicles with 100 percent detec-
tion occurring on high sensitivity with both four and five
turns of wire. If only paths located within the perimeter are
considered, themotorcycle also achieved 100 percent detec-
tion with five turns and a medium sensitivity and also three
turns and high sensitivity.

Figure 4 shows the percent change in inductance the
small vehicles achieved. Only the motorcycle had a large
enough change in inductance to be detected by both types of
detectors on mediom sensitivity, The moped and bicycle
registered very small percent changes in inductance and are
very hard to detect.

High Profile Truck

The 15" deep buried loop performed much better than
the 20" deep buried loop in detecting high profile trucks.
Low sensitivity did not accurately detect the trucks on either
loop or on two, three, four, or five turns of wire, Onmedium
and kigh sensitivity, however, there was a significant differ-
ence between the 15" deep loop and the 20" deep loop, as
shown in Table 2. The 15" deep loop performed signifi-
cantly better in all cases except five turns and high sensitiv-
ity.

* An accurate detection consisted of the detector hold-
ing the signal for the entire length of the truck, Many
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TABLE 1. PERCENT ACCURATE DETECTION OF SMALL VEHICLES
WITH 10 INCH DEEP BURIED LOOP.

Number of Sensitivity
Tums Setting Bicycle Moped Motorcycle
2 Medium 0.0 0.0 0.0
3 Medium 0.0 0.0 0.0
4 Medium 20.0 00 424
5 Medium 56 00 784
2 High 0.0 0.0 0.0
3 High 0.0 0.0 704
4 High 55.6 0.0 160.0
5 High 100.0 778 100.0

% CHANGE IN INDUCTANCE

0.20

NOTE: DETECTOR REMAINED ON MEDIUM
FREQUENCY THROUGHOUT TESTING

0.15F
MEDIUM ___ MICROSENSE TX SERIES

TN

0.10
MEDIUM DETECTOR SYSTEMS TX

0.05
DETECTOR SYS.
MICROSENSE

C.00° ‘
MTRCYCLE MOPED BICYCLE

TEST VEHICLE

Bl w/inN 1 oF SipE NS IN CENTER OF LOOP

FIGURE 4. PERCENT SHIFT IN INDUCTANCE FOR SMALL VEHICLES.
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TABLE 2. PERCENT SIGNAL HELD OF THE HIGH PROFILE TRUCK.

Number of Sensitivity 15" Deep 20" Deep
Tuoms Setting Loop Loop
2 Medium 0.0 0.0
3 Medinm 100.0 333
4 Medinm 100.0 50.0
5 Medium 100.0 71.4
2 High 100.0 50.0
3 High 833 333
4 High 100.0 833
5 High 100.0 100.0

detections showed the presence of two vehicles instead of
one truck. Three wire turns and kigh sensitivity performed
questionably on both loops. In March 1989, during loop
installation, construction equipment accidentally cut the
third wire of the 15" deepburied loop. An emergency splice
on that wire is probably the cause of the questionable results,
Due to time constraints, the sample size was smaller than
desirable, but the data did present an accurate trend of high
profile truck detection,

The frequency measurements taken on many vehicles
travelling over the loop indicate a large variation in percent
change of inductance between different vehicle sizes and
types and within different vehicles, as shown in Figure 5.
The water truck was consistently picked up on high sensitiv-
ity, sometimes on medinm sensitivity, but rarely on low
sensitivity. The sample size of frequency was less than
desirable for all vehicles except the water truck due to time
constraints.

Despite being a large vehicle, a concrete truck caused
alower percent change in inductance than all other vehicles
except the Bronco. A large variation in percent inductance
change also was noted for the same vehicles. The data do
incorporate samples from many of the number of tums from
both loops. L

Manhole Sensitivity

The manhole had virtually no effect on the detection
ability of the loop. Two turns of wire on low sensitivity
accurately detected 100 percent of the vehicles. As the
number of turns of wire increased, many false detections
were recorded from the adjacent lane, as shown in Table 3.
With five tumns of wire, only 82,3 percent of the detections
on high sensitivity were from the right lane, with the other
17.7 percent of the detections being spillovers. This rate of
spillovers 1s common with loops only 22 inches from the
lane line and is not cansed by the manhole. Reguiar surface

loops less than two feet from the adjacent lane have a similar
percent of false detections.

Water Sensitivity

Water had virtually no effect on the detection ability
of either the 15 inch or the 20 inch deep buried loops, The
inductance did slightly increase, as shown in Figure 6, but
the detector unit adjusted and remained very accurate. The
only problem in detection accuracy was for two turns of wire
and low sensitivity. However, this problem also occurred in
the dry condition, so water cannot be considered the cause.

Percent detectionaccuracyis shownin Table 4 forlow
sensitivity only. All other sensitivity and number of tum
combinaticns had a 100 percent detection accuracy except
medium sensitivity and four turns on the 20" deep loop. In
this case, one motorcycle was not detected resulting in a
detection accuracy of 97.9 percent.

CONCLUSIONS
Deep Buried Loop Recommendations

Deep buried loops arenotrecommended to be used for
bicycle or moped detection. Motorcycle detection is pos-
sible with 10" deep buried loops using four ormore turns and
ahigh sensitivity. However, spillover effects fora 10" deep
buried loop are not known. Therefore, surfaceloops or deep
buried loops much closer to the surface are recommended
for use in bicycle, MOPED, and motorcycle detection.

Deepburied loops accurately detecthigh profile trucks.
Any deep buried loop can provide accurate detections up to
amaximum depth of 15", Fora 15" deep loop, three or four
turns of wire with a medinm sensitivity setting will achieve
100% detection without any spillover effects if reasonable
care 1s taken to keep the loop edge away from the lane line.
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TABLE 3. MANHOLE SURFACE LOOP ON

HIGH SENSITIVITY.
Number of Percent of
Turns Spillovers

2 0.0

3 34

4 13.1

5 177

TABLE 4. PERCENT DETECTION OF WATER

SATURATED L.OOP ON LLOW SENSITIVITY.

Number of 15" 20"
Tums Deep Deep
2 614 5216
3 100.0 943
4 100.0 979
5 100.0 89.8

45

30 % CHANGE IN INDUCTANCE

0.25

I” LOW SENSITIVITY

05

0.20

QL5

LEOF

0.00
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BRONCO SML CAR  PICKUP  1RG CAR MID CAR

PASSENGER VEHICLES

% CHANGE IN INDUCTANCE

| LOW SENSITIVITY

]t[ED]UM

HIGH

|||[

WATER TRUCK CONC TRUCK

B YAN TRUCK

LARGE VEHICLES

FIGURE 5. PERCENT SHIFT IN INDUCTANCE BY VEHICLE TYPE FOR DEEP BURIED LOOPS.
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FIGURE 6. WET DRY INDUCTANCE OF A DEEP BURIED LOOP,
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Water and Manhele Comments

Water had virtually no effect on loop detector perfor-
mance. A slight increase in the inductance did occur
between the dry and wet conditions, but the TX series
detector was able to adjust. The same detection accuracy
resulted in both the dry and wet conditions. It is not worth
the added expense to insure that aloop is 100 percent sealed
from water since water has no effect on loop detector
accuracy.

The manhole had no effect on the detection accuracy
of the surface loop. The loop detected just as well with the
manhele as a loop without a manhole, The only consider-
ation to be given when placing a loop near or around a
manhole is the amount of maintenance and construction
which will occur at the manhole. Damage to the loop by
construction equipment should be avoided.
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The State of the Practice in Forecasting

Turning Flows

JANIS L. PIPER

The purpose of this project was to develop a better
understanding of the process of forecasting turning flows.
Review literature provided information about the state of
the research in the area of tuming flow forecasts and
provided information about the models available for use in
making turning flow forecasts. A telephone survey was
performed 1o obtain information about the state of the
practice in forecasting turning flows in the United States.
Turning flow proportions were analyzed to show a correla-
tion between turning flow proportion and functional classi-
fication, and in doing so, average turning flow proportions
were developed.

INTRODUCTION

Accurate estimates of tuming flows are important to
the devetopment and design of new or expanded facilities.
Errors in estimates can lead to over- or under-design, and
these errors could cost the agency involved both time and
money.

Turning flow estimates have an impact on the design
process. Evaluating the need for one or more left-turm bays
or for three- or four-phase signal timing, adding right-turn
bays, or constructing a grade-separated intersection are all
considerations which, in some way, are based on turning
flow volumes.

This research attempted to offer a better understanding
of the methods available for making turning flow forecasts
as well as the methods currently inuse. By providing infor-
mation on the methods available in the literatore for fore-
casting turning flows and the current state of the practice,
and providing estimates of standard tuming proportions
based on the functional classification of the intersecting
roads, it is possible to reduce some of the risks involved in
forecasting turning flows for new facilities and to improve
the intersection design process as a whole.

The main objective of this study was to compile
information in the area of intersection tarning flow fore-
casts, The state of the practice for forecasting turning flows

was determined by interviewing representatives from 10
states in order to achieve diversity, as well as develop
information that would relate to the needs of the state of
Texas. The results of this survey are reported below in the
section entitled, “State of the Practice.” The second major
area covered in this study is the development of average
turning flow proportions based on the functional classifica-
tions of the intersecting roadways, while showing acorrela-
tion between functional classification and turning flow
proportion. Data were collected and separated by functional
classification. The turning proportions were analyzed in
three different ways. The results are reported below in the
section titled “Development of Average Turning Propor-
tions.” A recommendation is made 10 use one set of propor-
tions and the reasoning is described. The purpose of the
second part of the study is to show a relationship between
twrming flow proportion and functional classification and
provide some general form of historical information that can
be used as initial input for the varions models that estimate
turning flows.

This study represents a small portion of a larger study
involving the corridor analysis process. In the corridor
analysis process, groups of intersections are evaluated and
turning flows at each are determined. Turning flows deter-
mined in this manner take into consideration not only
forecasted approach and departure volumes but also the
effect that each intersection has on the others around it and
the effect of nearby facilitics and developments on the
operation of the facility in question.

PROBLEM STATEMENT

Analyzing turning flows is a requirement when de-
signing or upgrading intersections. In the case of an up-
grade, existing conditions can be analyzed and future tum-
ing flows can be predicted. When considering the
develoment of a new intersection where existing informa-
tion isnot available, it is necessary to use other methods
for forecasting turning flows. This may also be the case in
an area where an agency’s budget limits the ability to obtain
physical counts at an existing kocation. The methods avail-
able tomake these predictions are diverse and little isknown
about state of the practice in this realm of traffic forecasting.
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LITERATURE REVIEW

Many atiempts have been made to reduce oreliminate
the need for labor-intensive, manual counting of intersec-
tion turning flow volumes. Some of these methods are very
simple mathematical soletions, while others are compli-
cated algorithms and iterative processes. Few of the meth-
ods were designed with forecasting specifically in mind,

Some of the methods docomented are based on simple
algorithms, while others are extremely complex. This
complexity, however, does not necessarily relate to im-
provements in accuracy. Many of the procedures involve
iterative processes, and most require some knowledge of
expected mrning proportions. Some of the procedures have
been field tested, and the results can be obtained. Others are
theoreticat with no testing documented outside the labora-

tory.

Marshall offered an option for reducing the number of
observations necessary for counting intersection turning
flow volumes (1). The method requires one-way volumes
into and out of the intersection. By using the one-way traffic
volumes and the manual turning flow counts at some of the
approaches to the intersection, the remaining turning flow
counts can be estimated by following a series of simple
mathematical equations. Marshall offered a method for
reducing the need for observers to count tuming traffic but
did not address the problem of forecasting turning flows.

Jeffreys and Norman published articles that discuss a
non-iterative method which works on the principal of devel-
oping a “realistic” set of turning flows (2, 3). The method
uses linear programming and elementary “rook’s tours” to
develop a set of turning flows for an intersection. The
method was referred to as the ordered rook’s tour method.
The first article primarily presented the method and ex-
amples of its application. The second article, which further
developed theideas of the first paper, presented two alterna-
tives related to this idea and performed a comparison be-
tween the methods and the entropy maximization method.
Conclusions were that the methods yielded similar results
when the prior information available was close to balancing
the given situation. Otherwise, it was felt that the method
could be improved by going throngh a few iterations using
the Furness balancing factor model before applying the
method (4).

National Cooperative Highway Research Program
(NCHRP) Report #255 presents several methods for pre-
dicting turning flow volumes which are dependent on the
available information (3). Three factoring procedures--the
ratio method, the difference method, and the combined
method-- are available, Each requires the following direc-
tional or nondirectional information: future year turning
flow forecast, base vear turning flow assignment, and base
year turning flow counts. If base year turning flow volumes
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are not available, approach link volumes taken from traffic
forecasting models may be substituted in the ratio method
only, making it the only method of the three which offers a
solution to the forecasting problem. Iterative procedures are
offered for four-way intersections for use when either direc-
tional or nondirectional future year link volumes are known,
Non-iterative procedures are offered for the development of
turning flows at three-way intersections, for either direc-
tional or nondirectional link volumes.

Mekky discussed a log-linear method for estimating
turning flows at intersections (§). The forecasting matrix
developed can be solved through a series of iterations
similar to the Furness iteration method or the bi-propor-
tional method (4, 7). Mekky introduced his method and
stated that it “may be worth considering and testing by
experimental evidence.” The method was later referred to
as the entropy maximization method (3). Bell further
discussed Mekky’s procedure, offering standard errors and
confidence intervals for the estimates developed using this
model (8). The article discusses the sampling approach to
obtaining prior information and looks at estimating, rather
than forecasting, furning flows,

Articles by van Zuylen, Hauer, et al, and Schaefer
discuss the uwse of the iterative technique developed by
Kryithof (Kruithof™s algorithm) to balance possible turning
flows at an intersection (9, 1{, 11). Van Zuylen offered an
information minimizing method while Hauer offered a
maximum likelihood method, also referred to as the bi-
proportional method. Schaefer summarized the efforts of
van Zuylen and Hauer in his article which concentrating
mainly on the work of Hauer. Schaefer concluded that
Haner’s method was a “useful tool for developing intersec-
tion turning movement estimates,” but that “selection of an
appropriate estimate of the intersection turning proportions
is key to developing an accurate estimate of the actual
flows.”

Maher presented a non-iterative method in which the
development of wrning flow estimates is approached by
using Bayesian Statistical Inference (12), Atthetime of the
article, no detailed tests had been performed to compare the
method to other methods available, but it was thought to be
comparable to the maximum entropy approach and mini-
mum information approach previously discussed. Maher
published a second article where he compared the informa-
tionminimizing method and the maximum likelihood method
with his own Bayesian method (13). In presenting the
maximum likelihood method, he stated that “Hauer, et al,
claimed to have presented a maximum likelihood formula-
tion of the same method [information minimizing method],
but this is incorrect; the estimates produced should properly
be described as modal values.” Conclusions were that the
Bayesian model appeared to be the most appropriate choice
to estimate turning flows at intersections. A third article
comparing the information minimizing method, the Bayesian
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method, and a modification of the Bayesian method reached
a similar conclusion (14).

More recently, Furth has developed a method which
works on the principal developed by Haner (15). Furth
detailed the development of a turning propensity model and
the factors affecting turning fiows. The propensity matrix
produced by this model can then be applied as the initial
input of expected turning flows in another model. He stated
that “the overall performance of the propensity model is
very encouraging,” and that the average prediction error in
the model was of similar magnitude to the day-to-day
variations in turning flows.

