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FOREWORD

This report summarizes the results of a research effort in the
development of a procedure for design and analysis of weaving
sections on freeways. The technique developed was directed
toward improving efficiency and safety in rehabilitation and
redesign of congested and outmoded freeways. The technique,
utilizing new data, was structured to some extent upon the
1965 HCM procedure, with the objective of presenting a direct,
easy-to-use method facilitated by the application of several
nomographs. The method is quite different, although utilizing
much of the same data, from that developed by the Polytechnic
Institute of New York and reported under NCHRP Project 3-15,
Weaving Area Operations Study, 1973. The results of the two
projects are being analyzed under an independent FHWA research
effort for comparison and evaluation, to serve as input in this
area, toward development of the New Highway Capacity Manual.
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Chapter 1
INTRODUCTION

The design and operation of freeways and analyses related thereto are concerned
primarily with three elements--(1)} the freeway proper, (2) the merging and
diverging facilities and their sequence on the freeway associated with inter-
changes, and (3) the weaving sections along the freeway. The latter is related to
element (2)--a special configuration of ramp terminals, produced by a merge
followed by a diverge, such that the auxiliary traffic imposes upon the freeway
difficult operational cdnditions. Because of contingency-like operation which
frequently is created by a weaving section, it has been recognized as a special

feature of the freeway requiring individual attention in design and operation,

The concern for and the need to investigate weaving sections, since the very early
approach to capacity analysis, was made evident with the 1950 Highway Capacity
Manual (HCM), was expanded upon in the 1965 HCM, and pursued further with
extensive research under the NCHRP Project 3-15 carried cut by the Polytechnic
Institute of New York (PINY) during the early 1970's. The attention and concern
for dealing with weaving sections on freeways continues to carry high priority,
with its planned inclusion in the new Highway Capacity Manual currently under

preparation.

The NCHRP 3-15 weaving procedure, documented in NCHRP Report 159, was found to be
difficult to apply, so much so that a special effort was made to simplify the

structure to make it more easily applied and understood, while still retaining its

major, well-developed concepts and strived-for accuracy.



Despite the updafing of the procedure by PINY, the revised effort and its
application, although much improved, did not produce results that were
significantly more usable and understandable, Because this continued to pose a
problem in design and analysis of weaving sections, a different technique was
tentatively devised.by J. E. Leisch, essentially an in-house development of Jack
E. Leisch & Associates (JEL). (As such it was internally funded and not subject
to outside monitoring.) It was primarily oriented toward the designer user,
although it had some application to operations analysis but not to the detail of

the PINY procedure,

Because of the urgent need for an updated and readily usable technique in the
improvement of operational efficiency and safety in the rehabilitation of
congested and outmoded freeways--particularly with the need for continual
upgrading and reconstruction of the Interstate Systems under the 4R program--the
Leisch procedure was published in the ITE Journal, March 1979, The article was
presented as an abbreviated account of the development of the method, utilizing
much of the same data base and associated information employed by PINY.

Essentially, the article introduced the procedure in conjunction with two

nomographs, with explanation of application including several problems. A
statistical approach coupled with rational formulations, and analytical modeling,
was utilized in the research e}fort. The details of development, some of it
accomplished in ahbbreviated form, were not put together in a fully documented
manner because of immediate lack of time and resources, However, the procedure
and nomographs, although tentative, were presented with full confidence of a

sufficiently sound and accurate method for application. There was extensive

evidence that the method was favorably received by numerous users.



Following the publication of the Leisch methed and updating of the PINY procedure,
the TRB Committee on Highway Capacity and Quality of Service recognized a
significant difference in the two appreoaches and at the same time the merit of
each, As a result, when it was expedient to publish the preliminary work
developed by the Committee on the various cﬁapters of the forthcoming HCM for

general review in the Transportation Research Circular 212, January 1980, the two

methods were presented therein with a request for the profession to apply and

evaluate both procedures, and to respond with any comments as appropriate.

The request by the Committee to review and transmit comments on the Interim
materials on capacity in Circular 212, using an evaluation form, produced a small
return with 1imited useful information. Comments relating specifically to the two
procedures on Qeaving sections likewise produced minimal resu]té, with about
one-half favoring PINY procedure and one-half favoring the Leisch procedure.
Responses preferring the PINY procedure gave general reasons of "apparent greater
accuracy," and those preferring the Leisch procedure gave overall reasons of "much
simpler to use with more direct results achieved,"

The mixed responses, and the need to resolve the problem of dealing with two
procedures, have made it evident that a most desirable geoal for the final Manual
would be an agreement on a siﬁ§1e procedure, To accomplish this, it was decided
that additional work would be required on the Leisch method by generating a fully
documented research report which would permit the Capacity Committee to make the
decision on how to proceed--whether one or the other method should be adopted, or
possibly both methods utilized with one for planning/design purposes and the other

for more detailed operational analyses.



The report presented here is the result of such an effort, carried out as a

special research project by Jack E. Leisch & Associates for the Federal Highway

Administration (FHWA), entitled "Completion of Procedures for Analysis and Design

of Traffic Weaving Sections," with the following general tasks to be accomplished.

1.

2.
3.
4.

5.

Expand upon and detail previously accomplished statistical analyses,
and execute additional analyses as required.

Update technique previously formulated and readjust nomographs.
Test and validate procedure.
Prepare research report and documentation.

Prepare a users' guide with appropriate problem examples.

The research presented and the technique developed for design and analysis of

weaving sections was approached on the basis of the foliowing premises:

d,

b.

C.

The procedure was to be simple and easy to use.

The format, to all feasible extent, was to follow the makeup and
terminology applied in the 1965 HCM,

The revised procedure was to make appropriate and extensive use of both
the 1963 BPR data base, and the supplementary data and development of
the NCHRP Project 3-15 on "Weaving Area Operations Study."

Statistical analyses, independently performed, to refiect the data of
both projects, were to play a major role in establishing the needed
relationships.

Elements of analytical modeling and rational formulations were to be
utilized to supplement and expand upon portions of findings determined
statistically to provide a sufficiently broad spectrum for application.



The adherence to these objectives, and the confidence that at least the general
framework of an already long-standing procedure in Chapter 7 of the 1965 HCM
{despite some of its shortcomings) could provide a definitive avenues of
investigation, gave impetus to the study. The 1963 BPR data base furnished the
major basis of investigation, coupled with numerous elements of research derived
in the NCHRP 3-15 Project. The latter provided valuable information and insights
previously unavailable; this further aided the development of the revised or
updated methodology reported herein. Direct experience of the authors in design,
construction, and operation of innumerable weaving sections throughout the process
of the Interstate System development has provided an additional dimension to the

practical considerations of real conditions to be reflected in the results.



Chapter 2
CHARACTERISTICS OF WEAVING SECTIONS

Weaving simply defined is the c¢rossing of traffic streams moving in the same
general direction accomplished by successive merging and diverging. There are

~ several variations of weaving sections which, although somewhat different in form,
perform with a degree of similarity., Each can be broken down to a set of
operational components which are much the same although interrelated a bhit
differently. Because of the similarity in the basic operational elements, it has
been possible to.devise analysis procedures to solve problems associated with all

forms of weaving sections using minor variations in the process.

There are four principal means of classifying weaving sections--simple or

multiple, and one-sided or two sided-- as shown in Figure 1:

. A, Simple weaving section is a general term for a single-segment of weaving

element consisting of two joining roadways followed by two separating
roadways. '

B. Multiple weaving section is formed by several ramp junctions in sequence,

for example, an entrance ramp followed by two exit ramps, or two entrance
ramps followed by a single exit ramp; such facility, in essence,
constitutes two or more overlapping weaving sections. A multiple weaving
section may also be of a mixed variety, such as a right-hand ramp followed
successively by a left- and a right-hand ramp.

C. One-sided weaving section is foﬁmed by a right-hand entry followed by a

right-hand exit, sometimes referred to as a ramp weave; it is also a form
of simple weaving section. As a special case, a one-sided weaving section
technically could involve a left-hand entry followed by a left-hand exit.

A



: SIMPLE :

-A-

MULTIPLE

_B_
o .
: ' ONE -SIDED :
, ~C-

P TWO -SIDED
-D-

Figure 1. FORMS OF WEAVING SECTIONS



D. Two-sided weaving section is formed by a right-hand entry followed by a .

left-hand exit, or a left-hand entry followed by a right-hand exit.

The major difference between a simple weave and multiple weaves is that the first
represents a single weaving action, whereas the second produces two overlapping

weaving sections, resulting in a much more complex operation,

The difference between a one-sided and a two-sided weave is that the first is

simp]ef, with weaving traffic taking place along one side, while through traffic
proceeds along the other side of the section. The second, two-sided section, is
much more complex on whiéh weaving traffic completely crosses the path of freeway

traffic,

The more detailed arrangement depicting the comparison between a one-sided and two-

sided weaving section is illustrated in Figure 2. The nomenclature referring to .
the various geometric and traffic elements are also identified and explained

further on in the text, An important feature noted is the methad of measuring the

length of weaving section, which is accomplished from a merging tip of 2 feet

(between normal edges of traveled-way of freeway and entering ramp) to a dimension

in vicinity of the diverging point where the dimension between the normal edges of

traveled-way is equivalent to a lane width, or 12 feet.

Basic forms of one-sided weaving sections are noted in Figure 3, demonstrating
three different arrangements applicable to the analysis procedure developed -
herein. Section A is a case of simple merge (accelerating facility) followed by a

normal diverge (decelerating facility), without the use of an auxiliary lane.



ONE -SIDED SECTION
-A-

TWO - SIDED SECTION
-B-

Figure 2. CONFIGURATION AND NOMENCLATURE
OF ONE -SIDED AND TWO -SIDED WEAVING SECTIONS
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SIMPLE WEAVING SECTION WITH AUXILIARY LANE
B

-_— T = <
— SIMPLE MERGE - DIVERGE WEAVING SECTION
WITHOUT AUXILIARY LANE
A

C-D ROAD WEAVING SECTION
C

Figure 3. VARIATIONS OF ONE - SIDED WEAVING SECTIONS



Section B is & more expansive form of simple weave in which the entrance and the
exit are connected by an auxiliary lane, providing continuous lane between the
two, and an extra lane throughout the weaving section. The third variation of
one-sided weave shown in Section C, entails a C-D (collector-distributor) road
which separates all weaving from through traffic. The C-D weaving section is
intended to handle only the crossing (weaving) of entering and exiting traffic,

simplifying operations on the freeway.

Further configurations of weaving sections have to do with internal lane
arrangement and lane balance. Lane balance refers to the arrangement of lanes at
ramp entrtances and exits which provides a degree of efficiency and flexibility in
operafion of merging and diverging traffic., With respect to exits, lane balance
simply means the provision of "one more lane going away" (the combined number of
Tanes on the freeway and ramp after the exit should be one more than on the
freeway preceding the exit); also, not more than one preceding lane should be
dropped at a time. At entrances, the requirement is that the number of Tanes must
"add up," with the merged or combined number on the freeway equal to, or one less,

after the merge.

Examples of a variety of patterns involving single- and double-Tane entrances and
exits which may be required td.accommodate the traffic, and which provide
different degrees of operational flexibility and extent of lane changing, are
shown in Figure 4. Lane continuity and lane balance play a primary role in the
efficiency and quality of operation. The arrangements shown demonstrate

considerable variations in lane configurations and different lane changing

maneuvers within the weaving sections. Designs which do not fully provide lane

11
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balance, particularly where the feature of "one more lane going away" is not
present, tend to produce two and possibly three times the number of lane shifts
(L.S.) than on fully lane-balanced weaving sections. Those sections with the
greater number of lane changes, even if the total number of lanes and weaving

volume are the same, would be expected to operate at a lower level of service.

Accordingly, the number and arrangement of lanes through the weaving section must
be carefully selected to satisfy a series of requirements including volumes and
patterns of traffic entering and leaving the weaving section. The more complex
weaving sections should receive individual attention and special analysis to
achieve as high an operational quality as feasible, even though much of it would
be accomplished by rational deduction., The basic relations and principal

design elements are determined by the procedure developed herein, which serves as
the major tool in design and analysis of weaving sections; however, the features
and insights described above must be used as an adjunct to optimize results. An
attempt to account for some of this as part of the model, is covered further in
Chapter 6 under the heading of "Configuration of Weaving Sections and Lane

Balance,"

An important observation with respect to characteristics of weaving sections 1is
the significant difference bet;een the overall makeup of weaving sections in the
PINY report, and the form, variations and characteristics of weaving sections
dealt with in this report. The approach by PINY is rather fundamental and much
more on the theoretical side than treated here. PINY'S definition and treatment

of weaving sections pertains primarily to what is referred to as "ramp weaves" and

"major weaves," In the 1973 PINY Report (page 10 and Figure 2.6) a ramp weave is

13



defined as "a weaving section which is a highway mainline with an on-ramp,

of f-ramp sequence (both single lanes) connected by an auxiliary lane"; a major
weave is defined as “"a weaving section in which three or more legs each having two
or more lanes." Illustrations of these definitions are shown in Figure 5
{reprinted directly from Figure 2.6 of the 1973 PINY Report) for clarity of

discussion,

The definition of a "ramp weave" is quite clear and represents one of actual and
representative forms of weaving sections in practice. As a ramp weave, however,
it is limited to only one specific variation according to the PINY definition;
i.e., with single-lane entrance and single-tane exit, connected by an auxiliary
lane. In real practice a "ramp weave" may have several additional variations, as

for example Section A, Figure:3, and Sections A, B, C and D in Figure 4.

Referring to "major weave™ sections as shown in Figure 5 (Figure 2.6, PINY report)
the arrangements are nondescript with respect to actual facilities and to
design-operations modes., Because the “"major weave" (PINY definition) is so
variable and not really definitive with respect to actual and particularly modern
freeways, a question may be raised as to what is a "major weave" and how does it

apply in a real planning-design-operations situation.

Another difference between the two research projects being discussed, is that the
PINY report does not deal with nor recognizes a two-sided weaving section, as
shown in Section D of Figure 1 and Section B of Figure 2. It does, however,

address the multiple weave problem--an important feature in freeway design.
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SOURCE: ILLUSTRATION REPRODUCED
DIRECTLY FROM NCHRP 3-15 REPORT, 1973
ON * WEAVING AREA ANALYSIS

—_——— —_—— — —_ LEG X

(A) RAMP -WEAVE

e  LEG X
LEG A
L
>/- ' LEG Y
/ . .
LEG B " —
(B) MAJOR WEAVE WITHOUT THROUGH LANE
LEG A — . LEG X
, -
/>/-;—— THROUGH LANE /
/ —— _\\
LEG B " ~
" \ LEG Y

(C) MAUOR WEAVE WITH THROUGH LANE
FOR ONE FLOW

LEGA / LEG X

>>— THROUGH LANE ( EITHER FLOW <

LEG B '-EG Y

(D) MAJOR WEAVE WITH THRCOUGH LANE
WHICH MAY BE USED BY EITHER FLOW

FIGURE 2.6 RAMP-WEAVE AND MAJOR-WEAVE
IHLLUSTRATIONS ( FROM NCHRP 3- 15)

Figure 5. WEAVING SECTION FORMS USED TO DEVELOP “ PINY “
PROCEDURE FOR ANALYSIS IN NCHRP 3-15 REPORT, 1973.
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Furthermore, the PINY report has not uﬁh’zed any of the C-D weaving data from the .
BPR data base, nor identified the C-D form of weaving section, shown in Section C

of Figure 3., Actually both the two-sided weave and the C-D weave are significant

forms of weaving sections in the modern aspects of rehabilitation and

reconstruction of the Interstate System. The first pertains to sections of

continuous C-D roads invelving upgrading of several interchanges in series, and

the second pertains to short sections of C-D roads introduced to remove or

mitigate weaving on the freeway proper.

All of the forms described in this Chapter, as part of the project, are set up for

analysis and solutions by the procedures developed herein,

In presentation of the following material some of the nomenclature and definitions

are noted. It is intended that these match as closely as feasible the terms .
utilized in the PINY report. Otherwise some of the terminology already used in

the current HCM and in AASHTO publications is included for purposes of this

report.
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LOS

Operationally Balanced Section:

Constrained Section:

Additional terms are defined as introduced in the text,

Total weaving volume
Total nonweaving valume
Total Volume

Smaller weaving volume
Weaving intensity factor
Service volume

Speed of weaving traffic
Speed of nonweaving traffic
Speed of all traffic (composite)

Width of traveled-way occupied or
required for weaving

Width of traveled-way occupied or
required for nonweaving

Width of traveled-way of weaving
section, total

‘Ratio of smaller weaving to total

weaving volume

Ratio of weaving volume to
total volume

Level of Service, designated as
A, B, C, D and E; V, measured by
Sy directiy with SV as dependent
variable; V,y and V are measured
directly by SV.

The following terms are defined and used throughout the text:

pcph
pcph
pcph
pcph

pcph or pcphpl

mph
mph
mph

Number of lanes
Number of lanes

Number of lanes

Section with weaving traffic operating

at or near LOS of nonweaving traffic.