Otherresearch includes work by Luk on the bi-propor-
tional solution to the information minimizing procedure
(16). Adebisiand Buehler offered comparisons between the
various models and provided some results of testing per-
formed on the models for accuracy (17, 18).

Most of the methods described above require an
estimate of the approack and departure volumes at the
intersection as well as some historical information about
turning proportions at the location, Work involved in many
of the papers included methods for acquiring this historical
information.

Standard turning flow proportions are a form of his-
torical information that can be provided for an intersection
that is in the development stages. The "1965 Highway
Capacity Manual” indicated that estimates of 10 percent
left, 10 percent right, and 80 percent through traffic is con-
sidered the average condition for an urban intersection (19),
Hauer reported that differences in turning flow proportions
could be attributed to the functions of the intersecting roads
as well as time of day, direction of movement, and location
in the urban area. A major portion of the differences in
turning flow proportions, Hauer thought, could be atiributed
to the functional classification of the intersecting roads.

STATE OF THE PRACTICE

In order to develop an understanding of the state of the
practice for forecasting turning flows, a telephone survey
was conducted to determine the methods being used by
various state transportation agencies. The literature review
provided an overview of the methods available but gave
little indication of the acceptance of the methods in actual
practice. Transportation agencies from ten states were
surveyed, including the Texas State Department of Trans-
portation, and the results of the interviews are summarized
below. Some questions may not have applied to the state
being interviewed and discretion was used to determine
whether the response was complete or if further questioning
was necessary in order to acquire a full understanding of the
methods being described.
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Arizona (20, 2D

Following an interview with representatives from the
Arizona Department of Transportation (POT) and the city
of Phoenix, it was determined that there were two method-
ologies used in Arizona. The Arizona DOT evaluates
turning flows from a regional planning perspective. The
department currently uses the Urban Transportation Plan-
ning System (UTPS) as a traffic model and uses the turning
flows directly from the model output as the future turning
flow forecasts. The flows were often adjusted based on
existing information or some professional judgment, but the
output of the raffic model was the sole source of turning
counnts outside of physical counting of the intersections in
question. The accuracy of the output was unknown and was
considered suspect by the department. Previously, amodel
developed by the Federal Highway Administration (FHWA)
called PlanPak was used as the traffic forecasting model.
‘This model allowed the planner to input constraints on the
turning flows. The representative of the Arizona Depart-
ment of Transportation interviewed considered these turn-
ing flow estimates to be more accurate than the current
estimates being produced by UTPS.

The city of Phoenix looked at turning flows in amore
localized manner. The geometry and signal timing at
intersections were nsed with the turning flow estimates to
develop a level of service (LOS) estimate. Two programs
are currently being used by the city to develop tuming flow
forecasts. The firstis a program called TURNFLOW which
can be purchased through the Center for Microcomputers in
Transportation (McTrans) in Gainesville, Florida. The
second is a mathematical algorithm which uses an iterative
process to determine the turning flows from the approach
and departure volumes and initial turning estimates input
into the program. The program was developed on a Lotus
spreadsheet by a staff member working for the city of
Phoenix and is based on the algorithm reported in Transpor-
tation Research Record (TRR) 795 (10). Both programs
require that initial estimates of turns be input, as well as
average daily traffic (ADT) approach and departure vol-
umes.

The ADT volumes were obtained from the Arizona
DOT’s Transportation Planning Office and were the cutput
of the UTPS model. Different turning flow proportions are
used as the initial input to the intersection analysis program.
The initial estimates vary based on the peak hour approach
volume in question and the quadrant in the city where the
intersection is located. On the average, these proportions
were 10 to 12 percent left and right tums based on the total
approach volume. Tuming flows were considered to be
heavier in the peak and lighter in the off-peak hour, assum-
ing that when the directional distribution was heavier in one
direction the tuming flows would also be heavier in that
direction. The proportions were based on historical infor-
mation and actnal turning counts and were developed by the
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Phoenix Department of Transportation Planning. Field
turning flow counts were also available for a number of
intersections and the proportions from an intersection with
similar characteristics may have been used in the absence of
any other information.

Both TURNFLOW and the mathematical algorithm
were used by the city of Phoenix, and neither was considered
more accurate than the other. If the results of either program
were not considered plausible, they were adjusted manually
taking into consideration the impact of related facilities and
other environmental considerations. Most of the work was
limited to the intersections of arterial streets. Analysis of
intersections with collector and local streets was generally
considered less critical. The two major cities, Phoenix and
Tucson, where the analyses were conducted had arterial
streets spaced approximately one mile apart. This provided
for very regular traffic flow patterns. Because the predic-
tions being made were 20-year projections, it was difficult
for the city of Phoenix to judge the accuracy of the output,
but the transportation planning department considered the
results to be acceptable.

California (22, 23)

Interviews with a representative of the California De-
partment of Transportation (CALTRANS) and a represen-
tative from one of the state’s regional planning agencies
provided information on the practices of turning flow fore-
casting in California,

At the state level, TRANPLAN and UJTPS were used
as traffic forecasting programs. The outputof turning flows
from the models was analyzed and often required adjust-
ment. In order to “smooth out” the output, a very localized
hand assignment was done. At the state level, the planning
analysis encompassed large areas and generally was not
localized to a single intersection, Base year calibration was
completed on the model output by comparing the base year
output to actual counts; and the future traffic volumes were,
therefore, considered to be accurate.

Attheregional level, the turning flows were estimated
by several traffic forecasting programs, including the Maxi-
mum Entropy Matrix Estimation (ME2) program,
TRANPLAN, UTPS, and others. Traffic engineering stud-
ies, including link forecasts as well as mm predictions, were
frequently subcontracted out to an engineering firm. The
firm generally used a traffic forecasting model to analyze
the traffic volumes, including tumning flows. The turning
flows generated by the traffic forecasting programs were
then manipulated to account for predicted land use and other
localized factors. The volumes were looked at for “reason-
ableness” and manually corrected until the engineer consid-
ered them reasonable. Any more specialized form of tumn-
ing flow forecasting was considered to be trivial since there
were very few new intersection developments in California.

UNDERGRADUATE FELLOWS PROGRAM
Florida (24, 25)

Conversations with representatives of District 4 of the
Florida Department of Transportation provided an over-
view of the procedures used by that district to forecast
turning flows. Although each district acts independently,
the representatives interviewed concurred (hat the methods
used in the other districts would be similar if notidentical to
those described below.

Tuming flow forecasts wereused to determine whether
an intersection would be applicable for the given location or
if a grade separated interchange or a partial interchange
would be required. The geomeltry of the intersection was
also determined nsing the turning flow forecasts, The traffic
modeling program used by the state was the Florida Stan-
dard Urban Transportation Model System (FSUTMS) which
was a modification of PlanPak. Tuming flows were devel-
oped through the program’s assignment model. If existing
counis were available, the output was analyzed and manu-
ally adjusted to reflect the existing conditions. If it was a
new development or existing counts were unavailable, the
model output was used directly. The turning flow estimates
were then delivered to the design department where adjust-
ments may have been made.,

District 4’s planning section delivered the FSUTMS
output to the traffic operations section. The data were
analyzed and compared to existing conditions. A growth
factor was developed, and it was assumed that the entire
cortidor would grow at the same rate. If there was an
isolated development nearby, volumes were approximated
for that development using the Institute of Transportation
Engineer’s (ITE) manual, Trip Generation, and these vol-
umes were added to the future count estimates at the affected
locations.

Hlinois (26)

A representative of the Illinois Department of Trans-
portation, District 5, responded to the survey questions.
There are nine districts in Hlinois; but Lee Bates, Traffic
Policy Engineer of Central Bureau of Traffic, Illinois DOT,
felt that one response would adequately represent the proce-
dures used throughout the districts,

Tuming flow estimates were used to determine inter-
section geometry and signal timing. Ilinois did not conduct
isolated intersection analyses unless they were preparing an
isolated site impact study. For the small scale, local situa-
tion, nse of acomputer program wasnot felt to be necessary.
For the large scale sitnation, they were using the Quick
Response System (QRS) Site Impact Analysis program.
The Transportation Planning Modeling Software
(TRANPLAN) developed by The Urban Analysis Group
was expected to be implemented in urban areas; but assign-
ment and analysis was done by hand. The Illinois DOT used
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historical trends, trip generation rates, and other known
factors to predict link volumes and then distributed the
volumes manually throughout the system. Intersections
were balanced by hand, first analyzing two-way link vol-
umes, then analyzing the directional distribution to develop
turning flows, Environmental factors were taken into ac-
count at the same time. Once traffic volumes and turning
flows had been generated for the base year, a straight-line
increase in volume was used to gencrate 20-year predic-
tions. It was assumed that if the directional splitand the total
volume at the intersection approaches were known, it was
possible to calcolate one, and only one, reasonable set of
numbers that would balance the intersection. It was also
assumed that the current manual assignment process ac-
complished this goal. In some cases, when an existing count
was not available, a nearby intersection having similar
characteristics was used to approximate the turning traffic
for the base year. The respondent personally recorded the
results of this process and said that “it (the manual tuming
flow forecasting process) is as accurate as the traffic count-
ing process.” By checking the results of the manual calcu-
Iations against actual traffic counts, the respondent refined
the skills necessary to make accurate predictions.

Indiana (27, 28)

Representatives of the Indiana Department of High-
ways were interviewed to determine the state of the practice
in forecasting turning flows in that state. Turning flow
forecasts were used to determine intersection geometry,
signal system timing, capacity analysis, and LOS determi-
nation. Indiana did not have a state-wide traffic forecasting
model. In rural areas, forecasting was done as a straight-line
projection. In urban areas, Metropolitan Planning Organi-
zations (MPO’s) provide the state with main line link
volumes, and these were manipulated manually to develop
flows through the corridors. In the future, the state plans to
implement TRANPLAN as a forecasting model.

For existing intersections, turning flows were
forecasted using a growth rate consistent with the link
projections. If a major traffic generator existed in the area,
traffic from that generator was forecasted separately and
added to the rest of the corridor projections, and the turns at
the intersections were adjusted accordingly. For intersec-
tions which were developed as a part of new construction,
the traffic forecasts were reviewed and an attempt was
made, using professional judgement, to predict how traffic
would move through the system. Tumning flows were
developed based on the path the traffic was expected to
follow through the system. The Indiana Department of
Highways often relied on manual counts at similar intersec-
tions to forecast how traffic would move at the new intersec-
tion. No records were kept to assure the accuracy of any of
the estimates.
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Massachusetts (29, 30)

Interviews with two representatives of the Central
Transportation Planning Staff (CTPS) of the Massachusetts
Department of Transportation yielded information on tum-
ing flow forecasting from two viewpoints. In terms of
network modeling (i.e., analyzing projects at a regional
level) it was considered difficult to convert the traffic
volume at an existing intersection to future turning flows
when the network was changing drastically, The best
approach was to make the models as accurate as possible
and give the network modeling output to the traffic engi-
neers todo amore localized analysis. There was an ongoing
project in Boston, the Central Artery Project, where I-93
was to be completely removed and relocated, resulting in the
need toredesign 100 to 150 intersections. The methods used
todevelop the turning flow counts for the new intersections,
some of which would be completely relocated, were to look
at the base year counts compared to the traffic forecasting
model output, develop a correction factor for the modet
output to match the existing counts, then apply the same
correction factors to the futore year onfputs with the new
intersections in place in the model. The two main traffic
forecasting models used at this level were UTPS and
TRANPLAN.

For corridor planning studies and more localized
studies, trip tables were generated directly using The High-
way Emulator (THE), The THE model was developed by
Edward Bromage while employed by CTPS. The program
uses the maximum entropy approach of Willumson and van
Zuylen, and is available through McTrans. Daniel Beagan,
Deputy Director of CTPS, stated that standard errors for this
program were in the two to three percent range (31).

There were also programs available that had been
developed to analyze tuming flows specifically. The most
basic of these programs looked at one intersection only. It
was developed in part by E. Pagitsas formerly of Toronto,
Canada, and carrently employed by CTPS and described in
TRR 795 (10). OId turning flow counts or small sample
count were used to develop turning flow percentages for
input, and directional volumes were available through ac-
tual counts or model output. Another program was devel-
oped by Peter Furth at Northeastern University and funded
by CTPS to expand on the methodology of Pagitsas’ pro-
gram, adding the ability to input information about the
geometry and the location of the site in the urban area. The
program also gave the user the ability to describe the
relationship of the site to other facilities. Although com-
plete and available for purchase through McTrans, the
program had not been implemented by CTPS,

If ho counts were available, 10 percent left and right
turns were sometimes used as arule of thumb as input o the
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model developed by Pagitsas (10). The results of the
Toronto work included some average turning proportions
based on functional classification. The method was consid-
ered to be fairly accurate based on citation in two separate
articles (10, 18). Typically the transpose of the AM peak
counts was used for the PM and vice versa in using the
program to develop turning estimates. This eliminated the
additional effort required to get counts for both periods.

Michigan (32)

An interview with a representative of the Michigan
Department of Transportation indicated an effort was un-
derway in Michigan t0 develcep better turning flow esti-
mates. In areas where there were congestion problems,
accurate turming information was considered to be impera-
tive. It was thought that use of an average turning proportion
or any other standardized estimate might be a costly mis-
take, and for that reason counts were ordered as a matter of
course on all major projects. It was felt that using average
turning flow proportions opened an avenue for the project to
be challenged during the public hearing process and that it
would be less expensive in the long rin to have crews make
manual counts at the intersections. Turning flows, for nrban
projects, were considered to be importantin the design of the
intersection from the lane configuration all the way 1o the
signal timing. For rural projects, through volumes were
more important than turning flows. Tuming flows were
checked only at high volume intersections along a rural
route.

TRANPLAN is currently being used as a traffic mod-
eling program. For a new or proposed intersection in an
urban area, the model output provided a prediction of
turning flows as well as through traffic, For rural intersec-
tions assumptions were made based on the nearest intersec-
tion to predict how the traffic would flow. Michigan had
implemented an extensive traffic counting program in order
to develop growth factors. Growth factors were applied to
the turning flow estimates to get fufure year turning flows.

A program is currently being developed in the Bureau
of Transportation Planning, Michigan Department of Trans-
portation, to refine the process of forecasting turning flows.
The NCHRP Report #255 software was modified to use an
iterative process to balance base year ADT turning flows
(3). A Lotus-based spreadsheet then applied the growth
factors and allowed for the increase or decrease of any of the
turning flows due to nearby developments or other environ-
mental influences on the traffic. The results were verified by
checking them against the results of manual estimates. The
results of the two methods were within 5 to 15 vehicles of
each other. Otherwise, the accuracy of the counts was not
checked, but the estimates were kept as historical informa-
tion.
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New York (33)

A telephone interview with a representative of the
New York State Department of Transportation provided
information on the methods used for forecasting turning
flows. Turning flow estimates were considered necessary in
the design of new intersections (including items such as
provision for turning lanes), and better estimates of vehicle
queue lengths could be developed based on amore accurate
turning flow estimate.

Turning flow forecasts for a given highway intersec-
tion came from the system forecasts developed through the
traffic modeling process. In general, link level forecasts
were used in combination with existing tuming flow distri-
butions to generate future turning flow distributions.