Section with weaving traffic intermixing with

nonweaving traffic, and each tending to operate at

different LOS.
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Chapter 3 .

DATA BASE

The 1963 Bureau of Public Roads (BPR) data base formed the nucleus of information
for this project. The form in which it was finally compiled and made available to
PINY for study consisted of 45 experiments at 34 different locations. The BPR
project known as the Urban Weaving Area Capacity Study involved collection of
weaving movements by type for one- to two-hour periods in 6-minute intervals at a
number of locations throughout the United States. The sites studied represented a
variety of conditions--simple, multiple, one-sided, two-sided and C-D
(collector-distributor) road weaving situations. The data points (coded "B")
representative of full hourly (peak) periods, compiled directly from PINY's report
Tables 1.4, 1.5, and 1.6 therein,‘are shown in Table 1. This tabulation provided

the major input for analysis on the project.

Another important source of data was supplied from additional field studies
carried out by PINY at 17 sites, from which 8 locations were chosen by PINY for
analysis. Data points (coded "P") from these selected locations were made
available to the project by PINY as shown in TaB]e 2.

Further data from four weavin§'1ocations in different c¢ities carried out by the
Institute for Research, Pennsylvania State College, were furnished by FHWA,

Listed in terms of full hourly measurements, the data points (coded "I") are shown
in Table 3. As an addendum to this tabulation, two additional studies (coded "M")

available from JEL files are included.
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Although the information in Tables 1, 2 and 3 is on the basis of full hourly
measurements, or equivalent, summaries of data tabulated on one-hour rates of flow
expanded from 18-minute counts, were also made available. Table A-1 in the
Appendix includes such information for coded points “B" and "P," compiled from
tabulations furnished by PINY, Similar data points expressed as hourly rates are
also included in Table A-2 for coded points "I" and "M."™ The tabulations in Table
A-1 were compiled by PINY primarily to expand the "B" and "P" data base to
formulate situations with a greater variation of speeds, primarily higher speeds,
of which there was only slight incidence in the full hourly base. A number of
relatively high full hourly speeds, hawever, were produced by "I" coded points,

which helped to broaden the overall data base.

Table A-1, which was specifically devised for the form of analysis carried out in
the PINY study, did not Tend itself directly to the model utilized in this study.
Although it provided a more expansive set of data points, the additional hourly
rates with certain variations in speed generally did not enhance the statistical
analysis. Some selected points, however, which, further in the research effort,
were found to be tompatible with the full hourly base and used as supplementary

data to good advantage.

"

The full hourly data base played a primary role in establishing the relationships
of this study. The 31 study sites utilized by JEL from the BPR data base, was the
same number as used by PINY, although all the sites were not identical. These

were supplemented by eight sites from PINY's field studies, four sites from the
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Institute for Research, Pennsylvania State College, and two miscellaneous sites
from JEL data file--a total of 45 sites., With the use of additional experiments
at some sites, a total of 58 data points were utilized in the regression analysis
for the volume/speed/length relationships. Of these, 40 points were used in the

derivation of k values, augmented by additional experiments for a total of 52. An

index of data points and how these were used in the various analyses are tabulated-

for ready reference in Tables 13 and 14.

Other characteristics and means of developing the data base, are thoroughly

covered in the 1973 PINY Report.
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TABLE 1

BPR DATA BASE FOR WEAVING AREA OPERATIONS STUDY
Full Hour Data, Collected 1963 ——As Presented in PINY NCHRP Report 3-15, 1973

Page 1 of 3
AVERAGE SPEED TRAFFIC VOLUMES--FULL HOUR COUNTS
WEAVE | WEAVE “Space Mean- voh PEAK | TRUCKS | EQUIV.
SITE LANE LENGTH | WIDTH mph HOUR WEAV'G.
NO LOCATION ARRANGEMENT WEAV'G. | NON- ¥KMOVEMENT WEAV'G.| SMALLER [ TOTAL | FACTOR % voL.
: Feet | Feet weav'g,| At 1 2 3 4 | voL. | weav'e.| voL.| PHF pcph
B- 3 Eastshore Fwy. N. B, San Pablo to 3, 3 917 48 34.6 34.7 34.7 3893 385 713 93 1098 385 5084 0.91 3 1130
Soland Ave., San Francisco, Cal. 1 1
8- 4 | Bayshore Fwy. S. B. Army St. to 3,3 3760 48 33.8 | 3.2 | 33.9 3902 | 1445 | 1ot 747 | 2u86 1041 735 0.98 3 2560
Alemany St., San Francisco, Cal. s 1 2
g-5 Eastshore Fwy. N.B. University Ave. 1 2 1 425 24 33.5 -~ 33.5 L] 537 734 1 1271 537 1276 0.87 2 1295
(C-D toops) San Francisco, Cal. 1 1 .
B- 6 Eastshore Fwy. N.B. University Ave. 1 2 1 425 24 32.2 32.2 32,2 [ 928 622 [3 1550 622 1561 0.83 2 1581
(Collector Loops) San Francisco, Cal. 1 1
B- 7 Bayshore Fwy. N.B. Whipple Ave. 3 4 3 hisg 48 26.6 b2 35.3 3374 773 883 0 1660 778 5040 0.91 7 1785
(Inner Loops) San Francisco, Cal. 1 1
B- 8 Bayshore Fwy. N.B, Whipple Ave. 3 y 3 445 48 29.8 50.1 40.4 3157 772 | 1003 0 1775 772 4932 0.83 6 1890
(Inner Loops) San Francisco, Cal. 1 1 . )
B- 9 Bayshore Fwy. N.B. at San Bruno Ave., 4 5 4 449 62 28.4 31.9 30.9 4572 716 810 0 1526 716 6030 0.93 6 1625
San Francisco, Cal. 1 1
B-10 Bayshore Fwy. N.B. 19th Ave. 1 2 1 503 24 344 bl 344 7 586 462 2 1048 462 1057 0.74 1 1165
(Inner Loops) San Francisco, Cal. 1 1
B-11 Hollywood Fwy. Vermont to Melrose, 4 5 4 1054 62 33.0 49.7 by 4 4973 865 489 35 | 1354 489 6362 0.90 1 1370
Los Angeles, Cal. 1 1
B-12 Harbor Fwy. Vernon to 5ist, 4 5 4 910 62 26.1 26.6 26.5 5885 268 370 33 638 268 6556 0.90 1 645
Los Angeles, Cal. i 1
B-13 Golden State Fwy. Ventura Fwy. to 3 5 4 2875 64 22.2 22.2 22.3 3825 723 2251 730 | 2974 723 7529 0.96 6 3165
Colorado Fwy., Los Angeles, Cal. 2 1
B-14 | Harbor Fwy. N.B. 51st to Vernon, bog b 963 62 34.8 | 28.9 | 29.3 6172 | 319 303 50 | 627 308 | 6849 0.92 3 645
Los Angeles, Cal. 1 1
B-15 Harbor Fwy. $.8. {(Coll-Dist.) Exposition 1, 1 900 24 39.9 -- 39.9 0 6525 | 1036 0 1561 525 1561 0.83 2 1595
to Santa Barbara, Los Angeles, Cal. 1 1
8-16 Harbor Fwy. N.B. Vernon to Santa 4 5 L] 935 62 17.0 17.0 17.0 5602 370 572 17 942 370 6661 0.94 3 970
Barbara, Los Angeles, Cal. 1 1
B-17 Edens Expy. S.B. Dempster Road, 3 3 710 52 36.7 50.4 46.3 3897 493 619 0 e 493 5009 0.88 S 1070
Y
(Inner Loops) Chicago, IL. 1 1
8-18 Edens Expy. $.B. Touhy St. Ramps 3, 03 725 52 36.3 55.0 48.3 2482 309 642 5 951 309 3438 0.76 7 1020
Chicago, IL. 1 1 °

*% See page 3 of Table
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TABLE 1 (cont'd)
Page 2 of 3
AVERAGE SPEED TRAFF IC VOLUMES=-~FULL HOUR COUNTS
VEAVE | WEAVE “Space Mean- voh PEAK | TRucks | EQuIv.
SITE LOCATION LANE LENGTH | WIDTH s HOUR ) WEAV'G.
NO. ARRANGEMENT WEAV'G.| NON- ALL *KMOVEMENT WEAV'G.| SMALLER { TOTAL{ FACTOR % voL.
Feet Feet WEAV'G . 1 2 3 4 voL. | wWEAV'G.| VOL.} PHF pcph
8-20 Congress Expy. E.B. Catifornia Ave. to 1 2 1 868 27 36.5 32.9 36.4 0 736 415 Lo 1151 415 1191 0.78 10 1265
Western Ave., (Coll-Dist.) Chicago, IL. i 1
8-21 Edens Expy. $.B. Peterson Ave. (Inner 3, 3 625 52 33.0 37.2 36.8 4220 272 317 0 589 272 4809 0.90 5. 620
Loops) Chicago, IL. 1 1
B-23 Dan Ryan Expy. $.B. Congress St. 4 5 4 659 64 26.3 34.0 30.7 3401 326 | 2176 77 2502 326 5980 0.86 1 2780
to Taylor St., Chicago, IL. 2 1
N >
B-24 Dan Ryan Expy. $.B. Congress St. [ 5 4 659 64 29.9 43.5 36.2 2912 503 | 1890 | 107 2392 503 5412 0.93 13 2750
to Taylor St., Chicago, IL. 2 1
B-27 Congress Expy. W.B. Western Ave. to T, 844 27 39.3 -- 39.3 - 2 375 86t 4 1236 375 1242 0.87 10 1360
California Ave. (Coll-Dist.)} Chicago, !L. 1 1
8-28 Congress Expy. W.B. Racine to 4 5 4 1032 72 43.9 46.9 46.4 5068 396 970 24 1366 396 6458 0.90 [ 1440
Ashland, Chicago, IL. 1 1 .
B-29 Dan Ryan Expy. S.B. 51st St. to 55th St. 2 3 2 894 33 19.1 22.9 19.2 1803 814 620 3 1434 620 3240 0.93 13 1610
Chicago, IL. 1 1
B-30 Dan Ryan Expy. N.B. 55th St. to 51st St. 2 42 890 38 26.9 28.3 28.1 2013 517 591 17 1108 517 3138 0.92 37 1515
Chicago, IL. 1 1
B-32 Dan Ryan Expy. $.B. Pershing to 43rd St. 3, 3 822 50 36.1 38.9 38.0, 3885 477 823 17 1300 477 5202 0.84 8 1400
(Local Lanes) Chicago, IL. 1 1
B-33 Dan Ryan Expy. S.B. 71st. St. to 75th St. ] 5 4 521 62 29.6 32.9 314 6128 846 406 5 1252 406 7385 0.94 5 1315
Chicago, IL. 1 1
8-34 Dan Ryan Expy. N.B. 63rd St. to 59th St. 3, 3 621 50 344 4.5 39.2 2702 274 857 [ 1131 274 3837 0.87 5 1190
(Local Lanes) Chicago, IL. 1 1 -
B-39 South Conduit Ave. E.B. at Van Wyck 3, 04 556 42 19.1 22.9 19.2 2024|1054 | 1826 4 2880 1054 4908 0.91 4 2995
Expy. {lnner Loops) New York, N.Y. 2 1
B-40 South Conduit Ave. E.B. at Van Wyck 3, b 556 42 23.6 29.2 25.6 2017 865 | 1986 1 2851 865 4869 0.91 4 2970
Expy. (Inner Loops) New York, N.Y. 2 1
B-41 South Conduit Ave. E.B. at Van Wyck 3., 0 556 42 26.9 32.2 28.3 1067 J1116 | 1253 4 2369 1116 3440 0.89 3 2440
Expy. (Inner Loops) New York, N.Y. 2 1
B-42 North Conduit Ave. W.B. Van Wyck 3,0 625 4o 31.6 21.4 31.5 264 923 888 | 290 1811 888 2365 0.81 7 1945
Expy. to Southern State Pkwy., New York 1 3
8-43 North Conduit Ave. W.B. Van Wyck 3, 625 4o 29.6 26. 29.4 98 | 2042 613 | 369 2655 613 3122 0.87 15 3050
Expy. to Southern State Pkwy., New York 2 3

*% See page 3 of Table
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. TABLE 1 {(cont'd)
Page 3 of 3
AVERAGE SPEED : TRAFFIC VOLUMES--FULL AUUR COUNTS
N WEAVE WEAVE 'Spai;rrea“' vph PEAK TRUCKS EQUIy.
SITE N LANE LENGTH |WIDTH HOUR WEAV'G.
NO. LOCATIO! ARRANGEMENT WEAV'G.| NoN- | ¥KMOVEMENT WEAV'G.] SMALLER | TOTAL } FACTOR % voL.
Feet Feet WEAV'G, 1 2 3 4 voL. WEAV'G.| voOL. PHF pcph
B-47 So. Conduit Ave. £.B. Idiewild Airport to & 4 2 980 40 . 24.3 22.0 23.3 628 2957 461 18 3418 461 Li6h 0.87 7 3675
Southern State Pkwy., New York 2 3
B-48 So. Conduit Ave. E.B. Idlewild Airport to 4 y 2 980 4o 27.1 27.5 27.2 633 3019 422 463 3hiy 422 4567 0.83 1 3475
Southern State Pkwy. New York . 2 3
8-49 Northern State Pkwy. Guinea Woods Rd. to b2 564 50 26.3 19.9 22.2 2568 1698 417 365 2115 417 5048 | 0.92 0 2115
Meadow Brook Pkwy., Long Island, N.Y. 1 2
B-50 Northern State Pkwy. Guinea Woods Rd. to 4 2 564 50 19.3 13.6 15.7 3430 1865 375 385 2240 375 5054 0.92 0 2240
4
Meadow Brook Pkwy., Long island, N.Y. 1 2
B-51 Northern State Pkwy. Guinea Woods Rd. to 4 4 2 564 50 38.3 42.7 37.2 1498 1350 330 415 1680 330 3593 0.85 0 1680
Meadow Brook Pkwy., Long Island, N.Y. 1 2
B-52 Van Wyck Expy. $.B. Main St. to 2,3 497 54 29.7 35.3 32.1 2155 272 | 2181 27 2453 272 4635 | 0.86 4 2550
Hillslde Ave., New York, N.Y. 3 1
B-53 Southern State Pkwy. E.B. Bayshore Rd. 3,2 1583 50 47.8 46 .1 47.3 586 1643 182 206 1825 182 2617 | 0.84 0 1825
to Heckscher Pkwy., Long Island, N.Y. 1 3
B-54 Sunken Meadow Pkwy. N.B. to Northern State 2 3 2 738 38 37.6 45.8 39.3 609 296 | 1469 22 1765 296 2396 | 0.89 0 1765
Pkwy. (lnner Loops), Long Island, N.Y. 2 1
B-60 | Baltimore-Washington Pkwy. S.B. Rt. 50 to 2 4 2 4665 * 33.8 | 31.7 | 32.7 1822 932 [ 1927 562 2859 932 5243 | 0.83 4 2980
South Dakota Ave., Washington, D.C. 2 1
8-61 Geo. Washington Pkwy. W.B. Key Bridge to 2, 2 1900 * 26.5 27.7 271 958 465 | 1407 | 1212 1869 462 4039 | 0.95 1 1890
Spout Run Pkwy., Arlington, Va. 2 2
B-63 Baltimore-Washington Pkwy. S.B. Rt. 50 to 2 5 2 4650 * 4.5 32.0 33.7 13 1659 [ 1507 his 2564 1059 h162 | 0.90 9 2785
South Dakota Ave., Washington, D.C. 2 1
B-64 Geo. Washington Pkwy. W.B. Key Bridge to 2, 2 1900 * 23.1 24,5 24.0 1240 798 | 2217 ] 1860 3015 798 6115 | 0.95 [+} 3015
Spout Run Pkwy., Arlington, Va. 2 2 )
B-65 Baltimore-Washington Pkwy. South 2 4 2 4700 * 45.1 45.1 45.1 1375 1274 387 | 1090 1661 387 4126 | 0.92 4 1730
Bakota to Rt. 50, Washington, D.C. i 2

*% Movement ldentification

1

§><:

4 ——

* Approximate width of 36' for 3 lanes,
and 24’ for 2 lanes.