Traffic modeling was previously done by the state
using a state developed mainframe program. Carrently, the
State of New York encourages its MPO’s to nse the Trans-
portation Modeling System (TMODEIL2) available through
McTrans. This program allows the user torecord and recall
turning flow information at any intersection. The program
also has a corresponding software package that does the
"Highway Capacity Manual" (HCM) signalized intersec-
tion analysis. Other programs used throughout the state
included TRANPL AN and UTPS,

TMODEL?2 was considered inaccurate for turning
flow estimates on a regional planning basis, because in
regional planning, little was done to calibrate the turning
flows. In the corridor analysis process, more emphasis was
put on the calibration of the turning flows. For site impact
studies, trip generation and manual turn assignment were
used. The traffic was then added to the existing traffic in
order to study the timpact. For future highway development,
reasonable judgment was used, and traffic volumes were
followed throughout the system to develop turning flows.
Some effort was being made to analyze the relationship
between functional classification and the capacity of inter-
sections, but the respondent was not aware of any work in
the area of tuming flows per se. No effort was being made
to check the accuracy of the estimates,

Ohio (34, 35)

The Ohio Department of Transportation currently
uses tumning flow estimates in the development and plan-
ning phases for new intersections, especially in the area of
intersection geometry.

The trafficmodeling program used by the state was the
FHWA version of PlanPak. The program assigns traffic
voluomes on a minimum time path through the network, and
turning flows are estimated based on the assignment of the
traffic volumes. By using the model in conjunction with
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existing ground counts, the Ohio DOT would calibrate the
model to balance the estimated tumns with the existing
conditions. If anew development was being considered, the
model estimates were more likely tobeused. A professional
judgment of how traffic would flow through the system was
developed by the user, and the turning flows were adjusted
accordingly. According to the respondent they “haven’t
found anything better than PlanPak [to provide them with
turning flow forecasts].” In order to check the accuracy of
the estimates, the original output was kept as historical
information, and traffic volumes were checked agatinst it.
The Ohio DOT considered the results of this type of turning
flow forecasting to be very good.

Texas (36)

A telephone conversation with a representative of the
Texas State Department of Transportation (TxDOT) in
Texas revealed that turning flow counts were forecasted for
use in the design process. The turning flow estimates were
computed manually, Each approach at the intersection was
studied separately and was assigned a different turning
proportion. If there was known information available for
any approach at the intersection, that approach was ana-
lyzed first. Known information included observed turning
flows, familiarity with the area, or information from previ-
ous, similar projects. If nothing at all was known about the
intersection, aproportional method was used. Inthe propor-
tional method, a ratio was used where each approach was
assigned a ratio equal to the ratio of its volame over the total
volume atihe intersection. Turning flows were assigned by
applying these ratios. For instance, if the first approach
carried one-third of the total traffic volume at the intersec-
tion, then one-third of the traffic at each of the other
approaches would be assigned to turn onto the first ap-
proach. Some engineering judgment was used to adjust
these numbers, particularly at new intersections.

When turning flows were generated through a traffic
model, they were manually adjusted by a traffic engineer
familiar with traffic in general, how infersections operate,
and how to compare roadways in terms of their operation.
Considerations when adjusting the model output included
where development was located, access points to the exist-
ing system, and the type of traffic that the location was
expected to generate.

Computer programs for generating turning {low fore-
casts that were promoted by FHW A at their workshops and
short courses were considered, but manual methods were
considered tobe quickerand more efficient. Therespondent
considered the manual estimates to be accurate to within
plus or minus 10 percent and stated that work has been done
to check the accuracy of the estimates.
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Summary

It can be concluded from the results of the telephone
survey that the state of the practice in forecasting turning
flows is widely diversified. The information on alternative
methods for forecasting tuming flows is available, and
many of the agencies involved in the survey were aware of
this availability. It appears that although a few states are
implementing tuming flow forecasting programs, mostrely
heavily on professional judgement to develop turning flow
forecasts. Interest in the area was varied, and it is felt that
as interest increases, more of the methods will be tested,
implemented, and improved.

DEVELOPMENT OF AVERAGE
TURNING PROPORTIONS

The objective of this portion of the research is to
demonstrate a correlation between turning flow proportions
and functional classification. Average turning flow propor-
tions were also calculated for possible use in turning flow
forecasting models. In relating tuming flow proportions to
functional classification, the assumption was made that
turning flow proportions were not directly related to ap-
proach volume. This assumption was tested and the resuits
are shown in the section, “Turning Proportion vs. Approach
Volume.”

AM and PM peak turning flow proportions were
compared to look for differences in the mean twrming flow
proportions by functional classification. The AM peak
counts were then analyzed in three different ways, yielding
three slightly different turning proportions. The three
methods are described and an explanation is given why one
set of proportions is recommended over the other two. The
analyses were made on four-way signalized intersections
only and, with no further information, can be considered
valid only for four-way signalized intersections.

Functional Classification

Four functional classifications were analyzed in this
research: major arterial, minor arterial, collector, and local
road, Data were collected from a number of urban areas,
mainly in Texas, based on the following definitions (37):.

1. Major Arterial- serves major through movements
between important centers of activities inametro-
politan area and a substantial portion of tips
entering and leaving the area. In smaller urban
areas (under 50,000), its importance is derived
from the service providedto traffic passing through
the urban area. Service to abutting land is very
subordinate to the function of moving through
traffic.
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2. Minor Arterial - is a facility that connects and
supports the major arterial system. Although its
main function is still raffic mobility, it performs
this function at a somewhat lower level and places
more emphasis on land access than the major
arterial.

3. Cellector Street - provides both land access and
traffic circulation service within residential, com-
mercial, and industrial areas. Access function is
more important than that of arterials.

4. Local Street - any roadway not described in the
other categories.

Itis assumed that the roads were accurately classified.
Table 1 shows the distribution of the data collected from the
various urban locations over the range of classifications.

Turning Proportion vs. Approach Volume

Althoughby definition, functional classification gives
some indication of the relative volume of traffic on the
roadway, a major arterial in a city of two million people
would be expected to carry a higher volume than 2 major
arterial in a city of 70,000. Major arterials are classified as
such because of the type of traffic they carry and the amount
of access provided to abutting properties. To analyze
turning flow proportions on the basis of functional classifi-
cation, it was necessary to demonstrate that the approach
volume and turning flow proportion were not directly re-
lated. This allows the use of the same turning flow propor-
tion for the same functional classification regardless of the
size of the city or the traffic volumes at that location.

Two methods were used to demonstrate that turning
flow proportion was not directly related to approach
volume. The first was to simply plot the approach volume
vs, turning flow proportion for each functional classifica-
tion and each type of turning flow. The second method
was to calculate the coefficient of correlation between
approach volume and turning flow proporiion for each
functional classification and each turning movement (63).
The results are shown in Table 2. The correlation coeffi-
cient, a number between -1 and +1, demonstrates how
closely the data approximates a linear relationship. As the
coefficient approaches the lower or upper limit of the range,
the data approximates & negative or positive linear relation-
ship, respectively. The results shown in Table 2 indicate a
non-linear relationship between approach volume and turn-
ing proportion. It was, therefore, assumed that the average
turning flow proportions discussed in subsequent sections
could be considered valid in any metropolitan area, regard-
less of the approach traffic volumes,

UNDERGRADUATE FELLOWS PROGRAM
Average Turning Flow Proportion Analysis

The data analyzed were from various urban areas
(mainly in Texas) and consisted of 988 intersection ap-
proaches, from 247 different intersections. Alistof the data
sources and the number of approaches from each can be
found in Table 1. All of the data analyzed were from four-
way signalized intersections, and the analysis was done
without regard to the size of the city, traffic volumes, or
location in the urban system (e.g., Central Business Dis-
trict). AM and PM peak counts were compared using the
Student’s t-Test and were found 10 be similar populations
(63). The results allow the assumption to be made that the
turning proportion generally remains the same regardless of
the directional distribution of the traffic, and this eliminates
the need to analyze the PM peak counts separately. Further
investigation would be required to assure that the propor-
tions are also valid for the noon peak hour or the off-peak
hour traffic. Three methods of analysis were used to
develop tarning proportions. Standard deviations and con-
fidence intervals were calculated for two of the methods.
The third method provides another option but time limita-
tions prohibited the calculation of any information besides
the mean.

Method 1

It was shown in the previous section that the tumning
proportions were not related to the approach volume. In
order (o eliminate regard for the approach volume, the data
were converted to turning proportions. Left turns, right
turns, and through movements were analyzed separately,
The population analyzed was a set of proportions for each
functional classification. One proportion was caiculated for
each turning flow movement at each intersection approach.
Histograms were plotted for each turning flow and each
functional classification. Because the sample sizes were
considered large, a nommal distribution was assumed for
analysis purposes. The main potential error in assuming
normality is that the limits of the proportion are 0 to 1 (i.e.,
it is a fixed-ended distribution), The limits of a normal
distribution are negative to positive infinity, There is a
method available for converting a fixed-ended distribution
to a normal distribation and it is discussed as Method 2,

The calculated proportions were analyzed as a normal
distribution. Mean, variance, standard deviation, and the 90
percentconfidence interval were calculated for each turning
flow movement for each functional classification, The
results are listed, along with the number of approaches
analyzed for each functional classification in Tables 3 to 8.
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TABLE 1. DATA SOURCES - NUMBER OF APPROACHES ANALYZED PER CATEGORY.

Source

Number of Approaches Analyzed
M-M M-A M-C M-L A-M

A-A AC AL CM CA CCL-M LA LL

San Antonio, TX (3§, 39)
Duncanville, TX (40)
Euless, TX (41)

Garland, TX (42, 43)
Corpus Christi, TX (44, 45)
Fort Worth, TX (46, 47)
Hurst, TX (48, 49)

College Station, TX (30, 31)
Ardlington, TX (52, 33)

San Angelo, TX (54, 55
Austin, TX (56, 37)
Addison, TX (58, 39)
Corsicana, TX (60, 61)
Dauphin County, PA (62)
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TABLE 2. CORRELATION COEFFICIENTS OF APPROACH VOLUMES

COMPARED TO TURNING FLOW PROFORTIONS.

Functional Classification Left Turn Through Right Turn
Major Arterial to Major Arterial -0.18 0.32 -0.29
Major Arterial to Minor Arterial -0.21 0.28 -0.18
Major Arterial to Collector -0.37 0.43 -0.28
Major Arterial to Local Road -0.09 0.21 -0.20
Minor Arterial to Major Arteriat -0.02 -0.05 0.09
Minor Arterial 10 Minor Arterial -0.13 0.36 -0.50
Minor Arterial to Coliector -0.09 0.16 -0.13
Minor Arterial to Local Road -0.27 0.36 -0.33
Collector to Major Arterial 0.01 0.18 -0.25
Collector to Minor Arterial 0.03 -0.09 0.10
Collector to Collector -0.16 0.34 -0.30
Locatl Road to Major Arterial -0.28 0.10 0.20
Local Road to Minor Arterial 026 -0.12 -0.11
Local Road to Local Road -0.04 0.03 -0.02
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TABLE 3. TURNING FLOW PROPORTION ESTIMATES - LEFT TURNING FLOW.

Mean Developed
Functional Classification Mean Proportion Weighted Average Through Transformer
Major Arterial to Major Arterial 0.1662 0.1522 0.1489
Major Arterial to Minor Arterial 0.0868 0.0790 0.0759
Major Arterial to Collector 0.0697 0.0521 0.0559
Major Arterial to Local Road 0.0502 0.0474 0.0397
Minor Arterial to Major Anterial 0.2546 0.2518 0.2346
Minor Arterial to Minor Arterial 0.1494 0.1395 0.1247
Minor Arterial to Collector 0.097M 0.0925 0.0804
Minor Arterial to Local Road 0.0746 0.0551 0.0632
Collector to Major Arterial 0.2614 0.2625 0.2457
Collector to Minor Arterial 0.2066 0.2112 0.1824
CoHector to Collector 0.1460 0.1300 0.1229
Local Road to Major Arterial 0.3464 0.2622 0.3337
Local Road to Minor Arterial 0.2603 0.3026 0.2470
Local Road to Local Road 0.1303 0.1283 0.1111

TABLE 4. TURNING FLOW PROPORTION ESTIMATES - THROUGH TRAFFIC FLOW,

Mean Developed
Functional Classification Mean Proportion Weighted Average  Through Transformer
Major Arterial to Major Arterial 0.6719 0.7097 0.6803
Major Arterial to Minor Arterial 0.8110 0.8290 0.8237
Major Arterial to Collector 03627 0.8931 0.8768
Major Arterial to Local Road 0.9082 09171 0.9204
Minor Arterial to Major Arterial 0.5202 0.5123 0.5180
Minor Arterial to Minor Arterial 0.6973 0.7400 0.7124
Minor Arterial to Collector 0.8109 0.8217 0.8246
Minor Arterial to Local Road 0.8152 0.8626 0.8285
Collector to Major Arterial 0.4454 04764 0.4357
Collector to Minor Arterial 0.5311 0.5119 0.5246
Collector to Collector 0.6671 0.7162 0.6780
Local Road to Major Arterial 0.2990 03171 0.2757
Local Road to Minor Arterial 0.4591 0.4367 0.4525
Local Road to Local Road 0.6669 0.6699 0.6762
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TABLE 5. TURNING FLOW PROPORTION ESTIMATES - RIGHT TURNING FLOW,

Mean Developed
Functional Classification Mean Proportion 'Weighted Average  Through Transformer
Major Arterial to Major Arterial 0.1619 0.1522 0.1424
Major Arterial to Minor Arterial 0.1022 0.0920 (0.0865
Major Asterial to Collector 0.0676 (.0547 0.0554
Major Arterial to Local Road 0.0416 0.0355 0.0320
Minor Arterial to Major Arterial 0.2252 0.2359 0.2066
Mincr Arterial to Minor Arterial 0.1532 0.1205 0.1364
Minor Arterial to Collector 0.0921 0.0857 0.0760
Minor Arterial to Local Road 0.1102 0.0823 0.0995
Collector to Major Arterial 0.2932 0.2611 0.2794
Collector to Minor Arterial 0.2623 0.2768 0.2446
Collector to Collector 0.1869 0.1538 0.1697
Local Road to Major Arterial 0.3546 0.3907 0.3453
Local Road to Minor Arterial 0.2806 0.2607 0.2540
Local Road to Local Road 0.2028 0.2018 0.1922

TABLE 6. NINETY PERCENT CONFIDENCE INTERVALS - LEFT TURNING FLOW,

Mean Developed
Average Proportion Through Transformation
Functional Classification Lower Limit  UpperLimit | LowerLimit Upper Limit
Major Axterial to Major Arterial 0.1471 0.1853 0.1312 0.1676
Major Arterial to Minor Arterial 0.0767 0.0971 0.0664 0.0861
Major Arterial to Collector 0.0613 0.0831 0.0456 0.0672
Major Arterial to Local Road 0.0380 0.0624 0.0302 0.0503
Minor Arterial to Major Arterial 0.2235 0.2857 0.2043 0.2664
Minor Arterial to Minor Arterial 0.1229 0.1759 0.1000 0.1516
Minor Arterial to Collector 0.0790 0.1152 0.0657 0.0965
Minor Arterial to Local Road 0.0502 0.0990 0.0415 0.0891
Collector to Major Arterial 0.2366 0.2870 0.2206 0.2716
Collector to Minor Arterial 0.1759 0.2373 0.1527 0.2142
Collector to Collector 0.1115 0.1805 0.0917 0.1580
Local Road to Major Arterial 0.3003 0.3925 02451 0.4287
Local Road to Minor Asterial 0.1973 0.3233 0.1375 0.3762
Local Road to Local Road 0.1019 0.1587 0.0759 0.1520
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TABLE 7. NINETY PERCENT CONFIDENCE INTERVALS - THROUGH TRAFFIC FLOW.