TABLE 2

SUPPLEMENTARY DATA BASE FOR WEAVING AREA OPERATIONS STUDY

Hourly Rates (Based on 18-min. Periods from Peak Hour) for PINY Experiments of Selected Sites
Conducted and Furnished by PINY, NCHRP Report 3-15, 1973

AVERAGE SPEED
-Space Mean- TRAFFIC VOLUI-GES--HOURLV RATES . TRUCKS EQUIV.
mph Converted from 18-min., Counts of Peak Periods WEAV'G.
SITE LOCATION LANE WEAVE | WEAVE peph voL.
NO. > ARRANGEMENT | LENGTH |wioTh [ | dow- T MOVEMENT ** WEAV'G.| SMALLER | TOTAL 3
Feet Feet ‘| WEAV'G 1 and 4 3 and & voL. WEAV'G. voL. pcph
P- 2 Southern State Pkwy., W.B. at 3 y 3 968 48 42.7 46.6 45.8 3660 300 900 100 4560 900
Meadowbrook Pkwy. {L.1., N.Y.) 1 1 =
o
P- 5 Cross Bronx Expy. €.B. over 2 4 3 950 48 441 5.6 44,9 1390 1090 1090 261 2480 a 1090
g Alexander Hamilton Bridge (N.Y.,N.Y.) 2 2 B £
S g
P- 7 Kensington Expy. N.B. at Fillmore 2 3 2 750 43 4.7 55.3 50.0 1190 1200 1200 260 2390 ¥y 1200
Ave. {Buffalo, N.Y.) 1 ! Ze
23
p- 8 | 1-84 E.B. at Capital Ave. hog o3 1355 60 4y 46.2 | 45.5 2610 1190 1190 420 3800 2% 1190
(Hartford, Conn.) . 1 .2 -9
gl
P-10 | Cross Westchester Expy. E.B. at 2 43 527 48 415 43.9 | 43.2 1700 730 730 234 2430 Ea 730
New York State Thruway (Elmsford, N.Y.) 2 1 < §
P-1 Rte. 202 5.B. at Valley forge, 2 3 2 1200 36 49.3 52.9 51.6 1380 820 820 300 2200 ;6 820
{King of Prussia, PA.) 1 1 -
= .
P-14 i-80 £.8. at Garden State Pkwy. 2 3 2 1467 36 50.2 55.1 53.1 1960 1370 1370 8o 3330 1370
(Saddle Brook, N.J.) 1 1
P-15 1-95 N.B. at Route 7, 3 4 3 2000 48 42,6 454 Ly 8 2280 680 680 200 2960 680
(Alexandria, VA.) 2 1

** Movement Identification 1—;—————»
3 ><:
—_———
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SUPPLEMENTARY DATA BASE FOR WEAVING AREA OPERATIONS STUDY

TABLE 3

Full Hourly Data of Selected Sites Furnished by Institute for Research, Pennsylvania State Coilege, 1983
Includes Separate Addendum of Miscellaneous Experiments——Pre 1960

AVERAGE SPEED

-Space Mean- TRAFFIC VOLUMES--FULL HOUR COUNTS PEAK TRUCKS EQUIV.
WEAVE WEAVE mph vph '
SITE LOCATION LANE LENGTH | WIDTH HOUR WEAV!G.
NO. ARRANGEMENT WEAV'G. NON- ALL **¥MOVEMENT WEAV'G. | SMALLER | TOTAL | FACTOR g voL
Feet Feet WEAV'G. 1 2 3 4 VoL. WEAV'G., voL. PHF peph
-2 Katy Fwy., 1-10 E.B., Entr. Frontage Rd. to 3 3 3 1100 36 52.6 59.5 58.8 3335 26 376 2 402 26 3739 0.99 13 455
Exit (7538) Dairy Ashford Rd., Houston, TX. 1 1
1- 6 No. Central Expy.. US 75 N.B. No. Perimeter of 2 2 2 1950 24 48 Sk 52.3 1516 658 124 1" 782 124 2308 0.97 10 860
Dallas toExit 25, Arapaho Rd. Dallas, TX. 1 t
- 8 1-285 E.B., Entrance Clark Howell Hwy. 2 2 1450 36 52.0 60.1 57.2 1469 733 92 13 825 92 2307 0.87 18 970
to Exit (42B) 1-75 South, Atlanta, GA. I
I-t1 Calumet Expy., !1-94 East, S.B. Entr. 1th 3 4 3 1150 48 50.5 57.2 56.1 1959 228 160 6 388 160 2353 0.93 35 525
St. to Exit (66B) 115th St., Chicago, IL. 1 1
M-1 Eisenhower Expy., 1-290 £.8., Entr. Damen b b 650 72 | 28.6 40.0 36.9 4gso | 1200 | soo o | 1700 500 6650 | 0.78 3.5 1755
Ave. to Exit Paulina St., Chicago, IL. 2 2
M-2 Shirley Hwy., 1-95 S.B. Entr. Va. Rte. 27 3 u 3 921 48 40.0 - - 915 1000 310 790 1310 310 3015 - k.0 1450
to Exit Washington Blvd., Artington, VA. 3 2 G=+3.

** Movement |dentification 1

4

—_
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Chapter 4
MODEL FORMULATION

The decision to formulate a weaving analysis model that would be relatively simple
and easy to use and, if feasible, would closely follow the already familiar
procedure established in Chapter 7 of the 1965 HCM, was made and the mode]l
preliminarily tested as reported by J, E. Leisch in the March 1979 issue of the
ITE Journal. As noted in the introduction, the same objective was to be pursued
in this study to extend and complete the earlier work. The major elements of the
basic framework which constituted the 1965 HCM procedure, although preéented in
two separate parts--the weaving element and the width element--still provided the

structure upon which to build a more refined model.

In accepting the rationale used in the procedure for analyzing weaving area
operations first introduced in the 1950 HCM, it was necessary to examine and test
the various elements of the procedure to determine if the general formulation was
sufficiently sound and could be refined to produce a model that would closely
predict actual operations and serve as a basis for design and improvement of
freeway facilitfes. 1In a critical analysis of the 1965 HCM procedure, the various
shortcomings, problems, and ceftain inaccuracies became evident. Identifying
these along with examination of new data and recent research, revealed that the
basic framework could be utilized and adjusted to a more refined and explicit
model.,

The major shortcomings and requirements revealed that: weaving volume/speed/length

relationships needed adjustment (the BPR data base was already oriented toward
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this process; some confidence in the position of the out-of-realm of weaving curve
had to be demonstrated; weaving intensity factor (k) as a key element of the
process necessitated a positive means of determination and correction of values;
the separate parts in the 1965 HCM process far determining weaving requirements
and width requirements indicated the need for a continuum which could be
accomplished through the process of k factor determination; the level of service
measures had to be set out in a direct and simple manner to be related to but not
necessarily identical to uninterrupted flow conditions on the freeway; the basic
model could be made fully workabTe through a mechanism by which the data were
reduced to simu1ate‘operational1y balanced sections, where the weaving element and
nonweaving element of traffic operated at the same level of service; the model
could then be augmented to handle opefationa]]y imbalanced conditions to broaden
its application by utilizing a composite service volume (SV) which enabled the use
of derived k values and determination of N for the overall weaving section; the
composite speed of the weaving section (S) and its relationship to the speed of

“weaving (S,) would finally provide an important adjunct in the overall process.,

This analysis and preliminary testing of the various steps described permitted the
formulation of the basic structure for the weaving model as shown in Figure 6.
Only the major elements are shown which provide a continuum in the process. The
model is not expressed as an éﬁuation or a series of equations, but as steps which
are individually developed and tied together into one continuous process. The
sections of the report which follow develop each component of the model for which
individual statistical analyses are carried out and equations, as appropriate, are

developed. Because of limited data and the need to segment some of the data in

the process of development, it was recognized at the outset that a statistical
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approach, coupled with rational formulations and analytical modeling, was
essential to achieve the results of the process presented, and to broaden the

scope of its application.

The developmental aspects are fully covered in the report, utilizing simplified
procedures and 1imiting the number of variables where feasible, Greater
sophistication in the analysis and development of material could have been

attempted but with considerable complication and questionable practicality.
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LEVEL OF SERVICE

DETERMINATION
FOR WEAVING SECTION ELEMENTS
DEFINITION OF TERMS:
Sw = AVERAGE RUNNING SPEED
OF WEAVING TRAFFIC mph
Vw = WEAVING VOLUME pcph
L = LENGTH OF WEAVING SECTION feet
K = WEAVING INTENSITY FACTOR
LOS = LEVEL OF SERVICE
(VARIES A THROUGHE)
'SV = SERVICE VOLUME pcphpl
N = NUMBER OF TOTAL LANES
IN WEAVING SECTION lanes
V = VOLUME OF TRAFFIC IN
WEAVING SECTION, TOTAL pcph
W, = VOLUME OF SMALLER
WEAVING MOVEMENT peph
S = AVERAGE RUNNING SPEED,
COMPOSITE OF ALL TRAFFIC
WITHIN WEAVING SECTION mph

WEAVING TRAFFIC
Sw = {V,vs L)
OR WEAVE LOS=f (V, &L)

WEAVING INTENSITY
FACTOR

K

1 — 3 ONE-SIDED
1 —6 TWO-SIDED

COMPOSITE WEAVING
SECTION

LOS = f(SV) anp
N=[V+(k-1)Wy]=+8V

BASIC MODEL
SPEED RELATION

Sw = §

OPERATIONALLY BALANCED
WEAVING SECTION

MODIFIED MODEL |
SPEED RELATION i
|

Sw £°S
OPERATIONALLY IMBALANCED
WEAVING SECTION

Figure 6. WEAVING MODEL FORMULATION
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Chapter 5
LEVEL OF SERVICE MEASURES

The analysis in the planning, design and operation of weaving sections, as for
other elements of the highway, is dependent upon and muét be correlated with the
level of service measures. The definition of levels of service for weaving
sections, with its application, is a key element of measurement process and part

of the basis in establishing a workable procedure.

Levels of service of weaving sections embody the freeway gnd the connecting
ramps which jointly make up the weaving section., The consideration of levels of
service and resulting operations on weaving sections, in a broad sense, are
similar to situations of ramp junctions--entrances and exits--either as isolated
cases or in combinations along the freeway, Both, for weaving (a special
configuration of ramps sequence) and for other, less operationally stringent
ramp configurations, the levels of service are considered separately for the

freeway and for the ramp associated movements,

An attempt is made to maintain, to extent feasiﬂ]e, a constant level of service
on the freeway, with ramps operating at their own level of service, preferably |
equal to or at a level higher }han specified for the freeway. Even so, there is
an impact of exiting and entering traffic upon the flow of traffic on the
freeway. Some slow-down in the freeway movement or degradation of quality of
operation under such circumstances is evident and is expected; however, such

effect for proper design should be minimal and of short duration, allowing the

overall freeway flow to recoup and reestablish its quality of operation
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experienced prior to the diverging or merging junction. This approach is the

basis for design and operation of weaving sections.

Since the beginning of formalized method of evaluating operational quality of
weaving sections, which first appeared in the 1950 HCM, the speed of traffic
and the service volume {average traffic accommodated per Tane within the |
section, referred to as “"design" capacity per lane at that time) were used in
combination as the method of measurement. Speed and service volume also were
utilized in the 1965 HCM, as well as in later studies, PINY (1973} and Leisch

(1979).

The levels of service for weaving sections, including an indication of speeds
involved {which are deduced and selected further on) are expressed first in
gehera] terms; these are believed to pe representative of current applica-
tions, and re1evant to this project. The following definitions pertain to
one-sided sections, relating to the weaving element of the section, as well as
to the overall, composite operation of all traffic on the section, for the
condition assuming operationally balanced sections. (The descriptions are
s]fght1y modified for operationally imbalanced sections where weaving and
nonweaving traffic are intermixed; definitions are alsc slightly altered for

two-sided weaving sections, These are clarified later on.)

Level A. Operations are indicative of open highway conditions, with weaving
having little, if any, effect on stream flow. Average weaving speeds of 50 mph
can be readily maintained, with freeway or nonweaving flows operating upwafd of

50~55 mph,
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Level B, The effect of weaving on freeway flow is relatively minor, Weaving
movements are accomplished at average running speeds of about 45 mph. Some
speed variations may occur, but average speeds of freeway traffic of 45-50 mph

would be expected to prevail for the most part.

Level C. Although overall operations are still within a stable mode of flow,
the speeds and maneuverability of weaving movements are characterized by some
restrictions in maintaining uniform flow. Weaving vehicles would maintain
average running speeds of about 40 mph, although speeds may vary between
individual vehicles and short periods within the hour. Through movements of
freeway traffic are apt to be more sensitive to possible influence from weaving
traffic than at higher levels of service; maintenance of average speeds of

40-45 mph of the major flow, however, generally would be expected.

level D. With stable flow surpassed and tendency of speeds between individual
vehicles to vary, weaving vehicles are expected to be limited to an average
speed of 35 mph. Operation would be subject to restrictions in
maneuverability and noticeable slowdowns in both weaving and nonweaving
traffic, with the overall section operating at about the same or slightly
higher average speed as weaving traffic,

Level E. This level of operation is indicative of the condition approaching
or reaching maximum weaving volume that can be accommodated. Variation in
speeds with periods of slow operation, including momentary stopping of weaving
vehicles may be anticipated. Average speeds of weaving traffic of 25 to 30 mph
would be representative along with overall speeds of similar magnitude of

around 30 mph.
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The definitions are presented for the purpose of providing a& qualitative
measure of levels of service of operationally balanced sections of the more
common one-sided variety. (Elaboration with regard to two-sided sections is
covered Tater on.) Since both speeds and service volumes are utilized to
measure levels of service on weaving sections, specific values for each must
be established in order to provide a uniform and appropriate means of
measurement. Due to the nature and detail in which weaving area studies had
been made, a set of average running speeds as a primary'indicator for
evaluating levels of service of weaving movements was to be appropriately
established. Also to be in conscnance with the manner in which operations on
other elements of the freeway are measured, "a set of lane service volumes for
each level of service in evaluating the freeway traffic as well as the overall

composite weaving section operations had to be specified.

Precedents have been established (some recently and in process) of logical
speeds on weaving‘sections for both the weaving element and associated freeway
traffic, 1In setting the criteria for service level values, these are reviewed

and serve as a basis for appropriate selection of individual values.

Speed Element

Previous studies and evaluations of quality of operation have been related to
speed. The 1965 HCM and research efforts since early 1970's provide the

necessary insights, The following is a summary of values to be examined.
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Consideration of speeds in Tables 4 and 5, some of which are under development,
coupled with intensive study and reevaluation of the BPR weaving area

studies and some of the more recent investigations, provided insights to levels
of service. Also the author's personal evaluations, since the inception of the
Interstate System and its recent operational (uncontrolled) studies, have shown
a definitive direction toward establishment of performance criteria for weaving

sections summarized in this research effort,

To be in concert with the many speed values presented in Tables 4 and 5--the
proposed levels of service measures on this project, which in essence
demonstrate a logic and a degree of harmony of previous efforts, are summarized
in Table 6. This performance criteria with respect to speed is recommended as
part of the procedure providing a direct input to analyses of weaving sections.
Also associated with the speed of weaving is a Tane service volume, serving as a

dependent variable; this aspect is discussed later on in the chapter.

As a side comment, it may be noted that the speed listed under the column of
"freeway proper" (ﬁpproaching weaving section) in Table 6 is a uniformly
decreasing speed by S5-mph increments per each change of level of service,
indicating a steeper curve for speed reduction with level of service, compared
with freeway speeds for open h;ghway conditions currently noted, as in the last
two columns of Table 4. A logical explanation and as supported by field studies

shows this to be the case due to apparent more rapid degeneration of speed

within the more turbulent weaving section than on the open freeway section,
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It may be further noted that the speed measure of weaving traffic, for one-
sided weaving sections as a level of service control, is 5-mph below the
freeway {nonweaving) speed. This is generally indicative of the condition
where there is little or no geometric constraint upon entering and exiting
traffic and the weaving section is operationally balanced, or nearly so;
i.e., levels of service of weaving and nonweaving traffic are the same, or

nearly so.

With regard to two-sided weaving sections, since the freeway (through)
movement is also part of the weaving movement, the speed of freeway traffic
and weaving traffic essentially would be the same. Experience shows that for
properly designed and well-balanced weaving sections, that the speed of
combined weaving and freeway traffic coincides. Weaving area operations
studies further indicate that the speed of weaving has a tendency to match
the level of speed of "freeway proper" traffic, as indicated in the last

column of Table 6.
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TABLE 4

SUMMARY OF VARIOUS PERFORMANCE CRITERIA
FOR BASIC FREEWAY SECTIONS

AVERAGE RUNNING SPEED ON FREEWAYS--MPH *

Level of Highway Capacity Analysis Transp. Research New Highway
Service  Capacity Manual Techniques--Fwys. Circular 212 Capacity Manual
1965 FHWA-RD-74-24, 1974 1980 Draft--1983
A 55 ** B5 ** 50 57
B 50 50 50 55
C a5 45 : 48 50
D 35-40 35-40 40 40
E 25-30 25-30 30 30

* Single number indicates >; double number, normally shows range.
*% Approximate conversion from “Operating Speed",

Note: Values apply to 70-mph design speed freeways.
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Table §

SUMMARY OF VARIOUS PERFORMANCE CRITERIA
FOR WEAVING SECTIONS

AVERAGE RUNNING SPEED OF WEAVING TRAFFIC--MPH *

Techniques for Transportation
Highway Weaving Area Design of Research
Level of Capacity Manual Study--PINY Weaving Sections Circular 212
Service 1965 NCHRP 3-15, 1973 ITE Journal, 1979 1980
A 45-50 ** 60 t 50 (55) 45-50 #
B | 40-45 55 45 (50) 40-45
C 35-40 50 40 (45) © o 35-40
D 30-35 33-38 35 (40) 30-35
E 25-30 20-30 25-30 (30) 25-30
* Single number usually indicates "upper" (beginning or better) limit for LOS,

1 First row of numbers for one-sided; second row for two-sided sections.

**  Approximate conversion from operating speed--deduced through
"operational quality."

# Range for weaving and nonmweaving traffic when both at
approximate same LOS.

- Note: Values based on 70-mph design speed highways; also generally considered
applicable to 60-mph design speed highways.
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Service Volume Element

As part of the weaving model, an esséntial element is the application of the
service volumes as a primary measure of the overall weaving section. In the
past as well as in some of the current research and applications, there has
been a tendency to use the levels of service per lane volumes normally
associated with freeway proper traffic to be applied to weaving sections.
Also, since merging and diverging traffic is an impOftant aspect of weaving
area operations, service volumes associated with ramp entrances and exits
should be considered in playing a part in the determination of weaving
section levels of service. Both freeway dnd ramp junction lane service
volumes are considered and reviewed here to establish and justify Tevels of

service measures for weaving sections, as summarized in Tables 7 and 8.

Another aspect in calcu]ating levels of service of various facilities, the
need to account for fluctuations of traffic within the hourly volume has been
considered essential in recent years to account for the higher rates of flow
generated during the shorter periods within the hour (which have a signifi.
cant impact upon operations and provide a more Qorthwhi]e measure of quality
of operation}. The method by which such expanded "hourly rate of flow" is
determined is through the app]%cation of the peak-hour factor (PHF).
Normally, 5-, 6- or 15-minute highest periods of flow within the peak-hour
are utilized for this purpose., Although the shorter intervals have been used
in the past for freeway facilities, the 15-minute period has been designated
in the development of the new Highway Capacity Manual as the prescribed, con-

sistent period for all types of facilities including freeways. Accordingly,
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the 15-minute basic measurement is utilized in this research project for

weaving sections and associated freeways.

A PHF 1is determined by the ratio of the full peak-hour volume divided by 4
times the highest 15-minute volume within the hour. The PHF is always less
than unity and approaches 1.00 when flow during the entire hour is uniformly
consistent (full) throughout the hour which tends to occur at maximum hourly

discharge, or “capacity.”

To utilize the peathour factor and account for the "hourly rate of flow" for
design or traffic operation it is essential that the service volume
representative of the full hour is multiplied by the PHF in order to refiect
the Higher rate of flow to be accounted for in evaluation of operation and

design,

The PHF is normally applied separately to the service volume in various

capacity analyses, on the basis that the PHF can either be estimated within

some degree of accuracy or actually measured from traffic counts. In the

case of weaving sections the complexity of operation, as reflected by the

degree of operaffona] balance Qith respect to intermix of weaving and non-

weaving movements, makes it di}ficu1t to identify a specific PHF. Analysis

of data with respect to peak-hour factors on weaving sections {values

reported in Table 1 based on 6-minute periods) has indicated an erratic

pattern as shown in Figure 7, Moreover, in examining separate PHF's for the

separate elements of weaving and nonweaving traffic produces further .

irregularities.
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The PHF on any facility is affected externally by city size, trip lengths,
system effects, and pattern of trip generations; but, despite its variation
during the lower levels of service it is modified in a definite manner by the
relative amount of traffic and facility of movement on the freeway. Taking
advantage of this phenomenon it is reascnable to predict representative PHF's
associated with service levels C, D and E. Previous observations on freeways
show that the PHF for level of service E (at capacity) approaches 1.00 and
for level of service C values in the range of 0.80 to 0.87 are

representative,.

An attempt was made to find PHF relationships specifically for weaving
sections, particularly with respect td the 15-minute rather than the 6-minute
period. This was accomplished with interpolation by using the data from
Appendix B of the 1965 HCM of the same 1963 BPR data base as in Table 1 but
with selected observations of more detailed volume data breakdown. The
‘computed 15-minute PHF's for the specific weaving sections are plotted in
Figure 8, with regression indicating more consistency than for 6-minute

periods.,

The results of Figure 8 seem to provide some justification of using built-in
PHF 's far service volumes in éQa]uation of levels of service. However,
because aof flow rate differences within the hour between weaving and non-
weaving traffic and other inconsistencies, values toward the lower limit of
standard error in the regression of Figure 8 have been selected, Further

reason to use a general PHF of lower value is that the service volumes

normally utilized in the analysis of weaving sections are compatible with
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70-mph design speed highways, yet some facilities may be classified at 60-mph
for which service volumes are inherently lower. Considering this feature as
well, and making allowance for some factor of safety, values are taken to be
0.85, 0.90 and 0.95 for service levels C, D and E, respectively. These
factors are reflected in the comparative values of Tables 7 and 8, and are

incorporated in the level of service criteria for this project in Table 9.

The reasonable consistency of service volumes in Tables 7 and 8 from several
sources and the consolidation of these to a specific set of service volumes
in Table 9 provide the means for evaluation of operation and design of

weaving sections.
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Table 7

SUMMARY OF VARIOUS PREFORMANCE CRITERIA
FOR BASIC FREEWAY SECTIONS

SERVICE VOLUMES ON FREEWAY PROPER--PCPHPL *

Transportation
Level Highway Research New Highway
of Capacity Manual Circular 212 Capacity Manual
Service 1965 1980 Draft - 1983
pPeak-Hour Factor t Peak-Hour Factor + Peak-Hour Factor
. 1.00 Variable 1.00 Variable 1.00 Variahle
A 800 800 8007 800 680 680
B 1160 1160 1300 1300 1160 1160
C 1600 1360 1700 1440 1660 1410
D 1800 1620 1925 1730 1920 1730
1800 § 1620
E 2000 1900 2000 1900 2000 1900
* Average values per lane for 3 lanes in one direction;
values less for 2 Tanes and more far 4,
T Representative PHF, commensurate with level of service, is

incorporated ("built-in") for the basic SV Value: .85 for LOS C,
.90 for LOS D, amd .95 for LOS E. in the second row of figures
of each column.

§ Revised value being considered for final draft.

Note: Values based on 70-mph freeways.
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Table 8
SUMMARY OF VARIOQUS PERFORMANCE CRITERIA
RAMP ENTRANCES AND EXITS ON FREEWAYS
RAMP SERVICE VOLUMES--PCPHPL *

Capacity Analysis

Techniques-- Transportation
Level Highway Freeways Research
of Capacity Manual FHWA-RD-74-24, Circular 212
Service 1965 1974 1980
Peak-Hour Factor t Peak-Hour Factor t Peak-Hour Factor t
1.00 Variable 1.00 Variable 1.00 Variable
A 1050 1050 1050 1050 780 780
B 1250 1250 1250 1250 1250 1250
C 1750 1490 1750 1450 1600 1350
D 1850 1660 1850 1650 1850 1570
E 2000 1900 2000 1850 2000 1900
* Average values per lane for 3-lane freeway directional lanes--

each service volume is average of a merging and diverging
movement (with merging 1000 pcphpl smalier than diverging
in each case).

+ Representative PHF.is "built-in" to the base SV value, using factors
of 0.83 to 0.95.

Note: Pertains to junctions with 2-, 3- and 4-lane freeway lanes;
applicable to 70-mph design speed freeways; also ta 60- and
50-mph speeds.
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TABLE 9

PERFORMANCE CRITERIA
FOR WEAVING SECTIONS ON FREEWAYS

LANE SERVICE VOLUMES
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NB=2 NB=3
/50 800
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1900 1900
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Combined Level of Service Criteria

The level of service criteria presented in Tables 6 and 9 are shown jointly
and graphically displayed in Figure 9; the graph serves as a convenient

reference in facilitating further analysis on the project.
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Chapter 6
DEVELOPMENT OF WEAVING MODEL ELEMENTS

The major elements of the model were detailed by statistical analysis to the
extent feasible from information available in the overall data base. In some
instances, due to a relatively large number of variables involved, the required
quantity of data was in effect reduced or "thinned out,” with a tendency in

certain cases to weaken the statistical process; however, as stated at the

inception of the project, those portions with limited data were to be developed by

rational formulations in consonance with statistical procedures to broaden or
complete the process. The total effort was structured to produce a homogeneous

result utilizing both techniques.

The approach here, was not to "discover" a weaving analysis procedure which may

emerge from statistical analyses but to utilize statistical procedures as an
assist or adjunct along with analytical engineering processes to verify and refine

a formulated model, deduced or postulated from operational observations and design

experience.

Weaving Volume/Length/Speed Relations

~

The weaving model, which relies heavily on the data of the weaving operation
studies, has to do with the interrelationship ¢f the weaving volume with the
length of weaving section and the resulting speeds. The hourly data as compiled
in Tables 1, 2, and 3, é]ong with supplementary information from Table A-1'in the
Appendix, were found to be specifically oriented toward determining the
relationship. A total of 42 experiments and 57 data points were utilized for this

purpose. Data actually employed are summarized in Tables 13 and 14.
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. For convenience of analysis and design, the coordination of the weaving valume

with the Tength of weaving, in terms of 5-mph increments of average speed of

weaving movement, was taken to be a logical measure which also corresponds to

level of service speed criteria set out in Table 6.

To achieve a relationship among these variables, regression analyses were per-

formed, using 5-mph bands of average running speed of weaving traffic; thus, each

regression line was represented by a 5-mph weaving speed.

The groups of measured

speeds as shown in Table 10 were utilized to represent each 5-mph speed line.

Table 10

SPEED GROUPS USED IN REGRESSION ANALYSES TO
ESTABLISH WEAVING SPEED/VOLUME/LENGTH RELATIONS

Representative Speed*
of Weaving Traffic
for Regression
MPH

25
30
35
40
45
50

Range of Measured Speeds*
of Weaving Traffic

from Data Base

MPH
22.5 - 27.4
27.5 - 32.4
32.5 - 37.4
37.5 - 42.4
42.5 - 47.4
2 47.5
Mean Speed .

* Average Running Speed, derived from Space
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Regression was performed for weaving speeds of 25 and 30, 35, 40, 45, and 50-mph
for weaving volume, V,, vs. Tength of weaving section, L. Two types of relations
were calculated--a least-squares line which furnished the statistical character-
istics with respect to the available data points, and a regression line through

the origin (Vy = 0, L = 0).

Actually, in the Tatter case, should an exit immediately follow an entrance, there
would be some short distance between the two; but, because this would never be a
"real" case, the theoretical distance of L = 0 was considered more direct and
appropriate to use with V,, = 0 as the origin point for regression. Another con-
sideration, in passing a regression line through the origin, is that preferably

- there should be some observations near the origin to ascertain the shape of the
line; however, since such points on weaving sections of freeways are not available
nor feasible to obtain, the rationale employed clearly points to the following

procedure,

The condition is apparent that when practically no length is available for
weaving, no weaving movement can take place; that is, the speed line which
indicates the relationship between V,, and L, theoretically and from a practical
standpoint, passes through the origin. Accordingly, a set of regression lines, as
shown in Figures 10-12 for one-sided, and Figure 23 for two-sided weaving
sections, were developed through the origin, These were taken to be indicative of
the relationship of weaving volume to length of weaving section for each 5-mph
weaving speed. To achieve better conformance to the variability in the
orientation of the data points, regressions were run with L as the dependent
variable for the lower speeds and V, as the dependent variable for the higher
speeds. The slope of line in all cases is consistently expressed as a ratio of V

to L. Other statistics are shown with each set of regressions on the graphs.
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One-Sided Sections

Regression analyses were run separately for one-sided and two-sided weaving
sections, The results for the initial group of one-sided sections are diagrammed
and summarized in Fiqures 10-12, showing the regression lines, data points,
equations and related statistical elements. The actual data points used have

been isolated and summarized in Table 13, 1isting the 40 points utilized in
accordance with the speed divisioﬁs noted in Table 10. Of the five speed groups
tested a favorable correlation of r2 in the range of 0.32 to 0.91 was achieved
with respect to 30-, 40-, and 50-mph data sets. The ather two, for 35- and 45-mph
groups, showed no correlation. However, the three that did are considered

reasonably representative of the overall data set,

The linear regression lines passing through the origin for each speed and

indicated slope are summarized in Figure 13, Although the trend for each speed is
quite evident and some degree of progression is present with increase of speed, a
more uniform dispersion or change in progression of lines would be expected with a

larger data base.

To abtain a better insight to the array of curvés in Figqure 13, and to check
further the distribution of data with respect to the speed divisions, an
additional analysis was made dfi]izing 10-mph overlapping speed bands. Although
such analysis could not Be used directly to establish workable relationships, it
was considered worth investigating for the purpose stated. In this case the 5-mph
speed groups were selected to be representative of 10-mph speed bands. For
example, the 35-mph speed line was derived from speed data band of 30 to 40 mph,
the 40-mph speed line was derived from speed data band of 35 to 45 mph, etc. The

results of this analysis and related statistics are shown in Figures 14 and 15.
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Despite the grossness in the 5-mph speed 1ine selection and greater intermix of
data points, the results are surprisingly close to the more refined 5-mph bands-

initially analyzed.

The summary from the 10-mph regressions are compiled in the upper part of Figure
16, and its direct comparison with results from the 5-mph bands is shown in the
lower part of Figure 16. The comparisons of relations between the two is quite
indicative of the uniformity of the data base despite its relatively small size.
The comparison lends further confidence to the initial results summarized in
Figure 13, MWith this accomplished and giving some credence to the applicability
of results from the 10-mph speed bands, an attempt was made to achieve a more

uniform distributional pattern among the speed curves.

Slope Adjustment of Regression Lines.--The slopes of speed regression lines

summarized in Figure 13 based on the 5-mph bands, and those compiled in the upper
part of Figure 16 for 10-mph bands were plotted, slope vs. speed of weaving, in
Figure 17. A second level of regression, using a curvilinear form, employing both
exponential and geometric equations, were fitted to the five sets of points. To
account for the greater significance for the 5-mph speed bands, a double weight
was attributed to these points compared with the 10-mph speed bands in performing
the regressions. Good correlation was achieved, with r2 of more than 0,90 and
standard error of slbpe of 0.20 or less, in producing a relationship of smoothed
distribution of siopes derived for a more uniform pattern to be used in the
nomograph, These smoothed or refined lines of regression are replotted in Figure
18 demonstrating the regularity achieved as a result of this procedure. (The
comparison of modeled speeds with actual, measured speeds are later demonstrated

to show reasonable correlation and justification for this adjustment).
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Out«ongealm of Weaving Curve.--As part of the weaving model, the “"out-of-realm" .
of weaving relationship between V, and L, was considered as a fundamental

element. The form and position of the curve, first introduced in the 1957 AASHO

Policy on Arterial Highways in Urban Areas, based on a raticnal determination from

limited observations, which indicated that when such volume-length combinations

were exceeded it was not necessary to design the facility as a weaving section.

The 1965 HCM, after some experience following the AASHO Policy adopted this

relationship. Although there is no record of controlled studies having been

carried out to specifically determine the position of this curve, there have been

genefal observations of volume-length combinations to demonstrate "dissipated"

weaving effects.

The retationship withstood the test of time having been utilized as a control in

the development of the Interstate System; nor was it disproved by subsequent

studies, including PINY's NCHRP 3-15 project. The relationship as adopted by the .
1965 Highway Capacity Manual referred to it as the "out-of-realm" of weéving

curve, and delineated by the following dimensions:

A

WEAVING TRAFFIC MIN. LENGTH OF
VOLUME, Vy SECTION, L
pcph . feet
500 1,000
1,000 2,400
1,500 4,000
2,000 6,000
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The Highway Capacity Manual refers to the curve, plotted from these points, as
having the characteristics where "values which fall below or to the right of the
curve are considered to be out of the realm of weaving and are representative of
uninterrupted-flow conditions. Values which fall above and to the left of the

curve are taken to represent a weaving situation,"

Although the curve is specifically delineated for purposes of analysis and design,
obviously a sharp line for the condition described could not precisely divide
weaving from no weaVing. Actually, the curve may be considered as a line
representative of a “zone" within which "weaving" is dissipated to "no weaving."
There is no exact line of division, nor does there have to be one for practical
purposes, The important aspect 1s(that there is a limit, which can be closely
defined, at which weaving effects are sufficiently dispersed to be approximately

equivalent to a freeway uninterrupted-flow condition,

The out-of-realm of weaving curve, as developed in accordance with above
reference, is shown plotted in Figure 19. T?e relationship represented occurs
where traffic from the weaving configuration would assume or closely approach the
through flow of freeway traffic, generating speeds of the order of 50 to 55-mph.
The general form of the curve in Figure 19, embodies some of the general
characteristics found in the regression analysis for the 50-mph speed line in
Figures 12 and 15-B. Regression slopes (V,/L through the origin are near 0.50
which approximate the initial slope of the curve in Figure 19. The slope of the
linear regression (least-squares) line, identified as 1line (1) in Figures 12 and

15-B, indicate a general stope approximating 0.25, which is the overall continuing
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P-11.1 §2.4 55,4 1200 650 HRLY RATE
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Figure 19. DATA POINTS CONFORMING TO OUT-OF-REALM OF WEAVING CURVE
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slope of the curve in Figure 19, A further analysis of the out-of-realm curve,
utilizing applicable points from the data base are tabulated and plotted along the
curve in Figure 19. The plotted data points indicate a degree of conformance to

the out-of-realm of weaving curve.