Mean Developed
Average Proportion Through Transformation
Functional Classification LowerLimit  UpperLimit | Lower Limit Upper Limit
Major Arterial to Major Arterial 0.6438 0.7000 0.6499 0.7101
Major Arterial to Minor Arierial 0.7929 0.8289 0.8054 0.8412
Major Arterial to Collector 0.8381 0.8725 0.8229 0.9220
Major Arterial to Local Road 0.8911 0.9255 0.9040 0.9353
Minor Aurterial to Major Arterial 0,4841 0.5563 0.4780 0.5579
Minor Arterial to Minor Arterial 0.6577 0.7369 0.6695 0.7535
Minor Arterial to Collector 0.7877 0.8339 0.8016 0.8465
Minor Arterial to Local Road 0.7710 0.8594 0.7801 0.8719
Collector to Major Arterial 0.4191 0.4865 0.3996 04721
Collector to Minor Arterial 0.4879 0.5743 0.4743 0.5747
Collector to Collector 0.6176 0.7168 0.6249 0.7288
Local Road to Major Arterial 0.2550 0.3432 0.1546 04166
Local Road to Minor Arterial 0.3879 0.5303 0.2603 0.6523
Local Road to Local Road 0.6164 0.7174 0.5901 0.7566

TABLE 8. NINETY PERCENT CONFIDENCE INTERVALS - RIGHT TURNING FLOW,

Mean Developed
Average Proportion Through Transformation
Functional Classification LowerLimit  Upper Limit | LowerLimit Upper Limit
Major Arterial to Major Arterial 0.1416 0.1814 0.1241 0.1617
Major Arterial to Minor Arterial 0.0866 0.1178 0.0737 0.1002
Major Arterial to Collector 0.0613 0.0837 0.0451 0.0667
Major Arterial to Local Road 0.0292 0.0540 0.0240 0.0413
Minor Arterial to Major Arterial 0.1968 0.2536 0.1800 0.2347
Mirnor Arterial to Minor Arterial 0.1309 0.1755 0.1151 0.1592
Minor Arterial to Coliector 0.0749 0.1093 0.0620 0.0913
Minor Arterial to Local Road 0.0823 0.1379 0.0721 0.1308
Collector to Major Arterial 0.2635 0.3131 0.2545 0.3049
Coliector to Minor Arterial 0.2311 0.2935 0.2129 0.2778
Collector to Collector 0.1490 0.2248 0.1350 0.2075
Local Road to Major Arterial 0.3122 0.3970 0.2618 04338
Local Road to Minor Arterial 0.2131 0.3483 0.1423 0.3852
Local Road to Local Road 0.1677 (0.2381 0.1399 0.2508
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Method 2

In order to eliminate the fixed-ended distribution and
approximate a normal distribution, the following formula
was used to transform each proportion (64):

Arcsin (Vp)

where:
p = the turning flow proportion

The transformed data were analyzed asin Method I, and the
resulting mean and confidence interval were transformed
back to the original distribution by reversing the process of
the transformation. Results are shown in Tables 3to 8. One
problem encountered with this transformation was that the
summation of the left, through, and right tarming propor-
tions was not equal to one. Time limitations did not allow
for the necessary investigation to determine the method to
correct the proportions.

Method 3

The third estimate of a mean proportion is actually a
ratio estimate (i.e., weighted average). This method used

59

the turning volumes directly rather than the turning propor-
tions., By adding up the turning volumes for each approach
and dividing the sum by the sum of the total of all the
approach volumes, a ratio estimate was caiculated. This
estimnate gives more weight to the intersections with higher
approach volumes. Although it wasalready pointed outthat
the approach volume and turning proportion are unrelated,
it is still valid to weigh the approaches in this manner. A
larger sample of vehicles should more closely approximate
the mean turning proportion, and the turning proportions for
the approaches with heavier volumes are not statistically
different from those of approaches with lower volumes, It
is reasonable, therefore, to weigh the higher volumes more
to approximate the true mean. Results are shown in Tables
3tos.

Summary

In summarizing the results, it is necessary to qualify
the validity of the mean tuming proportions calculated for
the functional classification categories containing few ob-
servations, particularly those with less than 30 approaches,
In the local road to local road intersection category, 28
approaches represent only seven intersections. The results
could be influenced by the qualities of a data set this small,

TABLE 9. LEFT AND RIGHT TURNING FLOW PROPORTIONS AND ACCURACY OF THE ESTIMATES.

Number of . .
Approaches Average Turning Proportions
Functional Classification Analyzed Left  Accuracy  Right Accuracy

Major Arterial to Major Arterial 116 01662  0.019 0.1619  0.020
Major Arterial to Minor Arterial 104 0.0868 0.010 0.1022 0016
Major Arterial to Collector 128 0.0697 0.011 0.0676 0.011
Major Arterial to Local Road 50 00502  0.012 0.0416  0.012
Minor Arterial to Major Arterial 104 02546  0.031 02252 0.028
Minor Arterial to Minor Arterial 64 0.1494 0.027 0.1532 0.022
Minor Arterial to Collector 74 0.0971 0.018 0.0921 0.017
Minor Arterial to Local Road 16 00746  0.024 0.1102  0.028
Collector to Major Arterial 128 0.2614 0.025 02932  0.025
Collector to Minor Arterial 74 02066  0.031 02623 0031
Collector to Collector 36 0.1460 0.034 0.1869 0.038
Local Road to Major Arterial 50 0.3464 0.046 0.3546 0.042
Local Road to Minor Arterial 16 0.2603 0.063 02806  0.068
Local Road to Local Road 28 0.1303 0.028 0.2028 0.035
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Due to the limited time available to complete this study,
the statistical analysis of the data was not as complete as
initially intended. An analysis of the turning proportion
distributions may have yielded a type of non-normal distri-
bution that the data more closely approximated, The ratio
estimates could have been further analyzed to determine the
variance, standard deviation, and confidence intervals. The
results obtained from the transformation could have been
corrected to sum to one for the approach.

The average of the proportions, Method 1, is recom-
mended for use as the average turning flow proportion
estimate. The left- and right-tum proportions and their
accuracies are shown in Table 9. This set was chosen for a
number of reasons. There is no statistical proof that the
distributions do not approximate a normal distribution, The
limited testing was inconclusive, and no tests were at-
tempted to approximate any other type of distribution. The
results of the transformation were not considered adequate
because the left, through, and right proportions did not snm
to 1. Without a correction, these were considered invalid.
Choosing the average proportion
eliminates the approach volume as a factor in the calcula-
tion.

Further statistical analysis might prove that another
proportion is better than that recommended, However, the
proportions from the three methods were not very different,
based on visual observation. Having clarified the choice of
the average proportion as the recommended value, it is
possible to respond to the question raised in the objective
portion of this research; “Is therc a direct relationship
between turning flow proportion and functional classifica-
tion?” Although limited statistical analysis yielded incon-
clusive results in comparing the mean proportions with each
other, observation of the data in Table 9 shows an obvious
trend which appears to indicate that there is a strong corre-
lation between functional classification and turning flow
proportion.

RESULTS AND RECOMMENDATIONS

The literature review revealed a variety of approaches
to predicting mrning flows at intersections. Some of these
can be applied to forecasting, while others simply offer an
option for reducing the labor-intensive effort of counting
turiting flows. In the state of the practice portion of this
research, the telephone survey revealed that the amount of
interest in and knowledge of the availability of these meth-
ods was diversified. It is felt, however, that interest will
increase and the methods will be used and improved as the
necessity is recognized. Further testing of the available
methods is recommended, specifically with respect to fore-
casting turning tlows for future intersection developmenits.

Analysis of turning flow proportion with respect to
functional classification revealed that turning flow propor-
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tions appear to be related to functional classification, The
average turning flow proportions presented in the report are
an option when an engineer is interested in making a quick
estimate of the turning traffic at an intersection or as initial
input into one of the available turning flow forecasting
models. The most important benefit of this information is
the potential elimination of the labor-intensive manual
counting of intersection turning flows. Further statistical
analysis is recommended to verify the proportions recom-
mended. It is also recommended that they be tested in the
turning flow forecasting models for accuracy.
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Arterial Lane Closures Downstream of

Signalized Intersections

ISABEL S. SIU

The objective of this ten-week study was to determine
the critical distance between the intersection and the down-
stream lane closure needed to prevent intersection blockage
for a given set of parameters. The parameters that were
considered for the development of the lane closure guide-
lines are: number of open lanes, number of closed lanes,
lane closure capacity of open lanes, traffic volume on the
arterial and cross street, and traffic signal timing and phas-
ing. If the lane closure needs to be located closer to the
intersection than the critical distance, lane closure should be
relocated upstream of the intersection in order to prevent
intersection blockage,

This topic has not been properly addressed in current
research reports, and some information on arterial lane
closure capacity was able to be gathered for the analysis and
preparation of this research report. Lane closure gnidelines
were based on theoretical aspects of traffic signal operation,
queueing analysis, and lane closure capacity, Mathematical
computations were then performed to obtain the maximum
number of vehicles queneing at a given intersection,

INTRODUCTION

The primary function of traffic signals is to assign
right-of-way to traffic movements at intersecting streets or
highways. These traffic signals exert a great influence on
traffic flow, and have a significant impact on the vehicular
movement throngh an intersection (1). When maintenance
or construction activities are required near signals, lane
closures are often necessary, and they can have a significant
impact on traffic flow and lane capacity. Lane closures
downstream of an intersection may cause a queue to back up
and block the upstream intersection. Congestion will often
occur and can impede traffic movements, This congestion
will increase travel time, driver frustration, and traffic signal
violations. Driveways and crossovers will be blocked, and
gridlock can occur (2). Lane closure guidelines are needed
to reduce the impact of this situation.

In this study, gnidelines were developed for the safe
and efficient implementation of lane closures near signal-
ized intersections. It focused on pre-timed signals, as the

detection capability of actuated devices is normally lost in
work zones due to the fact that lane widths are reduced and
lane positions shifted.

Objective

The objective of this study was to determine the
critical distance between the intersection and the down-
stream lane closure needed to prevent intersection blockage
for a given set of parameters. The parameters considered
were:

1. Number of open lanes,

2. Number of closed lanes.

3. Capacity of open lanes,

4. Traffic volume on the arterial and cross-street.
5. Traffic signal timing and phasing.

If the lane closure needs to be located closer to the
intersection than the critical distance, that is, lane closure
distance is less than the critical distance, 1ane closure should
be relocated upstream of the intersection in order to prevent
intersection blockage.

Background

In order to develop guidelines for the solution of the
proposed problem, it was necessary to review material
addressing traffic signal operations, work zones, and queue-
ing analysis.

Related literature on work zones in urban arierials was
found in aresearchreporton "Traffic Control Guidelines for
Urban Arterial Work Zones" by Hawkins, Ogden, and
Crowe (2). The report provides a brief description of
research activities performed, and included the preliminary
findings and preliminary guidelines developed during the
study. A number of problem areas related to urban arterial
work zonmes, including traffic signals, left turns, lane
widths, accidents, construction activities, driver needs, and
public relations, were addressed in the study. The report
also emphasized the fact that current research and guide-
lines do not adequately address the topic.
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The "Manual on Uniform Traffic Control Devices for
Streets and Highways" (MUTCD) and the "Traffic Control
Devices Handbook" contain standards for the use of all
traffic control devices including those devices used in work
zones (3, 1, 2). Part VI of the MUTCD entitled “Traffic
Control for Street and Highway Construction and Mainte-
nance Operations” establishes principles to be observed in
the design, installation, and maintenance of traffic control
devices, and prescribes standards where possible. These
principles and standards are directed to the safe and expedi-
tious movement of traffic through construction and mainte-
nance zones and to the safety of the work force performing
these operations (3). However, this part of the MUTCD
only provides a small amount of information on work zone
traffic control on urban arterials. The Handbook addresses
urban arterial work zones in greater detail than the MUTCD.
Diagrams of typical work zone layouts for different situa-
tions are provided and some of the major concerns are
briefly mentioned (2).

Relevant information on capacity, signalized inter-
sections, and urban and suburban arterials was found on the
"Highway Capacity Manual” (4). Chapter 9 provided
information on signalized intersections, and capacity of
signalized intersections. No information was found in the
manual for capacities on urban arterial work zones. Chapter
6 entitled “Freeway Systems” provides measured values for
capacities on freeway work zones.

A report entitled "Traffic Flow Theory" provided
information on the fundamentals of queneing theory (5).

DATA COLLECTION AND REDUCTION

Paving operations for a center lane on South Cooper
Street in Arlington, Texas forced a Jane closure on north-
bound traffic. The lane closure extended approximately
1100 feet and affected the signalized intersection in Sublett
Street. Data was collected for AM, Noon, and PM peak
hours on July 11, 1991,

Site Description

South Cooper is a four lane arterial street and one of
the main rcadways in Arlington. The area is surrounded by
small shopping areas, fast food restaurants, and a large
Hypermart, Therefore, a large amount of queueing and
congestion was expected to take place during the AM, Noon
and PM peak hours.

Advance road construction signs were placed on the
street shoulder to inform motorists of the work zone ahead,
and an advance waming arrow panel was set near the taper
to indicate that traffic must merge. Eastbound traffic on
Sublett was forced to merge with southbound traffic on the
arterial, and many vehicles did illegal U-turn movements in
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the work zone to enter the northbound traffic in S. Cooper.
The vehicles either continued moving downstream or turned
into Sublett.

Data Collection Procedure

Data was collected using a video camera which was
affixed to a 12-foot high telephone post as shown in Figure
1. During the AM peak, the camera was located approxi-
mately 500 feet from the start of the taper and traffic was
observed to queue around 700 feet from start of the taper. It
is assumed that this queueing was cansed by a traffic signal
located downstream which was still working at this time and
also by construction activity taking place near taper. How-
ever, during the Noon peak, the camera was set up inside the
work zone, approximately 270 feet from the end of the taper.
The traffic signal was changed to a yellow/red flashing
operation and a flagger helped direct traffic. This affected
the queneing by providing a continuous flow of vehicles
through the open lane, making random stops when cross
street traffic needed to merge into arterial.

Data Reduction Procedure

A taped line was positioned in the monitor’s screen as
areference, and every vehicle that passed through the taped
line was counted in 5 minute intervals. The 5 minute flow
rates were then grouped in 15 minute flow rates.

Data for AM peak hour was recorded from 7:41:30 to
8:25:00. Vehicle counting did not start until 7:43:30 after
the camera was properly adjusted. A five minute period
from 8:03:30 t0 8:08:30 was discarded due to unusual traffic
mancuvers where a large number of vebicles tried to enter
the northbound traffic stream by cutting in through the work
zone. Another factor affecting traffic activity may have
been the movement of trucks into the work zone unloading
concrete, thus blocking the open lane for a short period of
time,

The most useful data was obtained doring the Noon
peak hour starting at 11:05:45 ontil 12:46:38. A complete
1 br, flow rate could not be obtained, approximately 2.5
minutes of data was lost due to transfer of power source for
video camera,

The PM peak was completely discarded since no
queueing was present during this time, and traffic flow was
continuous,

Data Analysis Procedure

All flow rates were then grouped together; the mean,
median, and mode were calculated, and the lane closure
capacity was estimated to be approximately 720 vph. Re-
sults are summarized in the following Tables 1,2, 3, and 4.
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FIGURE 1. DATA COLLECTION SITE.

TABLE 1. FIVE MINUTE FLOW RATES

FOR AM PEAK.
Time No. of Vehicles
744530 57
745330 54
745830 @
50330 &
51330 2
81830 2
52330 &

Factors Affecting Data Results

The following conditions at the intersection were
noticed during data collection that might have affected data
results:

1. Use of flashing yellow light during the Noon and
PM peak instead of regular phasing.

2. Flagger guiding traffic.

3. Merging of vehicles before reaching lane closure.

4, Vehicles performing illegal Tl-turns inside work

Zone,
5. Pavingoperation vehicles entering orleaving work
ZOne.
6. Vehicles entering or leaving nearby shopping
centers.
STUDY DESIGN

The development of lane closure guidelines was based
on theoretical aspects of traffic signal operation, queuging
analysis and lane closore capacity. Mathematical calcula-
tions involving cycle length, traific volume, effective green
time, and capacity were performed to calculate the critical
distance, The maximuam number of vehicles that will form
a queue in the intersection was estimated, and with this
information, the critical distance was computed. In cases
where lane closure distance is less than the critical distance,
the lane closure needs to be placed upstream of the intersec-
tion.
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TABLE 2. FIVE MINUTE FLOW RATES

FOR NOON PEAK.
Time No. of Vehicles
111400 st
111900 2
112400 &
112500 o
113400 o8
113500 56
114400 2
114900 Z
1115400 4
12:0200 o8
120700 &
121200 o
121700 o
122200 @
122500 7
123300 o
123500 2
12:4300 0
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TABLE 3. FIFTEEN MINUTE FLOW RATES

FOR AM PEAK.
Time No. of Vehicles
75830 17
82330 163

TABLE 4. FIFTEEN MINUTE FLOW RATES

FOR NOON PEAK.
Time No. of Vehicles
e e
ha
n0 o
121200 201
e

Study Variables

In order to develop guidelines for the solution of the
proposed problem, a set of conditions at the signalized
intersection had to be established, The guidelines involve
the following parameters:

1. The volume and distribution of traffic movements.
2. Traffic composition,

3. Geometric characteristics of the intersection.

4. Intersection signalization.

Major street approach volumes analyzed were 300,
500and 700 vph. The minor street volume for each way was
determined to be 100 and 300 vph with 30 percent right-
turn/left-turn tuming movements; and 500 and 700 vph with
12 percent left-turn/right-turn turning movements. These
average turning proportions were obtained from twosources:
"Estimation of Intersection Turning Movements from Ap-
proach Counts" and "Estimation of Turning Flows from
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Automatic Counts” (6, 7). Saturation capacity for arterial
was sct at 1700 vphpl, and sataration capacity for minor
street was obtained by multiplying the saturation capacity
by the LT, RT turning proportion. Lane closure capacity
was based on the value obtained in study site, and also from
the "Highway Capacity Manual," though this information is
only related to work zone capacities on freeways (4).

Traffic composition is addressed as vehicles or pas-
senger cars. Information providedby S.Ross Blanchard on
his research report entitled "A Study of Frontage Road
Queueing, Vehicle Spacing and Applications to Freeway
ExitRamp Design Criteria" determined passenger car spac-
ing tobe 23.5 feet, front bumper to front bumper (8). For this
research, a spacing of 24 feet is used.

The geometric characteristics of the intersection ana-
lyzed in this report were the following:

Lanes in Major Street ~ Open Lanes Closed Lanes
2 1 1
3 2 1
3 1 2

Signal timing for intersection involved 60, 90, and 120
seconds cycles with cycle splits of 50, 67 and 75 percent of
the green time on major street. The signal phasing was 2-
phase, with immprotected left turns on minor street.

Study Limitations

Conditions at intersection were limited to the follow-
ing characteristics:

1. Four-legged intersection.

2. Pre-timed control.

3. Work zone located downstream of signalized in-
tersection,

4. Directional distribution.

Study Assumptions

‘The conditions present at signalized intersection in-
cluded the following:

Twelve-foot lane widths.
Level grade,
No curb parking on the intersection approaches.
All passenger cars in the traffic stream, including
no buses stopping within the intersection.
Intersection Iocated in a non-CBD area,
No pedestrians or bikes on intersection.
No start-up or clearance lost time.
Random arrival of vehicles at intersection.
No travel time to work zone.
. No work zone length given.

B
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DATA ANALYSIS

A set of formulas was needed for the mathematical
calculation of the maximum amount of vehicles that will
queue in the intersection. The formulas developed are
derived from simple relationships between capacity and
traffic signal operation.

Lane Closure Guidelines

The following calculations were performed to obtain
the queue at the work zone:

1. Calculate effective red and green times.

g=C*p 1)
r=C-g 2

where:
g = effective green time, in seconds
C = cycle length, in seconds
p = percentage of green time on major
street :
r = effective red time, in seconds

2. Calculate maximum number of cars that will queue
in the arterial during red signal

Qus=Vys *r ()

where: 7
Qs = number of vehicles queued in
intersection during effective red
time
V = volume in major street, in ve-
hicles per second

3. Determine the saturation green time for arterial
street.

G, = (V¥ 0fs/(1 - (Vs * Ds) @
where:
G, = saturation green time, in seconds
§ = saturation flow rate for arterial
street, in vehicles per second

4. Determine work zone quene at lane closure.
Q. =6*G)-(c*G) )
Q,=Q,, +V*(g-G)-c*(g-G)(6)

where:
¢ = lane closure capacity
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Q,,” = queue at work zone during satura-
tion flow rate

Q,, =4queue at work zone during unsat-
urated flow rate

5. Calculate number of cars that will form on minor

street during red signal.
Vioir = Voo ¥ % )]
Viger = V¥ % &)
Qe = Vi + Vi) *T ()
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Q_. = queued vehicles in minor street

6. Determine the saturation green time for minor
street using the formula in step 3.

7. Calculate work zone quene at lane closure nsing
formulas on step 4,

8. UseQ, to calculate critical distance.
Critical Distance = Q,,,;, * vehicle length (10}
Spreadsheet Calculations

A spreadsheet as shown in Table 5 was then setup to

where: v : calculate all these values automatically. This spreadsheet
wery = left-turn minor street volume cal . .
. . culated a complete cycle length in five second intervals,
Viugar = Hghi-tum minor street VONme e information provided by spreadsheet table included
% = percgntage of left or right input/foutput on major street, minor street, and lane closure.
turning movement
TABLE 5. WORKING SPREADSHEET.
Number of lanes: 2 Number of closed lanes: 1
Number of phases: 2 Time cycle: 90 sec
Lane closure capacity: 720 vphpl 0.2vps Cycle split: 67 %
Effective green time; 60 sec
Effective red time: 30 sec
Arterial street volume: 300 vph  0.083 vps Minor street volume: 500 vph 0.139 vps
Saturated flow: 1700 vphpl  0.944 vps Saturated flow: 204 vphpl 0.113 vps
Saturated green: 2.90 sec Saturated green: 25.00 sec
Time Elapsed Arterial Street Minor Street Lane Closure
Time {Ind. Imput Ouput Q | Ind Input Outpnt Q | Input Ouiput Q
0-5 5 R 008 0.00 042 | G 00333 0113 160 }.0113 020 000
6-10 10 R 008 0.00 083 | G 00333 0113 120 | 0113 020 000
11-15 15 R 008 0.00 125 ( G 00333 0113 080 | 0.i13 020 000
16-20 20 R 008 0.00 167 [ G 00333 0113 040 0113 020 000
212499 2499 | R 008 0.00 208 | G 00333 0113 000 0113 Q20 000
25 25 R 008 0.00 2081 G 00333 0113 000 | 0113 020 000
26-30 30 R 008 0.00 2501 G 00333 0033 000 ] 0033 020 000
31-329 32.9 G 008 0.94 000 | R 00333 0000 010] 0944 020 216
33-35 35 G 008 0.08 0001 R 00333 0000 0.17 | 0083 020 191
3640 40 G 008 0.08 000§ R 00333 0000 033 | 0083 020 133
4145 45 G 008 0.08 000 | R 00333 0000 050 0083 020 075
46-50 50 G 008 0.08 000 R 00333 0000 067 ] 0083 020 016
51-55 55 G 008 0.08 000 | R 00333 0000 083} 0083 020 000
56-60 60 G 008 0.08 000 [ R 00333 0000 100 | 0083 020 0.00
61-65 65 G 008 0.08 000 | R 00333 0000 117 | 0083 020 0.00
66-70 70 G 008 0.08 000 | R 00333 0000 133 | 008 020 000
71-75 75 G 008 0.08 000 | R 00333 0000 150 | 0083 020 000
76-80 80 G 008 0.08 000 | R 00333 0000 167 | 0083 020 0.00
81-85 85 G 008 0.08 000 | R 00333 0000 183 | 008 020 000
86-90 90 G 008 0.08 000 | R 00333 0000 200 | 0083 020 000
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RESULTS

Results for the critical distances are summarized in
Tables 6, 7, and 8. The table set up is subdivided in two
major categories: one indicating the major street volume,
and the other, the minor street volume. The cycle length is
indicated with the percentage amount of green time on
arterial street, and the critical distance can easily be obtained
by matching the different characteristics of the intersection.

The results of this research involved three different
scenarios:

1. Two lanes in one direction with one lane closed.
2. ‘Three lanes in one direction with one lane closed.
3. Threelanesin one direction with two lanes closed.

Each scenario result will be briefly described in the
following paragraphs.

Scenario 1

Two lanes in one direction with one lane closed - The
critical distances recorded in Table 6 indicate a correlation
between the arterial street volumes and the critical distance,
All critical distances mrned out o be the same although
minor street volumes were different. This indicates that the
traific volume in the minor street was probably pretty low
and turning movements into the arterial did not considerably
affect traffic flow through the Iane closure. This also means
that the major street volume is a critical factor in the
calculation of the maximum number of vehicles that queued
in the intersection. Volumes greater than 500 vph on a
major street caused the intersection to oversaturate, thus
data obtained was discarded. During oversaturation, the
queue will never dissipate, and it will continue to get longer.
In this particular scenario, oversaturation occurs in all 75
percent cycle splits with the minor street volume of 500 vph,
and also on the 67 percent and 75 percent cycle splits with
the minor stieet volume of 700 vph. These calculations were
also discarded since in these cases saturated green time
exceeded green time on the minor street,

Scenario 2

Three lanes in one direction with one lane closed -
The same observations as in scenario 1 are found in this
scenario with a few exceptions. Effective green time
oversaturation only occurs on the 75 percent cycle split of
the 700 vph minor street volume, and oversaturation on 700
vph major street volume does not occur.

Scenario 3
Three lanes in one direction with two lanes closed -

As in Scenario 2, oversaturation of green time occurs in the
75 percent cycle split of the minor street volume of 700 vph.

UNDERGRADUATE FELLOWS PROGRAM -

Oversaturation occurs in both minor street volumes of 300
and 700 vph with a major street volume of 500 vph. A
notable difference is found in the critical distances of the 75
percent cycie split for all the different cycle lengths; this is
primarily due to the fact that the maximum queue occurs on
the minor street. Oversaturation occurs all through the 700
vph major street analysis, so they are not presented in the
table. This indicates that volumes in a major street larger
than 500 vph will create congestion in the intersection, and
even a botteneck if other signalized intersections are lo-
cated in the nearby area.

CONCLUSIONS AND RECOMMENDATIONS

At this time, four major conclusions can be drawn
from this research study:

1. Al critical distances for a particular cycle split
and cycle length turned out to be the same. This
is primarily due to the assumption that the maxi-
mum queue takes place during major street vol-
ome flow throngh work zone. Apparently the
amount of vehicles turning from the minor street
into the arterial street was small enough that queue
dissipated quickly, and did not conflict with ve-
hicles moving ‘on the major street. Still, some
exceptions occurred where the maximum queue
was found on the minor street, It can be noticed
that this situation only happened during a speci-
fied cycle split and when major and minor street
volumes were the same.

2. Maximum amount of queneing usually took place
during saturation flow rate. From this conclusion,
the maximum number of vehicles queueing at the
work zone was easily estimated. With the spread-
sheet table set at five second intervals, the time
when the maximum queue occurred was deter-
mined, and also the time it took to dissipate.

3. Critical distances obtained in the 75 percent cycle
split are approximately half of the critical dis-
tances found in the 50 percent cycle split, A
relationship exists between these two values be-
cause the amount of effective red time on the
arterial street in the 75 percent cycle split is half of
the effective red time in the 50 percent cycle split
on the arterial street, Therefore, the saturated
green time in the 75 percent cycle split will alsobe
half of the one in the 50 percent cycle split.

4. From data gathered in Arlington, Texas for the
estimation of a lane closure capacity for a two-
lane/one closed arterial, the result turned out to be
approximately 54 percent of the value given in the
"Highway Capacity Manual" for lane closures in
freeways with the same conditions (4). For the
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analysis of the other scenarios in this report,
values obtained from the manual were multiplied
by 54 percent. This indicates that lane closure
capacity for work zones in arterial streets is con-
siderably lower than the ones obtained for free-
ways. More data collection will be necessary to
support this assumpticn.

Due to the short duration of this research study, much
moreresearch can be done with this topic. During this study,
many variables were not taken into consideration such as
travel time, lost time, parking around area, etc. due to time
constraints, and the limited knowledge of the researcher on
this subject. There is also a need for more documentation
on the topic of work zones on arterial streets, because with
this information, more detailed guidelines for the calcula-
tion of critical distances in arterial lane closures could be
developed.

Moreinformation onlane closure capacities in arterial
work zones is also needed. More data should be collectad,
and analyzed in the different scenarios to provide accurate
estimates of lane closure capacities as those given for
freeways.
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An Examination of the Indicators of

Congestion Level

SHAWN M. TURNER

This research report examines the relationships be-
tween many possible indicators and congestion level in an
attempt to identify and/or validate indicators for area-wide
congestion measurement and mobility analysis purposes.
The study estimates the congestion level for 50 large and
medium United States urban areas with three congestion
measures. The estimated congestion level is then compared
to indicators composed of travel, facility supply, and urban
area variables to determine direct relationships.

Twao of the congestion measures used in this study, the
roadway congestion index and the congestion severity in-
dex, produced results with a high correlation to each other.
The lane-mile duration index suffered from unavailable
data for several urban areas, and was consequently less
comparable among the other two measures.