The curve as defiqed indicates a limiting point of 2000 pcph of weaving volume (V)
at a distance of 6000 feet of Tength (L). Since under actual conditions weaving
volumes may occur well above 2000 peph, some extrapolation is necessary if a usable
procedure is to be formulated. To provide a reasonable guideline for application,
the relationship of weaving volume to weaving length in the graph was projected
upward to 3500 pcph of weaving volume and to 8000 feet of'1ength, as shown in
Figure 20. Similar limits have been developed and utilized in the 1965 HCM and
were found to be generally within the bounds required in application for analysis

and design,

Curve Adjustment of Volume-Length Relationship.--To complete and refine the

relationship of V, vs. L for the 5-mph incremental speeds and their associated
levels of service, the regression lines of Figure 18 should incorporate the
established base curve of Figure 19 for out-of-realm of weaving. Figqure 20
démonstrates the technique in harmgnizing the straight lines of regression to
reflect the influence and transition of the base curve into the overall chart, and
to consider the extension of relationships beyond the limits of the data base, for
which the majority of data points fall below the dotted line (1)-(2)-(3). The
rational formulation in this regard, applied as an extension of the statistical
approach, provides the refinement and expansion of interrelationships for purposes

of design and for analysis leading to improvement or redesign of facilities.
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The technique utilized in configqurating the curves in Figure 20 was a gradual
transformation of the out-of-realm of weaving base curve progressively through the

series of intermediate speed Tines to a straight line (not shown) at 25-mph., This

was accomplished by utilizing a series of parabolic curves with P.I. points (1) to
(5), selected in consideration of data points used in the statistical analysis.
Slope breaks, rationally selected, by through bg, are progressively transferred
from (m) to (n}, from (r) to (s),‘etc., as part of systemmatic progression. The
form and details of the parabo]ic'curves are shown in Figure 21, including the
configuration for the out-of-realm of weaving curve. When applied to Figure 20,

a series of gradually transitioned curves is produced. The curves are further
shown in Figure 22, including Tevel of service designations and additional
breakdown of speeds for the purpose of deriving k values (weaving intensity

factors). Derivations of k factors are discussed under a separate heading.

Two-Sided Weaving Sections

As in the case of ane-sided weaving sections, similar analysis procedures were
followed in an attempt to determine weaving volume/length/speed retations for
two-sided sections. - Studies of two-sided sections available for this project were
all accomplished through the BPR research reported in Table 1. Additional
breakdown of data (in the form of hourly rates expanded from 18-minute highest
periods within the peak hour)‘was incorporated to a Timited degrée from Table A-1
to expand the data base. Supplementary to the information in Tables 1 and A-1,
Table 14 provides the 1isting of 17 data points with associated/speeds and other
key data, which were used in regression analyses of V, vs. L for several speed

groups. Speed bands and the method of determining them was accompiished in a

manner similar to one-sided sections previously discussed.
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Because the data were so limited, a combination of some of the speed groups was .
necessary in order to have sufficient points for regressions to provide some

. semblance of results and direction toward a relationship. As before, two forms of

linear regression were accomplished: a least-squares line which gave an

indication of the statistical characteristics with respect to the available data,

and a regression line through the origin (Vy = 0, L = 0). Three speed groups as

shown in Figure 23 were utilized--25 and 30 mph, 35 and 40 mph, and 50 mph, r2
correlations of 0.69 and 0.33 were achieved for the first and last, while no

correlation was evident for the middle group. Standard errors of 115 and 192 for

L were realized for the first two groups, and 355 for V, for the last group.

Atthough this provided only three speed lines (instead of desired five) because of
the combinations, the compilation of regression lines through the origin as
plotted in the upper part (A) of Figure 24 shows a semblance of relationships to
the initially compiled regression lines for one-sided sections. Assuming that .
there are some similarities between one-sided and two-sided weaving sections,
certain comparisons and approximate conclusions may be drawn: (1) at near
capacity operations, with speeds in vicinity of 30 mph, both types of sections
seem to have similar characteristics in terms of weaving volume and relative
length; (2) on 50-mph two-sided sections, volume to length relations tend to
approximate those at 45-mph om one-sided sections (i.e. a similar weaving volume
for a given length on a two-sided section would be handled at about 5-mph higher
speed than on a one-sided section); (3) this speed djfferentia] may be extended to
the next higher (50-mph corresponding to out-of-realm of weaving) speed for a
one-sided section, so that in its place a 55-mph limiting curve would be logical

for the two-sided section; and (4) in the mid-portion of the graph it is evident
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that if the 40-mph curve of the two-sided curve is moved down to approximate the
slope of 35-mph curve of the one-sided section, again approximately a 5-mph speed
differential would resuTt, with a relative effect of the 35-mph one-sided curve

being equivalent to a 40-mph two-sided curve.

The reorientation of speed slopes described in the paragraph above are shown in
the jower part (B) of Figure 24, which is a rational deduction from the graph
above, with the result that (except near capacity) two-sided volume-length
relations otcur at s-mph higher speeds than for one-sided sections. This is a
logical rationalization which later is verified by testing data sets from
two-sided weaving sites. With this deduction and conclusion, the refined and
adjusted lines of regression, except for speed designations, is made the same for
two-sided as for one-sided sections for convenience of handling the model and
nomograph development, Accordingly, the adjusted array of regression lines for
two-sided sections is shown in Figure 25 by utilizing the slopes of Figure 18.
The curvilinear form of the relationship along the Tines previously worked out, is
shown in Figure 26. The designated speeds, levels of service, and further
breakdown of speed curves, places the relationship toward its final form, and for

the next task of k factor derivations.
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Width-Volume Relations » .

The above discussion dealt with the weaving portion of traffic and its speed
behavior as affected by available length along the freeway within which the
weaving maneuver is accomplished, The results were derived from records of actual
facility performance, providing a base of information, In conjunction with these
representative re]atfons of the weaving traffic element, certain variables are
embodied within the results which are not dirett]y identified but play an
important operational role. Of the more important features, in this regard,

are: geometric effects of entering and exiting ramps; nonweaving traffic; widths

- of traveled way; and lane arrangements within the weaving section.

Accepting the findings covered in the previous sections as basic parts of the

model, other variables and model components have been designed for further

integration to'permit more complete analysis of weaving sections, An important .
element which interplays with some of the features mentioned has to do with the
width-volume relationship pertaining to the coverall weaving section as a segment

of the freeway.

The rational formulation for this component, with more recent modifications, has a
long history originally dating back to the 1950 HCM, In its near original form it
was passed on to the 1965 HCM. Recently it was medified by Leisch (1978) and now
further calibrated in this report., Aspects of its aoriginal formulation anq
reworking in the 1965 HCM are thoroughly discuséed and evaluated by PINY {1973),
p.p. 203-222, indicating that there are inconsistencies and problems with the

relationship.
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. The change in the formula as presented, .first, as part of the model, and here as
its reoriented version (which later is verified by k factor determination) is

described as a follow up of the presentation of the 1965 HCM version.

In the 1965 Manual, the analysis of a weaving section was accomplished by twc
- separate steps: first, determination of length based on weaving volume and
desired level of service, and second, determination of the overall width of
weaving section based on total volume, including.the extra effect of weavihg
traffic, and desired Tevel of service, For a complete solution of a weaving
section problem, both length and width requirements had to be met, although
independently analyzed., When disparity between the two cccurred the weaving
solution result was then considered af an operational level corresponding to the

more stringent control.

. The rational width formula in the 1965 Manual which can be progressively expressed
in three forms, with the limited insights and studies that were used for its
development at that time, has been found to be correct in form for certafn
spec%fic conditions--but not, as discovered through this research, to be
applicable generally for all conditions, In the 1965 Manual, the formula is given
as follows. (The volumes are reduced by truck effects and any other constraiﬁts
and the service volume reduced by an appropriate peak-hour factor, to place the

units in terms of passenger cars per hour.)
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Wy + k Wo ‘II"

Vo1 + Vo2
Ne—————— ————— e (1)
SV SV
V0+VO+N1+kH2 :
N —m—m—— e (2)
Sy
V o+ (k-1) Wy
N —m——— - (3)
Sy
N = Total number of lanes in the weaving section )
(fractional lanes)
Vo1 = Larger outer flow (nonweaving) in pcph
Vo2 = Smaller outer flow (nonweaving) in pcph
Wy = Larger weaving flow in peph
Wy = Smaller weaving flow in pcph
v = Total volume of all traffic within weaving section in pcph
k = Weaving intensity factor, normally a value of 3 (max.)
but reducing to a 1imit of 1 at higher levels of service.

SV = Average service volume per lane in accordance with the

number of lanes on the major approach, equivalent to that

on freeway proper (Table 9.1 HCM) in pcphpl,
Equation (1) implies that the nonweaving traffic would have its own requirements
and could be thought in a sense to operate separately, just as the weaving traffic
would have its requirements aqd considered to operate in a hypothetical but
séparate mode, at the same time the two would operate in parallel and each would
do so at a common level of service., (In the very early but limited research
éfforts,where such operational balance was achieved, the rational formulaticon and .
a k factor of the order of 3 were found to be applicable; the research, however,

was not carried far encugh.) Any intermixing of the different traffic elements, .

although it may be acknowledged, is not reflected in the formula.
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Equation (2) implies basically the same results. By placing the values together
in the numerator, conceivab1y there could be intermixing of some of the volume
elements, However, an identical or a common level of service would prevail for
each movement, and the k factor would remain a specific value, producing the same

results as in Formula (1).

Equation (3) maintains the general features of the other equations, but in this
form the specific influence of weaving becomes clearly apparent, over and above
the V/SY term representing uninterrupted flow. Here, too, a common service volume
or level of service is implied for all traffic including weaving, and with a
definitive weaving intensity factor; alsoc, as in other cases, N would be a
fractional value to maintain a common service volume equivalent to open highway

operations on the freeway;

In this research project although the volume-width requirements are expressed by a
similarly structured formula (Formula 3) its components constitute several
differences in: definition of terms--N and SV, and the use of a k factor that is
fully correlated between the weavingAvolume-1ength relation and the total
volume-width relation, which feature accounts fér certain degrees of intermixing

of weaving and nonweaving traffic. The formula used here is written as:

”

vV + (knl) WZ

sy
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N = Total number of lanes in the weaving section, exprassed
in whole (integer) number of lanes.

Vv = Total volume of all traffic passing through the weaving
section in pcph.

k = Weaving intensity factor, used as an expansion factor in
conjunction with the smaller weaving volume to reflect
the effect of weaving turbulance and corresponding need
to compensate for it by providing additional width. The
correlated k values have been determined to be in the
range of 3 to 1 for one-sided and 6 to 1 for two-sided
weaving sections.

Sv! Service volume per lane as a composite value for the overall
weaving section (determined as a weighted average of weaving
and nonweaving traffic with respect to relative volumes and
availability of lanes for each), related to the basic SV
values and number of lanes on the major approach to the weaving
section, prescribed for various levels of service in Table 9 in

pcphpl,

Note: More detailed explanation of k and SV' values is presented in the
next section,

The formula described is used primarily for analysis to determine the service
level of operation of the overall weaving section and its interrelationship to

the service level of the weaving element of traffic.

Another make-up of this basic formula is expressed somewhat differently for the
condition of establishing or t;sting an "operationally balanced" weaving section;
in essence this means that the weaving traffic and the nonweaving traffic are so
balanced in terms of traffic and geometric elements (and hence the composite
operation of the weaving section) that the same or nearly the same overall level
of service is achieved. This overall level of service is that which is initially

determined by the weaving volume/length relationship.
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The .application of the formula is intended primarily for design or redesign of
freeway facilities, and in which the resulting fractional value of N must be

rounded to a whole number in the final solution.

The version of the formula in this case is:

V + (k-1}Wp
N' = @ ————— eeemeee- (5)
SV
Where:

N' = Total number of lanes in the weaving section,
expressed fractionally.

vV o= Total volume of all traffic passing through
the weaving section in pcph.

K = Weaving intensity factor, used as an expansion
factor in conjunction with the smaller weaving
volume., The correlated k values are identical to
those described in the previous formula.

SV = Service volume for the overall weaving section, balanced

so that the service volume is the same for the weaving
and nonweaving traffic elements. The specific Tevel of
service, and thus service volume, is prescribed by the
weaving movement predicated on the weaving volume/
length relationship. The value of SV is determined
with the aid of Tables 6 and 9, or Figure 9, in pcphpl.

”
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Weaving Intensity Factor .

The two versions of the width-volume formula, (4) and (5), described above can be

utilized to determine the range of limits of applicable k values, as well as
specific values for various combinations of weaving elements; and in the process
to determine k which hou]d provide, in essence, a continuum within the model by
integrating its two major elements--weaving length-volume relation with the

overall width-volume relation.

PINY Report NCHRP 3-15, 1973 performed an extensive analysis of k factors as an

expansion mechanism presented in the 1965 Highway Capacity Manual {HCM) and

arrived at definite conclusions that: "... the prescribed limit for k of 3.0 is

cbviously incorrect...no clear upper limit can be discerned from the data...that

the basic structure of the HCM expansion mechanism is in error.,.computed values .

of k have little relationship to the HCM predicted values of k."

PINY's analysis calculated k factors from the BPR data base using the basic
formula for the width-volume relation, formula {3) stated in the previous section,

converted to the form:

In doing so, for each experiment, N, V and Wp were known, and SV was computed from
Table 9.1 of the HCM for the appropriate L0S, which was found by comparing the
average speed of all vehicles within the weaving section to the standards given in

Table IV.4 of PINY report. The values as calculated by PINY showed no relation-
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ship to the weaving chart, Figure 7.4 in the HCM; instead, the results indicated
that some k factors not only fell below 1.0 but several were minus values, while
upper limits reached upward of 8.,0. As a result of the disparity in these values,
including "impossible® factors of Tess than 1.0 and those that were minus, PINY
investigated other relationships, including k values with respect to V,, Wi, as
well as Vy/V and Wp/Wy which showed definite irends; however, the conclusion was
that should a "true" expansion mechanism exist, it probably would inveolve
sequential expansion of these in some combination and would be unduly complex and

require considerable amount of additional data.

Although PINY “proved" by the procedure it employed that the k values utilized in
the HCM do not fall into a neat and uniform pattern as displayed in Figure 7.4
therein; the derivation of k as determined by the Leisch study presented below,
show different results. The disparity stems from the interpretation of the basic
formula, and the intended relationship of k within the formula. PINY has taken
Formula (3), using integer number of lanes, and treated the equation as a unit,

with SV as a single value related to the average speed of all traffic within the

weaving section, The expression as arranged in Formula (6) is highly sensitive to
calculation of k, so that the translation of SV values from an average speed of
the section, which intermixes very distinct characteristics of "weaving" and

"nonweaving” traffic, would be expected to produce inconsistent and actually

incorrect results.

To find k values as intended by the model, an independent computation was carried

out on this project utilizing the same basic expression of Formula (6) derived by
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PINY, but the definition of terms used are those associated with Formula (4). .
Another, alternate method of determining k values was also accomplished by the

expression of Formula (6) but with the definition of terms associated with Formula

(5).

The tﬁo methods represent different conditions, the first utilizes complete data

of each experiment, and appiies a composite SV value embodying both weaving and
nonweaving traffic; while the second method uses all the data except N, assuming a
balanced section in relation to level of service for both weaving and nonweaving
traffic, emp]dying in the process a resulting fractional number of lanes. The two .

methods are fundamentally different but produce the same results,

As part of ‘the k calculation process the number of lanes required or apt to be
utilized by the weaving movement {Ny) is an essential input. The derivation of N, .
values are presented in the next several paragraphs, followed by the explanation

of k calculations as structured in Tables 11 and 12,

Although NCHRP Report did not utilize k factors within its procedure, it did
consider phe separation of weaving traffic from nonweaving traffic. In this
regard, the PINY report has derived the number of lanes required as a maximum for
ramp weaves and for major wea;es; the information i§ summarized in Table X1-1 and
is the result leading to the recommended procedure therein. The maximum values
derived are dependent upon the configuration of the weaving section, and are 2.3
tanes required for ramp weaves and 3.6 lanes required for major weaves. Inter-
mediate values for specific cases, not requiring the maximum number of lanes, are
functionally related to the ratic of Vy to V and expressed proportionally through

equations by the term Ny/N.
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The maximum number of lanes required for weaving, as derived by PINY, were adopted
as an input to this project. In using maximum values of 2.3 lanes for one-sided
and 3.6 lanes for two-sided weaving sections and in developing intermediate values
as required for the derivation of k factors reported in Tables 11 and 12, the
general framework for accomplishing it is shown in Figure 27, Since N, is a
function of volume relating to both VY, and V and their interaction, an attempt was
made to find a resonable, although not as precise a relationship, by using a

single variable of V, as a surrogate in determining intermediate values of N,.

Figure 27 utilizes the two variab]eslahd a possible range of distribution of
values within the curved bands, structured for testing a series of individual
curves for an optimum relationship. The results were -accomplished by trial and
error of preca]cu]ating‘k values for a generally known relationship (hypothesized)
set of k's. What was considered to be the most "balanced" set of values following
a process of iteration, prescribed the curves in Figure 28, from which N, values

were finally read and used in Tables 11 and 12 to derive the k values shown.

The calculation process for k values as structured in Tables 11 and 12, utilized

data from experiments of Tables 1, 2, and 3, subp]emented by complimentary points
selected from Tables A-1 and A-2. Basically, all the points used in the initial

regression analyses to estab]igh the weaving volume/length/speed relations iﬁ

Figures 10-12 and 23, were utilized in computation of k values, The level of

service c¢criteria from Tables 6 and 9, or Figure 9, and N, values from Figure 28,
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NUMBER OF LANES REQUIRED FOR WEAVING

N.,

N.. = NUMBERS OF LANES
REQUIRED FOR WEAVING
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Figure 28. NUMBER OF LANES REQUIRED FOR WEAVING

AS RELATED TO WEAVING VOLUME
ONE - AND TWO - SIDED WEAVING SECTIONS
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were employed in conjunction with modeled speeds, read directly from the graphs of .

Figures 22 and 26, to arrive with the set of k values shown,*

For all practical purposes, as postulated, k factors fell within a genera1 range
of 1 to 3 for one-sided weaving sections and 1 to 6 for two-sided sections, Of
the 50 points calculated, for one-sided sections there were 8 points in the
general range of 3.5 to 4.0 which were discarded; of the 25 points calculated for
two-sided sections, 3 points exceeded values of 6.5. These were considered as
outliers with an obvious explanation for odd results. Tables 13 and 14 were
compiled to provide a convenient summary of points and associated k values used in

further analysis.

In refining the model and in utilizing the results for constructing the

nomographs, it was necessary to examine the correlation of k values with various
variables. This was attempted as shown in Figure 29 by plotting k vs. V, {weaving .
volume), k vs. R (ratio of weaving volume), and k vs. Sy (weaving speed). For the
most part the array of points were well scattered; however, for k vs. S for
one.sided sections, and for k vs. R for twe-sided section, a degree of correlation
was implied., This provided the impetus for further examination and possible

regression analyses in an attempt to establish more definitive relations.

~

* Tables 11 and 12 present a systematic means of computation. Observed data for
each site are shown in columns 1 through 10, and 23 and 24. Remaining columns
are part of the computational procedure, utilizing the modeled speed of column
11 as the basis, with each level of service subdivided into five parts to
achieve closer results. Columns 21, 22, 25 and 26, as well as lower part of -
column 3 in parenthesis, indicate calculated values based on the structure of
Formula {(6). Computations represent an imbalanced section with a composite SV
in the upper part, and a balanced section with a common SY in the lower part of
each line of tabulation,

y
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COMPUTATION OF

TABLE 11

K (WEAVING INTENSITY ) FACTORS FROM PROJECT DATA BASE

ONE-SIDED
Page 1 of 7
1 2 3 5 [3 7 8 9 10 I LX) 12 13 [ 4 5 16 17 18 19 l 20 21 2 23 24 25 l X 27
v w WEAVING sV N COMPOSITE
SPEED 2 L] N L] p
TET Lsnoue| N L ofTotaL] v, | v, fswaf 0 JLOS, " Lavai| SV | os,, NSVH Y| e | va CALck reo| comments
NO. weav. | meas. [cuanT| . o JRance [ FiniTe | REQ'D) o sV LOS w, w, uLa
MPH T PCPH PCPH PCPH PCPH MPH MPH PCPH/L | PCPH/L REQD [PCPH/L PCPHIL
L
30-MPH. ONE - SIDED
2 rte2 038l g/ | 4 |/547| 0., | 9487 |-15/ 3.2 c-0
8-¢ | 20 4261/596| 15 |r1e80| 635 |32.2| 30 | Ll 1800 | 1900 o4ollo.onl 336 ROAD
[A%) N 162|001 [1900| Euax {1200 | E s | .88 |15/ 237
. 4 . Z o 173|227 /00| Dum |1773 | £, | B.49|-550 z2.99 AT OR
- 445 5420 2025|1785 | 825 |20.00 | 28 2800 | 2000 ode7iaz29 7299| w~Ear
(3.54 £ 173 | 181 |2000 | Eusy (2000 | £s | B4E|-550 2.98 Los F
4 1821218 l1sq0| D, (1749 & | 8<3)-540 2./3 AT OR
e8| 20 449 5245 3355| 1820| 820 | 29.8|Z2¢ | E£..,{ 2000 | Zoco 042410 360 22| NEAR
(3.50) /.82 1168|2000 Epy (2000 | Gy | 854540 3./ LOS £
(=) /.57|3.43 /420 | D, 1599 O, {10.621-7252 3.00
B-9| 20 659 6480 | 4855| (625 | 760 | 28.4 | 20 | £ |2000 | 2000 0408|025/ 300
(4.00) 157|243 2o | £, 2000 | £, {1052 }-752 2.00
5 * \zzzlz78 |i2as | c, |82 o, |13.04)-972 392 k DIscarn
824 20 59| 6220|2470 | 2750|580 |29.9 | 25 | F |Z000 | 2000 0.2i/|0442 3.9) HIBHLY
(3.95 222|172 |2000 | E.,, |2000| E.., 1362|972 2.90 IMBAL -
ANCED
5 1900/ rzol270|i796| £, 1740 | £, (2047|1729 2./8
5-33| 30 52/ | 7775 | 6460|1215 | 425 |29.4|335 | E; |00 | 1725 0.323(0./69 3.7
/5.04) 130|372 25} £, {1725 | £, |204¢|1129 am

*SEE MOTE LAST PAGE

OF TABLE
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.TABLE 11{cont'd)

Page 2 of 7
' 2 2 ‘ 5 6 7 s 9 10 l n | 12 17 l 7 15 15 17 18 19 l 20 21 22 | 22| 20 | 25 l P 27
v w WEAVING sV N COMPOSITE
SPEED z SPEED LOS w N, N . k
TESY TOTAL| v SMALL S " sv N-sv| v
no, [SROUPL N | Mo t N Vw | weav. [wens. Jcuant cian| RaNGE | FiiTE | REQ'D A\g;"" |LOSw sV LOS w, ! w, R | VR lcacuratep| CommenTs
MPH FY rcen PCPH rcrH PCPH MPH MPH PCPHIL | PCPH,L REQ'D | PCPH/L PCPHIL
4 z13| 171590 | A (1240 | Cuux |4.606|-2.08 2.58 LOS Vw
B-41| Jo 3 |856| 3545|1105 | 2440 1150 | 209 25 | F | 200012000 l0d77)0 e 2.5 E/F
/2.68) z.13|o65|2000) F |zo00| F |4.66 |-2-08 258
7 000/ 173 3.27|/567| D, 1648 D, [15.84[12.23 26! noD
M-/ | 30 4 50| wBB0]| 5125 | /755 | 520 | 28.¢| 32 | E5 | 05 |/B0O 0296|020 13.62 ] LANE
(452 173|285 |/800| Es | /800 | E; |15.85[12.23 3.62 CONFIG.
A5-MPH. OHNE- SIDED
4 120/ 122|268 11534 D4 | /1473 O, [/492}72.27 z2.65
B-31 35 3 o1y | s240| 40| 1120 295 | 24,61 40 | Dy 1350 |1350 lo 3610216 263
- (4.2¢) 1.32 |2.041/350 | c;3 |1350] <4 |/4.90}i2.27 2.6
b4 1900,/ 142 o.58]| 9 A 1245 A 4.53 |-L34 3.17 c-D
B-5| 35 z \425)1300 | 5 |/295| 550 |335|32 |Ea |, |/750 0.42510.996 3./¢ | ROAD
(1.42) lazpadi7so| &, {1750 E, |452|12¢0 2.6
, 2 rozlozal 4 | A | 1547 D, | 487 |5/ 226
&-ba| 35 2 |9z251i595 | 15 |1880) 625 132.2| 30 | Enx| 100 | 1200 0.402]Q99) 2.36
(1 63) lez oot | 1900 | Enl1900| E,, | 428 151 337
z 1000/ 123 |oed| 1o | A |1086] €. |422 |-128 2.94 c-n
&-10| 35 2 V502l 75 /1O 1165 515 |24 4| 3L | Er 1580 |/e25 0.442 10 99/ 2951 ROAD
(1. 24 r23iool |1e25) &, (1625 E, |423 |28 295
4 1650/ 149 |z.5) |14e0| O, |1428| O, |14.42|-1198 2.44 APPARENT
&-//| 35 4 Ychd| pd25|8053) 1370 | 495 [ 330|440 | O 1200 0.203(0.213 2.44 |UPSTREAM
(6.10) /400 149 |2.00 (oo | ¢4 |00 | ¢ |t.22]0a0 244 SPEED
CONSTRAINT

* SEE NOTE LAST PAGE OF TABLE
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TABLE 11 (cont'd)

Page 3 of 7
! 2 3 4 5 [ 4 8 9 10 ] 1 12 13 l 4 15 16 17 18 19 I 20 21 22 23 24 25 | 26 27
W, WEAVING sV, N COMPOSITE
SPEED v ? SPEED | LOS " N » k
TEST TOTAL| v SMALL w w | sv Nsvlov
no. [CROVPL N | Ne | L " Vo | weav. [ wiens Jommnt|. . RANGE | FiniTE | REQ'D A:):‘L i lnall sV w, |"w,| ® | VP |caccuiateo| comments
CHART Los 2 2
MPH FT rCPH PCPH ({41 PCPH MPH MPH PCPH/L | PCPH/L REQ'D | PCPH/L PCPH/L
4 1620/ 12| 2.64| /585 D, | 1628} O, |1175 |-9./4 2.4
8-17| 25 B |70 | 5275\ 05| 1170 | 620 |26.7|37.5| 00 |35, |1475 oadtlo222 z.c0
(4.74) 123627811475 D2 |1a75| O, /174 Va4 2.L0
250/ i
4 , 1150 121 (279 957 &3 | 1082 B, |i2.123 0020 293
B-18| 35 3B | 72513495 | 2670 | 1025|230 | 20.3|29.5] Cay 00/ 1275 0.322|0277 293
/3.15) //‘;é’o 1.2 1194 11376 | Con | 1375 | Caae | 1373 }10.20 2.93
z 1500 /42058178 | A | 99 | Buu 428 |-188 z.50 c-bD
2-2| 35 2 (281310 | 45 |/2¢5 | 455 |25 320 | O 1250|1275 Q36010966 2.50] ROAD
(1.45) /142 0oz 112751 0 1375 O, |4.38 [1.86 2.50
4 100/ 151 248911685 E, |/¢/5] D, [/2.54|-9286 2.08
32| 35 3 822 | 5595|4195 11400 | 515 |36l | 37 | O, {j2sp | 1500 0348|0250 2.69
(4.2/) 151 |z.80lr500| D, |1500]| D, |/2.55)-9.8¢ 2.69
4 * 113512451870 Epn, |1702 | £, |21.30}20.19 4.1 k piscaro
B-34] 35 3 |2l |&145 [ 4255] 1190 | 220 |24.4 | 35 |0, | /5501550 02440./194. 4.2 Vw ANODV
(455) 1.3513.20{1650|D,.,, |/550 | Dy |24.22120.49 413 IMBAL -
ANCED
4 r500/ 174|220 200916y 17667 £, \24.16}22.33 343
RrR28| 35 3 | 2682300 4540(1760 | 270 | 24.5|2¢.5| D, |/2=4 | 450 0/5310.279 382 "
(4.87) 174 |2.13 |1450] b, {1450 0, |26.15t22.33 382
4 1000/ 1s32.471zo0t ¢ |1295| D, |14.21 |10.23 3.98
RIO4| 25 Z 527 |4420|2980| 1440]| 390 (33.9]|32.5| &, 1680|1700 027/|1032¢ 3.97 e
(3.28) 153|175 |r700| & rco | g, |14.30}0.23 397

*SEE NOTE LAST PAGE OF TABLE
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TABLE 11(cont'd)

Page 4 of 7
! 2 3 ‘. s s 7 P 9 10 l TR ) 13 [ 1 15 16 17 18 19 ] 20 2 22 | 23| 24 | 25 [ 2 27
v w WEAVING sV N COMPOSITE
SPEED 2 w N
T aroue] M N, | L [TOTALL v ]y, | SMant T koS, " Lavaie| SV {Los Nsvl, v g | va k COMMENTS
NO. " | weav. | MEAS. |CHART [\ n 7] RANGE | FINITE | REQ'D| oR * sv Los | " W, CALCULATED
MPH FY rPCPH PCPH PCPH rCPH MPH MPH pcrr/L | PePHIL REQ'D [PCPHIL PCPH/L
I
4O-MPH. ONE-SIDED
4 * | s5)z.85lvs8) ¢, | 1177 | ¢ |18.84f1.00 784
232 40 3 |917 | 4250|3300| 950 | 250 | 29.2 |42.5| € |/359/|/225 0.20410.233 2.83
(384) /100 115 \2.¢9|1225| co |1225) ¢, (1882 ibco 2.82
4 b ooyl X 08|36 1722 4 | 776 | A |BLOTI6IE 2.4
37|40 3 |97 | 2915 |2280| &35 | 170 |41.7 | 47 | 8« 1 980 B 02edlo2/8 2.0
(3./7) 800 ces|z33) 90| B, | 980 | & |12.25[1605 2.0
z 550/ tet 029l © 14 Vnarl ¢ 14.29)-19s 2.3 c-p
&-15140 z |900|/595) © |/595 | 535 329|137 | O 1250 1425 ) I axss| 1.00 Z.221 RoaAD
(1e2) 1ez| 0 \zs| o, |1azs| o, |42 192 2.33
4 1600/ 112 |2.88(1177 | co |rz2e| ¢, | 19.6! 1040 327/
e-172| 40 3 |0 |435013390( 960 | 250 1327 | 40 | O, | 35 |I250 220|022/ 3.2/
3.63 11z \z.511320| D, 1350\ b, | 962|700 322 _
z 1550 /dz|ose]l 9 | A | W75 | Bu, | 470229 241 c-n
B-27| 40 z |e44|13e5| 6 |13¢0 | 415 | 293138 | Dy | 125017370 Q205l0996 2.40| ROAD
(142) 1.42\0003|1370| 0, [1374 | 0, |4.69[229 2.40
K pi1scarD
14 s50)| X |155|245 |18.29| £, (1624 | Dun|38.21 [ 304 4.5 Vo' AND V
Pz 40 3 |9¢8|5900l4480] /480|170 |39.8| 39 | O | 551/390 o /15 0248 2416 inpar -
(5.00 /5513.45 (1300| 0, |/300] O, 3824340 4./8 ANCED
4 1550/ 170|220} 852 By |109¢] C, | 797 |5¢9 z28
1258 4o 2z |950|3c80|mneo)rz0)| 550 |42.3137 | § 250 | 475 Q320|0467 2286
(208 / s70\1.381azs) 0, |1des| p, | 798} 549 229
32 ) 1550/ 817 | By | %5 B, |/2.321-934 Y
Rl 4o Z |527|2430 (1700 | 730 | 235|415 39 | Cun 1300 |092|Z.08 ' aszt|o448 3.00
.23 1250 1300 | Cong | 1200 Cous | 12.32}-924 30
* .EF NOTE LAST PAGE OF TABLE
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TABLE 11(cont'd)