It was determined that two indicators relating to travel
intensity -- daily vehicle-miles of travel per lane-mile and
daily vehicle-miles of travel per square mile — had lost the
closest correlation to level of congestion. Average daily
freeway traffic per hourly capacity, previously used as a
facility measure, was also identified as having a close
relationship to area-wide congestion level.

INTRODUCTION

Over the past decade, traffic congestion in urban and
suburban areas has grown from a mere anmoyance to a
severe problem. Although traffic congestion is not a new
problem for residents of the central city, it has spread and
intensified to envelop the urban fringe and outlying subur-
ban areas. Increasing traffic congestion and decreasing
urban mobility has become a major concern of transporta-
tion professionals nationwide. Current predictions offer no
relief either, Freeway delay has been projected to increase
from between 300 percent to 500 percent by the year 2005.

There are several factors that have contributed to the
rapid growth of traffic congestion in the United States in the
past decade. The number of registered vehicles has in-
creased disproportionately to population and household
growth; consequently, vehicle travel spiraled to over two
trillion vehicle-miles by the late 1980's. To compound the

increase in travel, construction of new highway facilities
has slowed considerably since the near completion of the
Interstate System in the early 1970's. A higher percentage
of commuters now drive as opposed to using public transit
or walking becanse of increased access to the automobile
and the suburban migration of both business and residential
properties. This change in commuting patterns has, in turn,
clogged local street networks and highway facilities.

Congestion Measures

The type of measure used to quantify the level of
congestion on a transportation system should deliver com-
parable results for various systems with similar congestion
levels. These measures should accurately reflect the quality
of service for any type of system, whether it be a single
facility or an entire urban area. A congestion measure
should also be simple, well-defined, and easily understood
and interpreted among various users and audiences.

Existing congestion measures use assorted variables
in equation formats to describe the extent, severity and/or
duration of congestion. One type of measure uses indica-
tors, or variables related to the level of congestion, to
quantify congestion. Examples of possible indicators would
include travel, roadway supply, and the travel-to-roadway
supply ratio. Indicators are generally related to the probable
causes of congestion, Another type of measure uses vari-
ables which are descriptors of the effects of congestion.
Vehicle delay, congestion duration, and average travel
speed are all examples of variables which characterize the
effects of congestion,

This report examines the relationships between many
possible indicators and congestion level in an attempt to
identify and/or validate indicators for congestion measure-
mentand mobility analysis purposes, The indicators used in
this study were those composed of travel, facility supply,
urban area variables, or any combination thereof,

Background

There have been several efforis in recent years to
improve the analysis of traffic congestion data. Many of the



76

efforts concentrated on developing an accurate area-wide
measure of congestion. However, there has been no clear
consensus on which indicator, if any among those currently
used, most directly reflects congestion level in urban areas.
Additionally, many possible indicators have not been fully
examined with regard to their relationship to congestion,
The following paragraphs discuss previous research regard-
ing indicators and measures of congestion,

The level-of-service (LOS) concept, asadopted by the
1985 Highway Capacity Manual," represents a range of
operating conditions (1). The LOS, or quality of service, of
a facility is determined by traffic characteristics like vehicle
density and volume-to-capacity (v/c) ratio, depending on
the facility type. Most congested traffic conditions fall into
the LOS F range, a range “used to define forced or break-
down flow.” Itisin this LOS range that the demand of traffic
exceeds the capacity of the roadway. Since the v/c ratio
theoretically can not exceed 1 (volume can not exceed
capacity), past a certain level of demand, this ratio and the
LOS concept is of little use in distinguishing between levels
of congested flow in LOSF. Forced flow conditions in LOS
F may reduce traffic volumes and subsequently lower the
v/c ratio, making the flow conditions appear to be less than
capacity. While dense travel corridors now experience
many hours of the daily “rush hour”, the v/c ratio has been
traditionally used to describe a single peak-hour condition,

Inanattempt tobetter describe the duration dimension
of congestion, the California Department of Transportation
uses the number of hours of LOS Fservice (2). Forexample,
LOS F2 represents two hours of LOS F service. This
combination of the v/c ratio and the duration of congested
operation enhances the LOS concept and accounts for the
“peak spreading” common in many urban areas which
extends the peak period over several hours. This improved
measure is relatively easy to calculate, interpret and com-
municate, buthas only been usedin planning analyses by the
California Department of Transportation.

An analysis technique developed by Lindley used
Highway Performance Monitoring System (HPMS) data,
traffic distribution patterns, and "Highway Capacity Manual"
calculations to determine freeway travel delay (3). A
congestion severity index was defined as the total freeway
delay (vehicle-hours) per million vehicle-miles of travel,
Urban area freeway systems were then ranked according to
the congestion severity index. A methodology was devel-
oped to include the delay caused by incidents using an
accident database of breakdown types and rates. Delay on
principal arterial streets was notincluded in this analysis, In
Lindley’s calculations, the congestion threshold was de-
fined at a v/c ratio of 0.77 (LOS D or lower) duting one or
more hours per day. This definition of the beginning of
congestion is consistent with values reported to Congresson
the status of national highways by the Department of Trans-
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portation and values recommended for urban freeway de-
sign standards by AASHTO (4, 5.

Early research by Lomax and Christiansen investi-
gated the use of several variables as indicators of urban area
mobility (6). Among those presented as possible indicators
were traffic per lane, percentage of congested freeway, k-
factor, and peak-hour travel distance. Trends in these
possible indicators were calculated for 1975 to 1980 for five
urban areas in Texas. The study concluded that VMT per
lane was perhaps the most reliable indicator, and developed
a *congestion standard” that combined weighted values for
freeway and principal arterial street VMT per lane.

Subsequent research by Lomax, et. al. resulted in the
development of aroadway congestion index (RCI) (7, 8, 9,
10). The indicator of daily vehicle-miles of travel O VMT)
per lane-mife for both freeways and principal arterial streets
is weighted and normalized in the index’s equation. Major
U.S. urban areas are then ranked according to the RCE value.
The threshold of congestion was chosen ata vicratioof 0.77
(LOS D orlower) and was correlated to ADT perlane values
for freeways and principal arterial streets through basic
assumptions about traffic characteristics.

In an as-of-yet unpublished report by Cottrell, a lane-
mile duration index (LMDI) is presented as a measure of
recurring freeway congestion in urbanized areas (11). The
LMDI,, represents a summation for an urban area of the
congested freeway lane-miles multiplied by the respective
duration of LOS F service (similar to Caltrans’s reporting of
LOS F1,F2, etc.). Traffic distribution patterns in an HPMS
technical manual were used to relate the value of average
daily traffic per hourly capacity (AADT/C) to congestion
duration (12). Previous research by Lisco determined that
peak-period delay occurred where the AADT/C value
reached § 10 10 (13). In his analysis, Cottrell chose LOS F
as the congestion threshold and correlated that to an AADT/
C value of 9. The analysis excluded arterial streets and did
not consider the effects of incident delay.

As evidenced by the above, no clear consensus exists
on where congestion begins or which indicator or measure
most accurately reflects congestion level on an area-wide
basis.

METHODOLOGY

This study attempted to identify congestion indicators
for congestion measurement and mobility analysis pur-
poses. Anindicator is a variable directly related to the level
of congestion. The study used several congestion measures
toestimate the congestion level in 50large and medium U.S,
urban areas. Possible indicators of congestion were chosen,
and the relationships between the indicators and congestion
level were examined for the year 1989. The study method-
ology is described in detail on the following page.
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Use of an Existing TTI Database

Significant research efforts at the Texas Transporta-
tion Institute (TTI) have compiled an extensive database of
congestion-related statistics. The database cusrently con-
tains annual summary statistics from 1982 through 1989 for
50 large and mediuvm (population generally greater than
500,00) U.S. urban areas. These urban areas may be found
in Table 1. The database statistics of interest to this study
were those relating to travel, facility supply, and urban area
characteristics. The majority of possible indicators to be
examined were composed of one or a combination of two of
these three basic types of variables related to congestion.
These possible indicators and other data needed to calculate
congestion measures were extracted from the existing data-
base.

Estimation of the Level of Congestion

In order to examine the relationships between the vari-
ous possible indicators and congestion level, a representa-
tion of relative congestion levels for each urban area had to
be attained. This was accomplished by choosing several
congestion measures currently in use. The congestion
levels calculated from these measures were then compared
toensure similar results among the measures. The choice of
several comparable measures also prevented bias towards
any particular indicator. The congestion measures were
chosen with consideration given to previous results, data
availability, and ease of interpretation. Each of the three
measures chosen for this study are described below.
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Roadway Congestion Index - The roadway congestion
index (RCI) was initially developed by Lomax and others at
TTI to study mobility trends in major Texas cities. The RCI
analysis was gradually expanded to 50 urban areas through-
out the U.S, Urban areas in this analysis are consistent with
the boundaries as defined by the U.S. Census Bureau. The
major source of data for the calculation of the RCI comes
from the Highway Performance Monitoring System (HPMS)
database. This database is supplemented with information
collected from local Metropolitan Planning Organizations
{MPOs), state Departments of Transportation (DOTS) cit-
ies, counties, and other regional agencies for each area.

Incalculation of the RCl it is presumed that delay, and
consequently congestion, begins to occur atlevel-of-service
(LOS) D, corresponding to a v/c ratio of 0.77 (1). This was
determined to be approximately equivalent to 15,000 ve-
bicles per lane per day on freeways, and 5,750 vehicles per
lane per day on principal arterial streets. On an area-wide
basis where averages over many facilities may be mislead-
ing, it was determined that lower values were more appro-
priate. The values of 13,000 vehicles per lane per day for
freeways and 5,000 vehicles per lane per day for principal
arterial streets were then used on an area basis for the
congestion threshold. In the RCI equation, the daily ve-
hicle-miles of travel (DVMT) per lane-mile for freeways
and principal arterial streets are weighted by the respective
amount of DVMT for each vrban area. The congestion
levels are then normalized (using the 13,000 value for

TABLE 1. STUDY CITIES - 50 LARGE AND MEDIUM U.S. URBAN AREAS.

Alburquerque, NM Atlanta, GA
Boston, MA Charlotte, NC
Cleveland, OH Columbus, OH
Denver, CO Detroit, MI

Ft. Lauderdale, FL, Hartford, CT
Indianapolis, IN Jacksonviile, FL
Louisville, KY Memphis, TN
Minn.-St. Paul, MN Nashville, TN
Norfolk, YA Oklahoma City, OK
Pheonix, AZ Pittsburgh, PA
Salt Lake City, UT San Antonio, TX
San Fran.-Oak., CA San Jose, CA
Tampa, FL. Washington, DC

Austin, TX Baltimore, MD
Chicago, IL Cincinnati, OH
Corpus Christi, TX Dailas, TX

El Paso, TX Fort Worth, TX
Honolulu, HI Houston, TX
Kansas City, MO Los Angeles, CA
Miami, FL Milwaukee, W1
New Orleans, LA New York, NY
Orlando, FL. Philadelphia, PA
Portland, OR Sacramento, CA
San Bern.-Riv., CA San Diego, CA
Seattle-Everett, WA St. Louis, MO
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freeways and the 5,000 value for principal arterial streets)
with an RCI greater than 1.0 representing undesirable area-
wide congestion. The RCI equation for each urban area is
illustrated below in Equation 1,

Congestion Severity Index - The congestion severity
index (CSI) was originally developed by Lindley as a
measure of freeway delay permillion vehicle-miles of travel
(3. The measure was modified for this study to include
principal arterial street delay, as it was felt that this func-
tional class makes substantial contributions to area mobil-
ity. Delay for both freeways and principal arterial streets
was calculated by determining average travel speeds and
comparing those to desirable travel speeds. The delay
values used in this stedy were obtained from the TTI
congestion database. In combining the delay for the twa
different functional classes, it was felt that delay on free-
ways and principal arterial streets was roughly equivalent;
consequently, the delay values were not weighted with
respect to functional class. The CSIequation foreachurban
area is illustrated below in Equation 2.

Lane-Mile Duration Index - The lane-mile duration
index, LMDIF, was recently developed by Cottrell as a
measure of recurring freeway congestion in urban areas.
The analysis techniqueused the HPMS database to calculate
an average daily traffic per hourly capacity (AADT/C)
value for each urban area freeway segment. This AADT/C
value was then related to a congested percentage of average
daily traffic by ntilizing traffic distribution patterns in an
HPMS technical manual (12). The congestion duration is
the product of the AADT/C value and the congested per-
centage of average daily traffic. The LMDIF foreach urban
area, then, is the summation of the product of congested
lane-miles and congestion duration for all area freeway
segments. Cottrell's methodology was used to calculate
LMDIF values, and Equation 3 below applied for each
urban area (11). '

Choosing Possible Congestion Indicators
It has been generalized that congestion is related to

three basic types of variables: travel (e.g. vehicle-miles of
travel), supply (e.g. lane-miles of roadway), and urban area

RCT = [Freeway DVMT/Ln-Mi * Freeway DVMT] + [Prin. Art. DVMT/Ln-Mi * Prin. Art. DVMT]
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characteristics (e.g. population density) (14). The indica-
tors chosen for this study were composed of one or a
combination of two of these three basic types of variables.
The indicators were chosen with consideration given to data
availability, intuitive relation to the causes of congestion,
and logical results. With the exception of one, all indicators
were extracted or calculated with data from the existing TTI
congestion database. The indicators that were examined in
this smdy are as follows:

1. Travel - daily vehicle-miles of travel (DVMT):
transit trips; passenger-miles of travel.

2. Supply - lane-miles; transit revenue miles,

3. Urban Area Characteristics - population size;
population density: registered vehicles; registered
vehicles per square mile; registered vehicles per
capita.

4. Travel-Supply - DVMT per lane-mile; freeway
average daily traffic per hourly capacity
{AADT/O).

3. Travel-Urban Area Characteristics - DVMT per
squaremile; DVMT perregistered vehicle; DVMT
per capita; transit trips per capita; passenger-miles
per capita.

6. Supply-Urban Area Characteristics - lane-miles
per capita; lane-miles per square mile; registered
vehicles per lane-mile; revenue miles per capita,

The transit indicators were totals for bus and heavy,
light, and commuter rail. The other indicators, with the
exception of freeway AADT/C, were calculated for both
freeways and principal arterial streets,

Examination of Congestion Relationships

There were two basic steps in the examination of the
congestion relationships. The firstwas a graphical compari-
son of all possible indicators to the three congestion mea-
sures. Each indicator for freeways, principal arterial streets,

[13,000 * Freeway DVMT] + [5,000 * Prin. Art. DVMT] o
CSI = Total Freeway Delay (veh-hrs) + Total Prin. Art. Delay (veh-hrs)
Freeway VMT (million) Prin. Art. VMT (million) @
m
LN[DIF = ¥ (Congested Lane~Mih33i * Congestion Duraxtioni (hours) 3)

i=1
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and the total of both, were graphed against each congestion
measure, with each arban area representing a data point on
a“scatter-plot.”” Each graph was then inspected for variabil-
ity of data points and ease of constructing a best-fit line,
whether it be linear or exponential. This graphical compari-
son was by no means precise, but did give a sense of the
relationship, if any, between the indicator and the estimated
congestion level.

The second step in examination of the congestion
relationships was a limited regression analysis. This analy-
sis determined the coefficient of determination, R?, a statis-
tic which represents the proportion of variability that is
accounted for in arelationship. In general, an R? value of (0.5
or greater was interpreted as a close relationship. It is
recognized that an R? value 1s not a statistically complete
treatment, but it was felt that the use of a graphical compari-
son combined with the R? value provided enough informa-
tion to infer whether some sort of a relation existed.

RESULTS
Estimation of Congestion Level

The congestion level was estimated using the threg
measures whose equations were presented in the methodol-
ogy section of this paper. The measures were calculated for
the 50 urban areas for 1989, the most recent year for which
data was available. The HPMS database composition
prevented determination of LMDIFfornineteen urban areas
in the following states: California, Connecticut, Florida,
Hawaii, Michigan, Ohio (Cleveland only), Oregon, and
Washington. In the past, HPMS reporting procedures did
not require states to report traffic data for each urban area
individually; consequently, the above states chose to submit
traffic data with several urban areas “grouped” into one data
set. The use of several transportation agencies’ data by TTI
in the development of their congestion database prevented
similar deficiencies in calculation of the roadway conges-
tion index and the congestion severity index. A summary of
the measures and ranking for the 50 urban areas in this study
for 1989 may be found in Table 2.

An important criterion for the measures used to esti-
mate congestion level was comparability of results. Upon
comparing the measures, it was discovered that the roadway
congestion index and the congestion severity index were
closely related, with an R? value of 0.72. Both of these
measures include freeways and principal arterial streets, but
the roadway congestion index uses a travel-to-supply ratio
while the congestion severity index uses a delay-to-travel
ratio. Ina graphical comparison (see Figure 1), an RCI value
of 1.0was related toa CSI value of 24,000 (vehicle hours per
million vehicle-miles of travel) by means of a calculated
regression line. The relationship between these two mea-
sures and the lane-mile duration index was less distin-
guished but nonetheless comparable (R? values of 0.60 and
0.45 for the CSI and the RCI, respectively).
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Roadway Conpestion Index, RCT

0.6

& s24000% s % &

Congestion Severity Index
(Thousands)

FIGURE 1, CORRELATION OF ROADWAY
CONGESTION INDEX AND CONGESTION
SEVERITY INDEX.

Examination of Congestion Relationships

As described earlier, there were two steps in examina-
tion of the congestionrelationships: a graphical comparison
and determination of R2, The results of these two steps will
be presented for the relationships with the highest correla-
tion.

The indicator of daily vehicle-miles of travel (DVMT)
per lane-mile, a travel-to-supply ratio, was found to have the
highest correlation among all other indicators. Because the
roadway congestion index uses DVMT per lane-mile in a
weighted, normalized equation, it was excluded from this
comparison. Also, because of the difficulty of combining
this indicator for freeways and principal arterial streets
without replicating the roadway congestion index, it was
analyzed separately for the two different functional classes.
A plot of freeway DVMT per lane-mile versus congestion
evel is presented in Figure 2. The R? values for this
relationship were 0.68 for the CSI and 0.45 for the LMDL
The relationship between arterial DVMT per lane-mile and
the three congestion measures was less pronounced, but did
give R? values between (.35 and 0.45.

The indicator with the next highest correlation to
congestion level was daily vehicle-miles of travel (DVMT)
per square mile of urban area. Travel (DVMT) was com-
bined for both freeways and principal arterial streets in this
examination. It was found that the roadway congestion
index and the congestion severity index were most closely
selated to this indicator (Figure 3). The R? values for this
relationship were (.48 for the RCI, butonly (.27 for the CSL
Tt was noted throughout the examination that R* values were
consistently higher for RCI-indicator relationships than for
CSI- or LMDI-indicator relationships.
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TABLE 2. SUMMARY OF CONGESTION MEASURES FOR 50 URBAN AREAS, 1939,

Roadway Congestion Congestion Severity Lane-Mile
Index Index Duration Index
Urban Areas Value Rank Value Rank Value Rank
Los Angeles, CA 1.54 1 39,938 8 - -
San Fran-Oak, CA 1.36 2 46,817 3 - -
‘Washington, DC 1.36 2 52,882 1 2773 3
Miami, FL 1.25 4 42,930 5 - -
Chicago, IL. 1.21 5 34,015 13 1820 4
Seattle-Everett, WA 1.21 5 38,215 9 - -
San Diego, CA 1.18 7 16,472 35 - -
Atlanta, GA 1.14 8 30,044 17 1813 5
Houston, TX 1.13 9 37,612 10 3392 2
New Orleans, LA 1.13 9 33,616 14 05 21
New York , NY 1.12 11 48,924 2 4381 1
San Jose, CA 1.12 11 43,494 4 - -
Boston, MA 1.09 13 40,551 6 999 6
Honolulu, HI 1.09 13 34,885 12 - -
San Bernardino-Riv, CA 1.09 13 40,197 7 - -
Detroit, MI 1.08 16 35,923 11 - -
Norfolk, VA 1.08 16 32,788 15 469 g
Portland, OR 1.07 18 29,406 18 - -
Philadelphia, PA 1.05 19 28,011 22 347 13
Phoenix, AZ 1.03 20 28,482 19 446 10
Tampa, FL. 1.03 20 22,472 27 - -
Charlotte, NC 1.02 22 28,151 21 - -
Dallas, TX 102 22 28,234 20 887 7
Denver CO 1.01 24 23,546 26 212 15
Sacramento, CA 1.01 24 22,107 28 - -
Baltimore, MD 0.99 26 20,442 31 545 8
Orlando, FLL 0.98 27 32,731 16 - -
Jacksonville, FL 0.97 28 19,538 33 - -
Milwaukee, WI 0.97 28 14,694 38 125 19
Austin, TX 0.96 30 23,632 25 435 11
St. Louis, MO 0.96 230 20,208 32 2 28
Cleveland, OH 095 32 10,642 43 - -
Nashville, TN 0.95 32 16,669 34 31 23
Cincinnati, OH 0.94 34 11,242 41 2 28
Alurquerque, NM 0.91 35 12,565 40 135 18
Memphis, TN 09 35 8,714 46 2 28
Minn-St. Paul, MN 0.90 37 20,710 30 393 12
Ft. Lauderdale, FL 0.89 38 23,679 24 - -
Hartford, CT 0.89 38 14,600 39 - -
San Antonio, TX 0.39 38 16,181 37 259 14
Fr. Worth, TX 0.87 41 22,037 20 - -
Louisville, KY 0.86 42 10,768 42 86 22
Indianapolis, IN 0.85 43 5,267 48 29 24
Columbus, OH 0.82 44 16,237 36 96 20
Pittsburgh, PA 0.82 44 25,235 23 142 17
Salt Lake City, UT 0.81 46 9,624 45 29 24
Oklahoma City, OK 0.78 47 9,921 44 15 26
El Paso, TX 0.74 48 5,241 49 12 27
Kansas City, MO 0.72 49 7,494 47 159 16
Corpus Christi, TX 3,497 50 0 31

0.70 50

- Missing values due to "grouped” data in HPMS database.

Source: TTI Analysis
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FIGURE 2. DAILY VEHICLE-MILES OF TRAVEL
PER LANE-MILE YERSUS CONGESTION
LEVEL.

The third indicator that had a significant relationship
to congestion level was average daily freeway traffic per
hourly capacity (AADT/C). Becanse AADT/C is a facility
measure, each HPMS freeway segment in an urban area was
classified into a congestion range corresponding to the
AADT/C value. Previous research by Cottrell assumed that
congestion occurred on a facility when the AADT/C value
was greater than 9(11). It wasbeyond the scope of this study
to determine the accuracy of this value; consequently, an
AADT/C value greater than 9 represented congested condi-
tions for the purposes of this study. The lane-miles for all
HPMS freeway segments were totaled in the following
AADT/C ranges: less than 9,9t0 11, 11 t0 13, 13t0 15,15
to 17, and greater than 17, Very few urban areas had freeway
segments with an AADT/C value higher than 17,

In order to make a comparison of this indicator to a
congestion measure, 31 of the 50 urban areas {areas with
“srouped” data were excluded) were grouped according to
the RCI value. The RCI congestion ranges were 0.70 to
0.85,0.85100.95,0.9510 1.05, 1.05 to 1.20, and greater than
1.20. The comparison is illustrated in Figure 4. It can be
seen that, as the percentage of freeway lane-miles in higher
AADT/C ranges increases, the RCI congestion range also
increases. For example, the percentage of lane-miles with
AADT/C Jess than 9 (no congestion) is much less in the RCI
range of greater than 1.20 (heavy area-wide congestion)
than in the 0.70 to0 (.85 range {(none to low area-wide
congestion). The implication of Figure 4 is that, as the
distribution of freeway lane-miles shifts towards a higher
AADT/C value, the congestion level increases. Due to the
nature of this comparison, an R? value was not available.
The congestion severity index and the lane-mile duration
index were not included in this comparison due to the lack
of a definition of congestion ranges.
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FIGURE 3. DAILY VEHICLE-MILES OF TRAVEL
PER SQUARE MILE VERSUS CONGESTION
LEVEL.

The average AADT/C values foreach RCI congestion
range are displayed at the bottom of each bar for the
respective range. This value was determined by weighting
the percentage of lane-miles for each AADT/C range by the
corresponding average AADT/C value for that AADT/C
range. The average AADT/C value at the beginning of area-
wide congestion (RCI range of 0.95 to 1.05) is 7.1. The
initial premise of this particular examination was that con-
gestion on a facility begins at an AADT/C value of 9. The
discrepancy in these two numbers — 7.1 and 9 — may be
partially attributed to the translation of AADT/C from a
facility measure to an area-wide average value.

Several indicators had a moderate correlation to con-
gestion level. These indicators had R? values between (.33
and 0.45, and all were intuitively related to congestion.
Those indicators are registered vehicles, daily vehicle-miles
of travel, and population density. Most of the transit
indicators fared poorly, having R? values below 0.1. Sur-
prisingly, many of the supply-related indicators had low
correlations to the evel of congestion. For instance, free-
way lane-miles per square mile (freeway density) is shown
in Figure 5. Freeway density is an indicator used often by
automobile clubs and other groups lobbying for construc-
tion of new freeway facilities because of congestion, Figure
5 shows that freeway density has a low correlation to
congestion level, indicating that there may be several other
variables which more strongly affect congestion level.

CONCLUSIONS

This report examined the relationships between pos-
sible indicators and congestion level as estimated by three
congestion measures. The examination included 50 large
and medium U.S. urban areas for the year 1989, The study



82

% of Freeway Lane Miles
w
[ =]

101 8.1 }; [ﬁ 71 | 83 |9._ 1;
085095 095-103  105-120 L0+
Roadway Congsstion Index Range

0.70- 0.85

[0 [N sl [91113

AADT/C Range T 135 1517 1l =7

FIGURE 4. SHARE OF FREEWAY LANE-MILES
BY AADT/C AND RCI RANGE.

gathered data from the TTI congestion database and the
~ Highway Performance Monitoring System (HPMS) data-
base.

Indicators of Congestion

This study identified three indicators with a high
correlation to congestionlevel: daily vehicle-miles of travel
(DVMT) per lane-mile, daily vehicle-miles of travel (DVMT)
per square mile, and average daily freeway traffic per hourly
capacity (AADT/C). The indicator of DVMT per lane-mile
had R? values of 0.68 and 0.45 for the congestion severity
index and the lane-mile duration index, respectively. The
indicator of DVMT per square mile had the next highest
correlation, with an R? valve of 0.48 for the roadway
congestion index. It was shown that freeway AADT/C had
a clear relationship to the roadway congestion index, al-
though an R? value was unobtainable for the type of com-
parison made,

It should be noted that each of these three indicators is
a gauge of the travel intensity for a particular area. It is
concladed, then, that travel intensity is most directly related
to congestion Ievel, and would be the most useful type of
indicator for area-wide congestion measurement purposes.
This is not to deny, however, the importance of the effects
of roadway supply or demographic factors within an urban
area on congestion level.

Congestion Measures

Three congestion measures were used to estimate the
congestionlevel for the urban areas in this study. Two of the
measures, the roadway congestion index and the congestion
severity index, were found to be very comparable in the
results they produced. A regression analysis was used to
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FIGURE 5. FREEWAY DENSITY VERSUS
CONGESTION LEVEL.

calculate a “best-fit” line (Figure 1) through the linearly
related data (R* = 0.72). Because the roadway congestion
index is normalized, an RCI value greater than 1.0 repre-
sents undesirable area congestion. This RCI value of 1.0
wasrelated to an approximate CSI value of 24,000 using the
calculated regression line. It is suggested, then, that a CSI
value greater than 24,000 represents undesirable area con-
gestion.

Ideally, congestion measures should provide an accu-
rate representation of mobility for a transportation system,
Freeways and principal arterial streets are both major pro-
viders of mobility in urban areas, and were included in two
of the three measures in this stady, Limited data in the
HPMS database and lack of a sound analytical procedure
prevented the inclusion of principal arterial streets in the
lane-mile duration index. An illustration of the importance
of principal arterial streets is presented in Table 3, where
delay is compared between these two different functional
classes.

It can be seen that, for several cities, delay (loss of
mobility) occurs primarily on the freeway system, For
several areas, however, equal or greater delay occurs on
principal arterial streets. This illustrates the importance of
principal arterial streets in determination of area-wide mo-
bility.
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TABLE 3. DELAY BY FUNCTIONAL CLASSIFICATION FOR 10 SELECTED URBAN AREAS.

Freeway Delay Principal Arterial Delay
Urban Areas (1000 vehicle-hours) (1000 vehicle-hours)
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Los Angeles, CA 1,119,387 (77%) 325,949 (23%)
New York, NY 884,915 (72%) 351,790 (28%)
Oklahoma City, OK 6,116 (38%) 9,771 (62%)
Philadelphia, PA 66,317 (32%) 139,422 (68%)
Phoenix, AZ 32,843 (26%) 95,501 (74%)
Tampa, FL 10,998 (34%}) 20,882 (66%)
Source: TTI Analysis
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Evaluation of a High Volume Merge

Operation

VORANIQUE V.WAGNER

There is very little data that exists on high volume
merge operations. When the number of vehicles attempting
to merge into freeway lanes is more than the freeway can
comfortably accommodate, congestion can occur. As free-
ways reach capacity, there becomes a need (o understand
high volume merge operations. The purpose of this study
was to observe a high volume merge site, evaluate the data
collected from the site, and determine characteristics of
travel when congestion begins and when freeway travel
becomes unacceptable. Speed was the most important
parameter used in this determination. A computer simula-
tion was utilized to analyze the data, and data from the site
was used to calibrate the simulation model. The results
indicate that when 75-80 vehicles attempt to merge from the
ramp in a five-minute period (900-960 vehicles per hour),
the freeway speeds begin to become unacceptable. When
the volume increases to an average of 105 vehicles ina five-
minute period (1260 vph) the freeway segment is experienc-
ing undesirable operating conditions.

INTRODUCTION

As awhole, most freeways and freeway systems have
served the design year capacity in a satisfactory manner.
Due to drastic increases in urban development and popula-
tion growth, however, certain operational difficulties have
resulted, mostly due to congestion in peak traffic periods.
When these conditions occur, traffic flow entering from a
ramp can cause turbulence in the freeway lanes which
results in congestion or stoppage. Both through and enter-
ing traffic are forced to wait their turn to pass through the
critical area. This critical area is defined as the point at
which merging traffic creates highly undesirable operating
conditions on the through freeway lanes.