Page 5 of 7
1 2 I 4 5 6 7 8 9 10 T " 12 13 J 14 15 16 17 18 19 l 20 21 22 23 24 2% ‘ 2 27
v wr WEAVING sV N COMPOSITE
Tesy |PEED TOTAL SPEED LOS w N, Nl ogy N-SV v k
v v SMALL w L. —_— VR
no. [CROVP| N Np | ~ " | weav. | MEas. [cnaRT| . o L RANGE | FiNiTE | REQD Mz):l oS sv | Los w, ! W, R CALCULATED| COMMENTS
MPH FT PCPH PCPH PCPH PCPH MPH MPH PCPH/L | PCPH/L REQ'D [ PCPH/L PCPHIL
4 1550/ 1.6312.47| 769 | Auay | 1010 | By | 11.72 |-8U 3.0/ Vw ANDV
M2 | Lo 32 192/ |3350 /900 | /450 3as5 | 400|375 D, 12507400 0238|0433 301 IMbAL- "
(2.89) L63(1.36(/400( Oy (1400 O, |//.73|-8.7% 2.02 ANCED
- 4E-MPH
5 1650/ 1.90) A50|/531) O /507 O, | /8.5 )15 Z.7
B-28| 45 4 /022] 800|530 /440 | 415 | 439 39 | DO, 1doo | 0 nz288lo 2/2 2.77
5.20) 150 | 270 | 1450 | Cuus | 1450 | Copa | 1847 5. 29 7.78
s 150/ 154 |2.4¢) 16¢5| Dum | 1590 | O, | 140|165 7.64
BB dS 4 |w032| 7200 | 5700 | 1440 | L10 | 45.4) 295 O, | 1405 |1425 ' 0.285| 0100 283
5589 154 | 4od|1425| O, 1450 D, |/9.29 /e 793
4 izs0)|  * |roa|zer|iz03| cu {110a| ¢, |4277|-ddso 3.7 Low R
rzill 45 3 | 968| 450013600 00 | 100 | 427 | 44.5]| ¢, Jo0o | 1025 0.111 10197 .77 AND
4 04 109 |3.57 /025 By |/028 ) B, | 4777|4400 3.17 VR
4 000/ * logo| 30| 823 | Amy | 256 | B |38.03]-3544 2.59
R2i0| 45 3 |9vs |3280|2550| 730 | 90 |4a62| 4o | By | 55, | 970 o./23|0.223) 2.¢/
(3.63) 090|2¢31970 | By | 920 | B, | 38053544 2.6/
4 ; 1250/ (2712731 53| A [ 705 A |os8d|-854 2.20
PeIl 45 2 |950|2480|/390 |10%0 | 260 | 4a.1 | 425 Cp | 000 | 1/25 0 z39|0.440 72.3]
(2.51) 127 (12a|1z25| €, (25| Co |10 8e|-854 232
Kj s550)| 1356 | 134 | 1.ce| 717 100z A |11.66|-8.19 2.37 Vw AND V
P17 45 Z |750| 2390 | /190 | 1200 | ZL0 | 44.7) 38 | D: {280 227|502 3as] IMBAL -
7.22) " li3s0|r24|ass| 1350| D, /30| O |1153|-an 224 ANCED

*SEE NOTE LAST PAGE OF TABLE
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TABLE 11(cont'd)

Page 6 of 7
H 2 3 4 5 [ 7 8 9 10 l " 12 13 l 4 15 15 17 18 9 I 2 21 22 23 M 2 I V.3 27
v wz WEAVING sV N COMPOSITE
SPEED SPEED LOS w N ® : k
TEST TOTAL SMALL w w sV, NSy, v
no. [PROPI N [ Ns | L Va | Ve | Weav. [weas. Tonant ciant] RANGE [ FINITE | REQ'D e LOSw—v wos | % ! W, R VR Jcarcutatep| COMMENTS
MPN FY PCPH rCPH rcen PCPH MPH MPH PCPHIL | PCPH, ‘D | rern
' L H/L REQ'D n PCPAIL
5 1361264 599 A | 72| A 1220997 232
P-87) 45 4 |1355| 3400|2180 V1220 | 210 [ 47.3 | 45 | B /200 /200 a254]0.359 2.24
(.18) : 136\ 182 11200) B 1200 | Breav | 1224 1997 224
c 1200/ 110139014391 A | SZ| A |B2z |64 173
RBIO| 45 4 1/355| 2610 |17/0 | 900 | 350 | 44.4| 47 | B: | gdy |/060 038910.2/5 173
7.71) 110 1ol 1060 B, | /060 | B4 |82t |-44¢ 1.72
5 1200 131364707 A 830 A 995 |-6.05 1.90
P g 45 4 {1355) 3800 | 2/0 ) 1190 | 420 | 44.1| 45 | P @60/ 1200 0 253|03/3 191
3,40, 1311 2./8 1Z200| By, | 1Z00| Buw| 9.97 [[BO5 192
5 wooy| X |r23|a77|438| 4 | 552 A [2z.98| 2003 745
P14y 45 4 1467 2620|1650 970 | 120 | 47.4| 47 | B2 [T, | 900 0/2410.370 Z./2
[/3.00) 1231183 900 & | 0 | B, |2295 2083 2.12.
s ' woo)| X |18 |38zl se0| A |oao| A (z135[ke /.49
R184] 45 4 |14e7| 3130 | 2140] 990 | 150 | 466| 47 | O | Tasn | 900 oisolOoMZ| . |50
2,50 118 1228|900 &, | 900 | Br |2126}-196¢ /.50
S50 -MFL. ONE- SIDED
3 w00/ (73 1127|2024 Lcap | /424 D3 [0.02 967 l.oo
B-65| 60 Z |4970] 4300 | 2520|1730 | @05 | 45.1 | 4950 A [ 755 | /000 0734|0402 loo
/4.3 17312571000 | B | 1000 Boruy | /0.621-9.62 Y=}
5 - /200/ 1071293 d¢8 560 879 |-724 155
P8 BO 4 |1255| 2720 | 1840 | 28O | 230 | 477 48 | &5 | gsp | 999 0.375]0.324 155
2.93) 107|186 920 990 879 |-724| - 155

*oEF NOTE LAST PAGE OF TAR.F
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TABLE 11(contd)

LANES (RATHER THAN

2

3ok d) N ALCORCANCE

WITH MODEL.

Page 7 ot 7
1 2 3 4 5 6 7 8 9 10 l 1t 12 13 l 14 15 16 17 18 19 I 20 21 22 23 24 25 l P 27
v W WEAVING sv ‘N COMPOSITE
SPEED z SPEED LOS "‘ N " k
TEST TOTAL| v v | smatt w " sv NSV Y
no. [(ROUPL N f Ne | b N " | weav. | meas. |cuant|,,, T RanGe [ FiniTe | REQD A\é,:m o e’ sv w, ["w,| B | YR |eacuiateo| comments
MPH FT PCPH PCPH PCPH PCPM MPH MPH ART] PCPH/IL | PCPH/ . PCPH LOs ? ?
L REQ'D n PCPHIL
3 1000 ror|r99 | eoa| 4 747 | Auy| 247 |-¢.23 )14
A U3 50 Z V2oo| zzap|rzeo) s70| 300 | 493 | 485| B / B . sray ALY '3
2.3 1ol Vrez | 20| 4 20| A | 7245|423 /.12
VERY LOW
5 14774772221 O, | 70/ | A 43.8/|dow 2.0 T
rul 50 4 |ie1|2z00|c0 (1270 | 30 |s02 |43 | ¢, |'E2 1050 aoselo4/l 212 | B At o
/3.34) 1471187 1oso) B /050 By |42.8414070 2.4 MODEL (2)
APPARENT
4 09z|2.06| 740 754 | A /508|320 /.28 UPSTREAM
K5l 50 2 |2ooo|z79¢0 | 2ze0) ¢80 | 200 |gz.¢ | 50-| 4 | BoO} 200 2294|0220 1287 SpEED
(277) o9z|285 |80 | a | 200 15.08]73.80 128 con- .
STRAINT
LOwW R
2 *10.62| 2.28 /597 | Dau|/#t6 | D, it 77|1d007] /10 AND VR,
Iz | 50 3 \poo|azea|3190| 460 | 20 | 520 50-| 4 | j50| 750 v0s5|0. 08 1991 out oF
5.47) OezZl\s.05| 7201 A | 720 | A [/14/.75|1d0s7 108 REALMOF
MODEL
z 108292118231 D¢ | 1242 Cpy | 1777 V-171/ a5
I-o | 5o Z 1950 2540 /80| &0 | 140 | 4al1 | 50 | 4 | 70| o 0,163 10 339 067
/222 rog|zza| 70| A | 720} A 17279120 L8
3 oSy, e 1841948 | 2, | 920 | &, |26.5¢|-2485 177
Z-8)| 2o Z /40| 27/5 | /745 970 | /105 (L2047 | & 150 | 990 ., |oio8ja 357 172
(3.40) Il |194 | 900 | B3 {900 | By |Z0.57[ 2485 .72
3 1000/ 119 |18l |448 | A (427 A Jiz44l//pe 1586
23 50 Z (1450|1800 | B0 | 990 | 140 | 514 | 47 | B | 5, | 920 0.4/ 0550 156
200, 119 (090|900 | By | 900 | B |1z.44}ne6 /68
4 . 070|330 |9¢4 | ey | 935 B¢ |/7.40|/6.73 117
T/ 50 3 /im0 2705|380 525 | Z15 | s05| 60| A | Boo| aw [=F75 Yo X274 7
(4.8) crol|zas|Boo| A e | A (1741 |23 118
*ForR Low R VALIUE SV EQUIVALENT To N ©I 2
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TABLE 12
COMPUTATION OF K (WEAVING INTENSITY ) FACTORS FROM PROJECT DATA BASE

TWO-SIDED
Page 1 ot 4 ¢
! 2 3 4 5 6 7 8 9 10 I [X] 12 13 l 14 15 16 17 18 19 I 20 2! 22 23 24 25 l?!: 27
v Vi WEAVING sv . N COMPOSITE
SPEED 2 SPEED LOS " N N K
TEST w N-Sv \")
N TOTAL v v SMALL w | sv NSV YV
no. [EROUP[ N o | b ~ w | weav. [ MEas. [cHarT aance [emie | neao| o " [HOsw sv w, ["w,| B[ VR Jearcutaren| comments
MPH £T CHAR1 OR LOS 2 2
PCPH PCPH PCPH PCPH MPH MPH PCPH/L | PCPH L REQ'D | PCPH/L PCPHIL
T
25, 30 - MPH TwWO- SIDEDR
4 1900 0020013001 A 1085 | Bmu| 45411 66 2 g8
Br42 |25, 20 2 ez5 128495 5951 950|955 | 210 | 27 | Emu /4 /870 0490|c. 706 2.8
7.22 : 2.001 02211870 | Epud 1870 | Emax| 4.52 |-1.0¢ 7.28
4 200/ 279721 | 446 A {1920l 0, | 228 }-409 .09
&-43|25,20) 2 | ¢8| 2520| 540 |2050| 705 | 29.0| 25+ /e | jpoo| /200 .23/ |o 8o 4.9
12.0)) 279|028 1900 | £y | /900| & |527 |-499 4./%
*
4 217|082 25l <, | /787 £4 [/4.44-8700 5.74
547 125, %0 4 980 | 4800} 1125 | 2675 | 45 | 243 | <30 &/ 900 | 1900 012510 76 =74
(2.%) 217169 m00] £ | 900| £ |14.43-870 5.73
4 c 20310971175 | Bn,| 1726 &, /e 24| 98¢ .28
B-48]25,20 ¢ |9so|deis | 1140|2475 225 27. |<30\E7F | 1900 | 1200 0s22|07s2 627
(2.6% z.03|o.e0|1900| E/F | 1900 | Bl |/e23{-9.2¢ 627
4 2.1 1891553 O, {r736¢] £, |23 {117 5.5¢
8-49|25 20 4 |sed | £oso | 2935|215 | 415 | 26.2| 30 |Efe | 1000 | 1900 . 0./9¢|0.919 5.5
1, 5) 2.1 |54 00| &V o0o| e e 71 V1017 554
4 192271323 &4 | 1883 O, |/Fed |7 el <98
o 2 | oma|dezo | 2ol 1870 220 | 22 9| 20 | Eul| 1900 r900 PRE T SRR 292
2 d2) J VLN SV /B80) Eniy | 1BDO| E e, | 1A CO|-FE L Sa7
beiont
4 15007 200|200 04G] o, 11723 E, |0 0|42 & 0 LT G
35181£,20 {4 |cat|soco)zom| mro| 220 | 79 2| w0 |G |/ 055] 1850 gl zaa ;2| SOME
/2.113 Iy 200 |1 e [ /1900 r:——., XY E;-., Zoolid ce ) ASALANCE




TABLE 12(contd)
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Page 2 of 4
H 2 3 4 5 6 7 8 Ed ’ 10 [ 1a 12 13 I 14 15 16 17 18 19 l 20 21 22 23 24 25 2% 27
v Vi WEAVING sv N COMPOSITE
SPEED : sPEED | LOS " N N . k
TET lorowe} N | oy | L | TOTALY v v, | smatt w " tavain| Ve | Los NSVL. VY| a [ wva COMMENTS
NO. N Y | weav.| MEAS. [CHART] . RANGE | FINITE | REQD| og NMEosv LOS w, w, CALCULATED
MPH [ PCPH PCPNH PCPH PCPH MPH MPH PCPH/ PCPH, . PCPH/,
L L REQ'D L PCPHIL
k D1~
- 2000/ 2.4211.58 |/eaz| O {1720 | &, |24./4 /595 8.9 CARDED
B-£2125,20 2 | 4a7] s820|2280|2550) 285 | 290.7 | <30 &/F fc) 1900 2.4/2 |©.523 8. /2|GEOMETRIC
(302 900 242|120 1900 |E/F (1200 S/ 124.02 |/594] 2./8 CONSTRAINT
35 40- MPH TwO- SIDED
4 000/ 177 |z231857] A |1zee| c, |r5.99|-9.25 £.7/
&-51 125,40 g |Bed 2590 | /190 | /680] 320 |28.2 | 32 | £, | .50 |/825 MRV S =7/
4£.82) ; 177|108 |1825| £, |1825 | E; |/5.601-983 5.72
4 1650/ 1151285 S|l A 82| A 5.20)-5.57 222
B-Z11| 25,40 G | 564{2420| /470 | 960 | 370 | 417 | 42 | D3 |'1qp) | /5€0 k7235|0395 322
(2./0) 115 |0.95|1550 D, |1500| Dy | 880|557 3.22
4 1000/ 158|242 | 785 A (/70| Bous|/7.42|-12.44 495
2913|2540 4 | 564|3260| 1900|1460 | 270 | 29.0 |25 | E; | 1pep 1775 a185|0435 495
VA% 15811071775 £, |1776| &, (17421294 4.98
4 1900/ 163 |2.27| 798| 4 |/207 | Boour |/14.63]-9 23 520
2-51.5| 35,40 4 |64\ 2d/0 | /1890|1520 320 | 258 | 24 | E, |/, 5/ /800 2217|0440 5.29
{2.08) 13105 1e00| £, 1800| £, [/422}-933 5.29
4 7900/ 18312171041 B |14/ | Lmas [/377]-8.33 424
&-510) 2640 4 |5b4| 4010|2260 1750 | 430 | 358 |26 | £, |, 50| 1860 Q24012430 4.65
‘ (205) 1621122 [1860| E; [1800| &4 |12./91-523 4.8¢
' k ois-
4 1300/ 1901272 7a>| A 1292} C4 [21.52)13.04 845 CARGED
PE03 2540 3 | 4997|2280 /1560|1820 | 240 (245 | 30 | £,. /900 /32|09 BES \az OMETRIC
7.72) - sl leco 190|082 1900 | Eny| 190| E£..,|2/ 53] 1302 3.45 FoNe AT




TABLE 12{cont'd)
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Page 3 ol 4
H 2 3 ‘ 5 6 4 8 9 10 [ 1 12 13 [ 14 15 16 17 18 19 ] 20 21 22 23 24 2% J 2% 27
Vv w WEAVING sV N COMPOSITE
SPEED 2 SPEED LOS w N N - k
TEST Lo rour| N N, | L |TOTAL| v v SMALL w " lavar} SVa | Los NSV Y] gt ova COMMENTS
NO. N W | weav. | MEAS. [cHART cHaRj] PANGE | FINITE | REQD( o Nogv LOS w, w, CALCULATED
MPH FT PCPH PCPH PCPH PCPH MPH MPH PCPH/L | FCPH/L REQ'D | PCPH/L PCPH/L
2 900/ 184\ 1160 | 547 A | 1249 Coy [12.70 |- 714 5.5¢]
B-54135,40 Z 7387400 | 25 | (765|295 (276 | 26 | £; | 550|620 O./67)0.735 £.57
(2.22, 1840281620} E; /690 E5 (/272 [-7/4 5.56
3 1900/ 180 12.1911037) A, |i237] Cu, | 775|477 298
&-5¢12540 Z | 728 | 2920122701710 | &R0 |33.9| 27 | E, | 560 |/70° C08j0. 420 z.92
2./4) Lol 133 \v7200| &, (1700 E, | 774 477 z7.97
= 550/ 153 147 | 425 A M9 | B, | 1199)-7/2 £27
Zedlzs40 z 735 |2030) w25 |1405)| 250 | 279 | 40 | D, 1260 | 1559 G178 |2 o2 A7)
/.92 163 |o4o|s50| 0. |/650| Du| 297212 Z.85]
APPARENT
2 150 1321 ¢ 274 A | 770 B | 797|932« 2.3 RAMP
2547|2540 2 | 728 | /560 | w0 | 1020 290 {25.3|42.5| Do | za0| 1400 22¢el0703 2 ¢2| SPEED
1.65) 13z Vo3 |moo| o, |rt00| 0, | 797 |44 1.3 CONSTRAINT
k moDELS
* V222% z72)028)1928| E,,[/824| &, | 5.¢d}|-463 1ol OK: BUT
&0\ 2540 2 LS| D40 2480|2980 | 970 123.8 | SO |Banl| g | //9° 0,220 546 00 VoS v, v
“4.97) . 272|226 1000 | 20 | 1100 | Bomu | 5 64|-4.03 7 P L -
enLE D
Ny Z% 2.et 029 aeez) F (/51 | D, 394|295 0a9 s
&o3lzsa0l 1z |0 4626 | 1740 (27851 1150 | 34.5 1 506( Beud| 405 | 1070 : 04/3|0 615 1.00
/4 24) z.el 163 |wro] B, | 1070 ] Bu | 295 |-295 1.00
3 oo/ zezl o 47271 ~ /935 D, |2.97|-297 V77) =s
83512540 | 2 || ge0| i8c0| 2800|160 | 203 | 505 &, | g, | /1070 G 41|26 100
(430) zoz it w0 By (w70 | By |3.97 297 100