High volume merges are good examples of the above
mentioned operating conditions. High volame merge op-
erations consist of high volumes of traffic flowing throngh
the mainlanes while, simultaneously, high volumes of traf-
fic are attempting to merge onto the mainlanes. The traffic
flow, under these conditions, may eventually reach an
unacceptable level of service.

The efficiency of traffic movement on the through
lanes of an wrban freeway is directly affected by the ad-
equacy of theassociated ramps. Efficient freeway operation
is largely dependent on the facilities provided for vehicle
ingress and egress. The proper design and placement of
ramps on high-volume freeways is therefore imperative if
those facilities are to afford fast, efficient, and safe opera-
tion. If efficient operation is to be obtained, the facilities
must be designed so that traffic entering or leaving the
freeway will have a minimum of influence on through
freeway traffic. The development of such suitable designs
depends to a large extent on the accurate determination of
the capacity at the ramp junction, referred to as the merging
capacity. The merging capacity is the maximum number of
vehicles that can be accommodated on the freeway with a
continual backlog or queue of ramp vehicles.

OBJECTIVES

The primary objective of this report is to observe and
analyze a high volume merge operation, and determine the
volume level at which uniform flow can not be maintained.
Data collected from a high volume merge site and compiled
from a computer simulation model were used to accomplish
the objective.

Inorder to evaluate the high volume merge operations
and obtain a volume level at which freeway travel becomes
congested and unacceptabie, the following research activi-
ties were conducted:

1. Determine the speed and volume values when
merging and through vehicles begin traveling in
forced flow conditions.

2. Determine the speed and volume values when
merging operations become unaceeptable.

a. Determine characteristics of travel at unaccept-
able speeds.

b. Compare field speeds to unacceptable speed
and determine when the flow becomes unac-
ceptable.
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LITERATURE REVIEW

Speed-volume relationships have been vsed exten-
sively to express operating conditions and capacity, and as
a measure of the efficiency of traffic facilities (1). It has
been difficult to determine the limits of efficiency desired
onfreeways. Speed, however, isavery valuable parameter
in the evaluation of congestion.

In the 1956 Proceedings of the Institute of Traffic
Engineers, itis recommended that the design hously volume
(dhv) be the hourly volume such that the average speed
during the highest 15 minutes will not be less than 45 miles
per hour {mph) (2). At an average speed of 45 mph,
operation is usually very smooth with gaps available for
lane changing and no vndue steain for urban driving condi-
tions. Itis believed that volumes which result in an average
freeway speed of 45 mph should be considered as the upper
limit of practical capacity. Atan average speed of 45 mph,
the traffic in the shoulder Iane will average about 40 mph
and traffic in the median lane will average near 50 mph.

The proceeding also stated that undesirable conges-
tion is usually experienced when traffic volumes increase to
the point where operating speeds are reduced to 35 mph or
less. Atthis speed, traffic is practically bumper to bumper,
there are very few acceptable gaps available for lane chang-
ing, and there is noticeable driving tension even for short
rides. Also, at this speed, stoppages can occur quickly even
from a single driver’s faulty maneuver or hesitation, : =~

METHODOLOGY
Study Site

In the early stages of this study, a site was selected
having characteristics of operational difficulty necessary
for this research. One section of US 290, the westbound
Tidwell entrance ramp, in Houston, TX was chosen as the
study site. This site was selected because the characteristics
of a tapered acceleration lane 1060 feet in length were
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consistent with the parameters for analysis of the primary
objective. During peak periods, high volumes of traffic
flowed in both the mainlanes as well as the ramp, Figure 1
shows a layout of the study site. The following list of
features summarizes the geometric features of the study site;

1. 'Three 11-foot through lanes in each direction.

2. A High Occupancy Vehicle (HOV) lane, located
in the center of the freeway, enclosed by Concrete
Median Barriers on each side.

3. One-way frontage roads on each side of freeway,

4, A taperedacceleration lane with the taper running
approximately 1060 feet long and 21 feet wide at
the beginning of the taper.

5. A l4-foot wide entrance ramp,

6. A 10-foot wide shoulder.

7. The entrance ramp is part of an X-interchange
configuration.

8. An exit ramp (Fairbanks N, Houston) located
. approximately 2000 feet downstream of the en-
~_trance ramp.

 FieldData

Data Collection. Two methods of obtaining data for

. this study were selected. The primary method of securing

data was by utilizing a video camera, and the secondary
method consisted of loop detectors, an electronic data
collection technique. Data was collected on Monday, July
1,1991. The datacollectionbegan at 3:00 p.m. with the loop
detectors and at 4:00 p.m. with the video camera. The
stopping point for both data collection devices was around
5:45 p.m. at which time it began to rain and all equipment
was packed up.

U.S. 290 Ny

Fairbanks N-

+— Frontage Ad.

Tldwell entrance

Houstan exit

/A// ramp

ramp JP—

e e p— p— —

B Ve, S

Frontage Ad, —%

FIGURE 1. SCHEMATIC LAYOUT OF STUDY SITE LOCATION.
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An 8-mm video camera was used to record the merg-
ing and through vehicles at the site. The video camera was
placed on a tripod which was positioned on the Fairbanks N.
Houston exit sign located off the shoulder in between the
Tidwell and Fairbanks N. Houston entrance and exit ramps.
The camera was stationed approximately 25 feet high and
was positioned to videotape vehicles entering the freeway
from the Tidwell entrance ramp as well as all three lanes of
through traffic. Figure 2 shows the approximate location
and field of view of the video camera.

Asdisplayed inFigure 3, six permanent inductive loop
detectors, two in each of three lanes, were placed approxi-
mately 350 feet downstream of the end of the taper from the
ramp. The detectors were able to collect data during free
flow and congested conditions. The placement of detectors
on the freeway mainlanes before the ramp and on the ramp
itself, however, would have enabled a more accurate analy-
sis. The loop detectors were used to collect speed, headway,
and volume data.

Data Reduction. The main source used for data
reduction was the 8-mm video, The information was trans-
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ferred to VHS video cassettes and viewed to count vehicles
and analyze the characteristics of travel. While observing
the VHS video, fifteen minute volumes were measured from
4:00 p.m. to 5:30 p.m. for the ramp and all three mainlanes.
The volumes are shown in Table 1. The 15-minute volume
data, however, were too coarse to allow one toperceive what
was actually taking place within the ramp operations. At
many high-volume merges, the vehicles on the ramp did not
approach at uniform flow rates as they do on the freeway.
Vehicles arrived in platoons due to signal control on the
surface streets which made the instantaneous merging rate
much higher than the 15-minute volumes indicated. There-
fore, to increase accuracy, the entrance ramp volumes were
measured in five minute increments so as 10 more precisely
predict the point at which normal traffic flow began to break
down, These values are listed in Table 2.

Average speeds of the vehicles every minute from
3:00-5:30 p.m. were obtained from the loop detectors.
Statistical Analysis Software (SAS) was utilized to summa-
rize the speed data. The plotted data from SAS is shown in
Figure 4, This data was used in the calibration of the
computer simulation model.

8-mm Video Camera
/_

—— G e e g e

7 T=TRONTAGE FOAD

_—— — — — -

FIGURE 2. VIDEO CAMERA L.OCATION AND FIELD OF VIEW. (US 290)

1060 ft. —*\

=

Count Location
; - 350 ft, —=|~—

Permanent Inductive Loops

t
West Tidwell

FIGURE 3. SITE DIMENSIONS AND LOOP DETECTOR LAYOUT. {UUS 299)
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TABLE 1. VOLUME DATA REDUCED FROM VIDEO CAMERA.

Time (pm) Ramp Lane 1

15-Minute Volumes
Lane 2 Lane 3 Freeway

4:00 - 4:15 175 363
4:15 - 4:30 159 389
4:30 - 4:45 214 354
4:45 - 5:00 209 416
5:00 - 5:15 271 318
5:15-5:30 244 300

441 450 1254
476 496 1361
497 534 1385
516 574 1506
575 554 1447
548 542 1390

TABLE 2. FIVE-MINUTE RAMP VYOLUMES.

Time (pm) Volume
4:00 - 4:05 51
4:05 - 4:10 65
4:10 - 4:15 57
4:15-4:20 52
4:20 - 4:25 57
4:25 - 4:30 52
4:30 - 4:35 58
4:35 - 4:40 89
4:40 - 4:45 67
4:45 - 4:50 69
4:50 - 4:55 64
4:55 - 5:00 77
5:00 - 5:05 109
5:05 - 5:10 117
5:10 - 5:15 89
5:15 - 5:20 91
5:20 - 5:25 94
5:25 - 5:30 71

Computer Simulation

Description of Model. The simulation model used in
the study was FRESIM (FREeway SIMulation), a micro-
scopic freeway simulation model capable of simulating the
traffic behavior on freeway only networks (3). In a micro-
scopic simulation model, each vehicle is modeled as a
separate entity. The FRESIM model provides the highest
available level of detail that can be achieved in simulating
traffic behavior on a freeway at the present time. FRESIM
was chosen as the method of simulation because its higher
levels of detail are essential in such instances as merging and
congested freeway conditions. FRESIM also has the ability
to adequately represent the geometrics and the operationai
characteristics of the test-site,

Calibration of Model. A conceptual model was devel-
oped to represent the study site as shown in Figure 5. Link
A represents the mainlanes before the ramp, Link B the
mainlanes after the ramp, and Link C the ramp itself. The
loop detectors were located on link B, Modifying the free
flow speeds on link B was necessary to achieve calibration,
When the simulation ran, and the speeds for link B closely
matched the speeds obtained from the loop detectors, the
model was considered calibrated and could, therefore, be
used for further analysis,

Qutput Parameters. Variables used as measures of
congestion are speed, volume, and density. The computer
simulation provided values for these factors for every 15-
minute period, however, the model gives cumulative statis-
tics. For example, an average speed was computed for the
period from 4:00 p.m. to 4:15 p.m. The succeeding average
speed, from 4:15 p.m. to 4:30 p.m., was not just the average
speed from that interval, but was the average speed from
4:00 pan. to 4:30 p.m. The average speed, density, and
volume for each 15-minute period were calculated and are
tabulated in Table 3.

FINDINGS

In examining the video and regarding the ramp vol-
umes, it was observed that the volume at which congestion
began to occur (speed is below 35 mph) was when approxi-
mately 75-80 vehicles attempted to merge into the freeway
lanes within a five minute period (900-960 vph). Looking
back at Table 2, that volume was first exceeded in the time
interval from 4:30-4:45 p.m. From 5:00-5:15 p.m., when an
average of 105 vehicles attempted to merge in a 5-minute
period (1260 vph), the conditions of flow became unaccept-
able.

The congestion that cccorred was mostly observed in
Link A. Figure 6 shows the relationship of speed and time
for each link. The speeds on Link A were definitely the
lowest. On each section of the freeway, speeds steadily
decreased until after the traffic peak period, beginning at
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Sample Houston Data / Highway US290 Site / 1st Time / Direction WS
One-Minute Average Speeds (mnph) across All Lanes
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Link A: Mainlanes up to and including merge
Link B: Mainlanes after merge
Link C: Ramp

FIGURE 5. REPRESENTATION OF LINK MODEL USED IN COMPUTER SIMULATION.

TABLE 3. SIMULATION DATA FOR EVERY FIFTEEN-MINUTE PERIOD.

Link Vehicle Vehicle Average Density Speed Volume
Minutes Miles Content (v/In-mi) (mph) (vilfh)

Time Period 1 4:00 - 4:15

A 428.5 47178 28.6 252 66.9 1685.9

B 705.5 676.5 470 33.1 57.5 1903.3

C 227 17.0 1.5 158 449 709.4
Time Period 2 4:15-4:30

A 1081.6 088 4 43.5 38.3 469 1796.3

B 1496.5 1375.8 52.7 37.1 53.0 1966.3

C 43.6 32.4 14 14.7 442 649.7
Time Period 3 4:30-4:45

A 20914 1514.4 67.3 59.2 313 1853.0

B 2384.0 21223 59.2 417 505 2105.9

C 71.5 53.0 19 196 443 868.3
Time Period 4 4:45 - 5:00

A 3201.3 2067.7 74.0 65.1 299 1946.5

B 3313.8 2907.6 62.0 436 50.7 22105

C 0901 73.1 1.8 194 437 847.8
Time Period 5 5:00 - 5:15

A 4387.5 2605.4 79.1 69.6 272 1893.1

B 4272.5 3696.2 63.9 45.0 494 2223.0

C 134.7 992 24 25.1 440 11044
Time Period 6 5:15 - 5:30

A 5532.8 31537 76.4 67.2 28.7 1928.6

B 52272 4487.0 63.6 44 8 497 2226.6

C 166.8 122.7 2.1 226 439 992.1
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SPEED vs. TIME

70 Speed (mph)

20
—— Link A
10k —— Link B
—— Link ©

0 I3 1 I i
4:00 4:18 4:30 4:48 5:00 6:15

Time of Day

FIGURE 6. PLOT OF SPEED VS. TIME.

5:00p.m., at which time the speeds picked up. The speed on
Link A during the peak was 27.2 mph. The speeds of the
vehicles on the ramp, however, remain fairly steady atabout
44 mph. Once the vehicles pass the merging point the
speeds tend to increase, that is, the speeds on Link B are
greater than those on Link A. The conditions of travel
improve once the vehicles pass the point at which vehicles
merge.

Assimilar relationship in densities as shown for speeds
is displayed in Figure 7. The densities steadily increase
until the traffic peak period, at which point they began to
decrease. The highest densities are noticed on Link A. At
the peak period, the densities reach a high of 69.6 v/In-mi.
For a basic freeway section, densities greater than 67 v/ln-
mi are considered Level of Service F and signify undesir-
able conditions (4).

RESULTS

Inanalyzing the data, several conclusions were drawn
based on the relationship of speed and densities with the
time of day, and position of the vehicle on the freeway.
From the analysis it was determined that, because the
vehicles were traveling at the slowest rate on the mainlanes
prior to the ramp, the point after which the vehicles merged
was a discharge from a quene. The congestion occutred on
the mainlanes before the ramp and includes the point at
which vehicles were merging. This is illustrated in Figures
6and 7.

Congestion became increasingly noticeable when an
average of 75-80 vehicles attempted to merge in a 5-minute
period (900-960 vph) with an average of about 6400 vph
flowing in the mainlanes. Merges at these volumes tended
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DENSITY vs. TIME
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FIGURE 7. PLOT OF DENSITY VS. TIME.

to cause speeds to reduce to an undesirable level of 31.3
mph. Operating speeds were as low as 27.2 mph when the
average volume in a 5-minufe period increased to 105
vehicles (1260 vph).

CONCLUSIONS

The results of this study indicate that the ramp vol-
umes should remain below 75-80 vehicles in a five minute
period (900-960 vph) if freeway speeds are to be acceptable.
When that volume is exceeded congestion is noticeable.
Undesirable operating conditions occur when the merging
vehicle volumes increase to an average of 105 vehicles in a
five minute period (1260 vph). The congestion occurs on
the mainlanes prior to the ramp. Beyond that point condi-
tions on the freeway improve, which indicate that the
mainlanes after the merging point experienced a discharge
from the queue located upstream.
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