TABLE 12(cont'd)
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Page 4 of 4
1 2 3 L 5 6 7 8 9 10 [ 1 12 13 I 4 15 16 17 18 19 ] 20 21 22 23 24 25 ] 26 27
v w2 WEAVING Y N COMPOSITE
SPEED SPEED Los w N N : k
TEST lomoue] N | N L |TOTAL} v v, | SmAaLL w " lavaie| Vs |Los NSV, V[ q | v CALCULATED| COMMENTS
NO. b N " | weav.| meas. [chanT) . o L RaNGe | FiniTE | REQD] o Mosv LOS w, .| W, LCULATED
MPH Fr PCPH PCPH PCPH PCPH MPH MPH PCPH/L{ PCPH/ L REQ'D [ PCPH/L PCPHIL
I8
50-MPH. TwO-5SIDED
4 1350/ 1931207382 | A | B2Z7 | Ausx | 18-60|-13.53 597
&£3| S0 3 |/s83| zeis | 790 (1825 180 | 478 |455| C, | oo /325 : 2099|0493 508
/2.52 /93| 0 ¢0|/225) &3 (1B27 | L3 [ 1B.6l}/253 5.09
4 1350/ leZ|2.38 2.5 A 24| A |/8.851200 285
8834 <o 3 1283|2080 (320 | 1460 | 160 [ 49.2 (485 C, | 1100 |1175 0./10|0 97, 386
(2./6) 16z |osd/75| & (1175 ) & /586200 3 8¢
4 1350 (9620548 4 | 886 | B, |Z2.43)1780 583
534 50 3 |sz03| 2820 900 | 1800 | 150 | 4s.2|as5| .. |25 | 1225 ocelowl|” |58
(2.47) 195 [O0.72 /1225 Cuns |/122G | Lnaw |23.59} 1720 579
4 1350/ e z2e| 2751 A 654 | A |6 2s|1250 2.86
ot 50 3 |/883| 2/20 | 20 | /470 | 160 | 460|148 | C, | oo | /1200 Q109093 386

/7.18) r6d|054Y/200| & (1200 &, |1e.30|i12.50] 280




K vALUES

K VALUES

! ] 1 |

2000 4000

Vw = WEAVING VOLUME — PCPH

0.1 0.2 0.3 0.4
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4 . : ~
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Figure 29. EXAMINATION OF K ( WEAVING INTENSITY FACTOR }
CORRELATION PROBABILITIES WITH SEVERAL VARIABLES




One-Sided Sections

In examining the k factors in Table 11 with a variety of plots of the points with
respect to the speed of weaving, it became evident that the k's logically
separated into two sets--those representing nigh R values, and those representing
Tow R values, [R = Wp + (W + Wp) in which Wy is the larger and Wy the smaller
weaving volume], The appropriate division occurs with one set having R values of
0.25 to 0.50 and the other having R values of 20,20, Because of relatively small
number of points and slight overlap between the two groups, values from 0.25 to
0.20 would be considered to lie between the two curves, The high and low R points

are identified by symbols of sclid and open circles, respectively in Table 13,

The plot of each set of data points is shown in Figure 30. A regression
ling--using an NER order equation to the second power--was fitted separately to
the high R set in the top and to the low R set in the bottom part of the figure,
Excellent correlation was achieved with rZ of 0.85 and 0.91, respectively, and

’

corresponding standard errors for K of 0.25 and 0.27.

The regression curves with minor adjustments were hand-fitted in the vicinity of k
limits of 1 and 3 as shown in Figure 31, thus permitting their adjusted form to be
used in application with direct reading of k values for various speeds of weaving
traffic, The two plots {high k‘s and low R's) were thus combined and turned over
top-to-bottom for orientation toward their ultimate use in the nomograph, To
allow for a transitional effect in the use of R below 0.25, the Tower curve

(considering the range of values used in its derivation) was designated R Z0.20 as

103



shown in Figure 32 for‘yits final application, Thus, values from 0.25 to 0.20 .
would be interpolated between the two curves, In its completed form for the

nomograph, Figure 33, the k values with the two R curves are shown adjusted

horizontally to the k turning-line speed scale; the turning Tine for « is

indicated in its selected position in Figure 22 from which the speed scale is

calibrated,

Two-Sided Sections

In referring to the correlation implied between k and R for two-sided weaving
sections in Figure 29, and in examining the k factors in Table 12 and their
sumnary in Table 14, the postulated vaiues ind%cate a definite trend ffom 3t06
between weaving speeds of 30 to 45 mph. Beyond 45 mph k values must and do

transition to a value of 1 to meet uninterrupted-flow conditions at approximately

55 mph. .

Several forms of regressions were run for the data points’ (30-45 mph) as shown in
Figure 34. Particularly good results were achieved using geometric and
exponential relations, with a correlation coefficient of 0.86 and standard error
of 0.10 of k for the latter. The regression curve shown by the solid line, was
hand-adjusted at each end to practical limitations of k for the indicated speed
range, The open circled poinfs high-lighted on the graph were selected as the
controlling values for further development, To do so it was necessary to relate
these values to the speed of weaving traffic, along with the transition of k

factors to a value of beyond 45 mph.

o
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This was accomplished in Figure 35. The graph was formatted from preliminary
investigation of the nomograph structure, Speed of weaving was introduced as the
abscissa, transferred from the turning line for k of Figure 26, Values of k and R
were interretated to produce coincidental (horizontal) 1ines from 30 to 45 woh,

As shown in the upper part of Figure 35, an indication of transitions of k factors
to a value of 1 were sketched approximately from a plot of several points noted in
Table 14, Due to limited data and a more likely gradual change in k values, the
smoother simulated transitions, as shown in the lower part of Figure 35, were

drawn to represent the relationship for the nomograph.
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K vALUES
WEAVING INTENSITY FACTOR

K VALUES
WEAVING INTENSITY FACTOR

3 Ia— N l= 3 ——— ¥ d T ;
I ] ,
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. \‘ X
o i
: ~ P :
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2 ~ |
REGRESSION : \\_ i
Y =-0.742 + 0.254 X - 0.004 X2 “
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rZ=o.8s N
| - Y
1
| |
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o HIGH R VALUES : 0.25--0.50! !
(R =Wy fwy Wy ! |
| | | 1
25 30 35 40 45 50 55
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T
3 o K=3
REGRESSION : -~ . \\
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SE = 0.27 OF K : AN
r2=go9 N\
$
2 N\
N\
N\
N\
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B
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Figure 30. REGRESSION OF K VALUES AS RELATED TO SPEED OF WEAVING TRAFFIC
ONE -SIDED WEAVING SECTIONS
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kK VALUES
WEAVING INTENSITY FACTOR

K vALUES
WEAVING INTENSITY FACTOR
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1
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Figure 31. K VALUES AS RELATED TO SPEED REGRESSION LINES
ADJUSTED FOR APPLICATION

ONE -SIDED WEAVING SECTIONS
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K VALUES
WEAVING INTENSITY FACTOR

K VALUES
WEAYING INTENSITY FACTOR

2 ;Y
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1
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TABLE

13

SUMMARY OF K VALUES AND INDEX TO DATA POINTS FOR ANALYSIS

ONE-SIDED WEAVING SECTIONS

V' $peed Comparison Diagram

in LOS of V, and V

Page 1 of 2
WEAVING DATA
SITE WEAVING SPEED FACTOR USED
NO Average--mph N L Vi A VR Kk FOR REMARKS
’ Actual | Modeled feet pcph Calculated| See Key ¥
B-41 2.9 25+ 4 556 2440 0.471 | 0.688 2.58 s LOS Vi :E/F
B-24 29.9 25+ 659 2750 0.211 | 0.442 3.91 a K not used;
see note
B-8 9.8 | 26 -u ws | 1890 | 0.434 | 0.350 | 3.13 ie At or near
B-7 26.6 28 4 bbs 1785 0.467 | 0.329 | 2.9 ie T80k near
B-6 32.2 30 3 425 1580 0.402 0.991 3.36 ae C-D Road
8-9 284 30 kg 1625 0.468 0.251 3.00 a0 V
B-6a 32,2 30 2 425 1580 0.402 | 0.991 3.36 L Y €-D Road
" “odd lane
H-1 28.6 32 6 650 1755 0.296 0.255 3.61 . v configuration
B-5 33.5 32 425 1295 0.425 0.996 3.16 se VvV ¢-D Road
P-10.4 33.9 32.5 527 1440 0.2 0.326 3.97 a Vv K not used; .
- - .see note
8-33 29.6 33.5 521 1315 0.323 | 0.169 3.17 ae
B-10 34,4 34 2 503 1165 0.442 | 0.991 2.95 ae C-b Road
K d;
B34 3.4 | 35 4 621 1190 | o.24h | o.194 | 412 a v ree noce
P-2.8 34.5 36.5 4 968 1760 0.153 | 0.279 3.82 a v K not used; .
see nate
B-32 36.1 37 4 822 1400 0.368 | 0.250 2.89 ae
B-15 39.9 37 2 900 1595 0.335 | 1.000 2.12 ae C-0 Road
P-5.8 42,3 7 4 950 1720 0.320 | ©.467 2.28 A
B-17 36.7 37.5 b 710 1170 0. bish 0.222 2.60 ae
v
M-2 4.0 | 37.5 4 921 | 1450 | 0.238 | o.430 | 3.0 . Ve s
B-20 36.5 38 2 868 1265 0.360 | 0.966 2.50 s ¢-0 Road
8-27 349.3 38 2 84k 1360 0.305 | 0.996 2.40 a0 C-D Road
s Vi and V
w an
P-7.7 4k, 7 38 3 750 1200 0.217 | 0.502 3.3 4 imbalanced
- . L. 16 K not used: .
P-2.4 39.8 3% 4 968 1480 o.115 0.248 . see note
P-10.1 4.5 39 3 527 730 0.321 0. 448 2.99 )
B-28 43.9 39 5 1032 - 1440 0.288 0.212 2,77 A ® v
KEY: * & Regression of Vy/S./L 5 Kk discarded--Highly imbalanced, 105 F operation,
® K Value--Large R ocutside scope of model.
© K Valve--Small R t K discarded--Righly imbalanced, large disparity

¢ K discarded--Highly imbalanced in L0S of V, vs.
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also low VR and/or R.
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TABLE

13 (cont'd)

Page 2 of 2
WEAVING DATA
WEAV ING SPEED FACTOR USED
SNIOTE Average--mph N L Vy R VR k FOR REMARKS
Actual [Modeled feet pcph Calculated | See Key*
g-18 36.3 39.5 4 725 1025 0.322 | 0.277 2.93 a0 v
B-11 33.0 40 5 1054 1370 0.363 0.213 2.44 P Appar. upstream
speed constr't.
8-3 4.6 4o b 917 1130 0.351 0.216 2.64 a0
P-5.1 44 42,8 4 950 1080 0.239 0.440 2.3 [ v
P-2.1 42.7 L4 4 968 300 0.111 | 0.197 3.7 a N b:w R and
P-14.1 50.2 44 S 1467 1370 0.058 0.411 3.12 a Very low R,
outside Hodel
P-8.7 47.3 45 5 1355 1220 0.25%4 0.359 2.33 Ao v
1-8 52.0 | W7 3 1450 970 | 0.108 | 0.357 £.72 . oV
p-14.4 45.5 47.5 5 1467 930 0.152 | 0.312 1.50 a oV
p-8.6 47.7 2] 5 1355 B30 0.375 0.324 i.55 a @ v
P-11.3 49.3 48.5 3 1200 820 0.366 | 0.373 1.13 4 8 0V
B-65 45.1 49.5 3 4700 1730 0.234 0.402 1.00 A o v
1-6 43.¢ 50 2 1950 860 0.163 0.33% 0.567 a o v |
1-11 50.5 50 i 1150 525 8.410 0.142 1.17 s e
P-15.1 42.6 50> 4 2000 680 0.294 0.230 1.28 A @ Appar. Speed
Constraint
1-2 52.3 50> 3 1100 457 0.065 0.108 1.09 a oV
Additional Points for Calculation of K Values
B-28.2 45.4 39.% 5 1032 1440 0.285 0.200 2.83 o
B-17.2 37.7 40 & 710 960 0.260 0.221 3.21 a
B-3.2 39.2 42.5 4 917 950 0.266 0.223 2.83 c
P-8.11 b1 45 5 1355 1190 0.353 0.313 1.91 °
P-2.10 bs.2 46 b 968 730 0.123 0.223 2.60 o
p=8.10 LT 47 5 £355 500 0.389 0.315 1.73 [
P-14.3 LY 47 5 1467 970 0.124 0.370 2.13 o
1-8.3 51.4 LY} 3 1450 990 0.4 0.550 1.58 o
8-3.7 k1.7 k7 4 917 636 0.264 | 0.218 2.10 S
KEY: #* & Regressiaon of V. 5,/L o K Value--Small R

® K Value--targe R

+/ Speed Comparison Diagram
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TABLE 14

SUMMARY OF K VALUES AND INDEX TO DATA POINTS FOR ANALYSIS

TWO - SIDED WEAVING SECTIONS

WEAVING SPEED WEAVING DATA
SN]DT ‘E Average --mph N L v, R VR FACTOR UfSoErD REMARKS
Actual | Modeled feet peph Calculated| See Key¥*
8-43 295.6 | 25+ 4 625 3050 0.231 | 0.850 k.19 a0 VvV
B-47 25.3 | <30 4 980 3675 0.135 | 0.766 5.73 ao V ) B
B-48 27.1 | <30 4 980 | 3475 0.122 | 0.753 6.37 ao V
sz | as7 a0 | ow | owr | oasso | o foss | mas |2 V| Slereeresn
B-49 2%6.3 | 30 5 64 | 2115 0.196 | 0.419 5.5 |40 Vv
8-51.8 | 2.4 | 30 4 s64 | 1960 | 0.168 | 0.388 | 6.60 | & V| epolamed
B-52.3 34.5 30 4 497 1820 0.132 | 0.538 8.45 . v Ex:z:n:?eg;ns[r‘ti
B-42 36 |3 4 625 | 1950 | o.kgo | o766 | 2.88 |ao V
B-51 8.3 | 33 4 564 | 1680 0.196 | 0,468 5.71 a0 ¥
B~51.5 35.8 | 34 4 ses | 1520 0.217 | 0.446 5.29 a0 V
B-54 37.6 | 38 3 738 | 1765 0.167 | 0.735 5.57 a0 V
B-54.2 37.9 | 4o 3 738 | 1kos 0.178 | 0.692 4.86 ao v
B-51.1 4i.7 42 4 564 960 0.385 | 0.395 3.23 a0 V
B-5k.7 1.3 | 425 | 3 738 | 1090 | o.266 | 0.703 3.63 | ao A comatr e,
B-53 47.8 | 45571 & 1583 | 1825 0.099 | 0.698 5.08 20 Transition k
8-53.5 46.0 | 48 4 1583 | 1470 0.109 | 0.693 3.86 | a0 TraRsition k
B-53.1 b9.2 | 8.5 & 1583 | 1450 0.110 | 0.697 3.86 a0 Transition k
Additional Puints for Caclulation of K Values

B-51.7 329 | 7 4 564 | 1870 0.182 | o.4ok 5.98 o
B-51.6 5.8 | 3.5 & S64 | 1750 0.246 | 0.436 4.85 o
B-51.3 39.0 35 4 56k 1460 0.185 | 0.435 4,98 °
B-54.1 33.9 37 3 738 1710 0.404 | 0.430 2.98 °
B-53.4 46.2 45.5 L} 1583 1860 0.081 | 0.660 5.81 o
B-60 3.8 | s 3 4665 2980 0.326 | 0.546 1.0 o l?“;“ié’?” X ]
8-63.5 30.3 | 50.5 ] 2 456 | 2800 0.414 | 0.609 1.00 o Tramsloien K
B-63 34.5 50.5 3 4650 2785 0.413 | 0.615 V.00 ° Z;a;si:?n k

KEY:

o K Values

v/ Speed Comparison Diagram

* & Regressfon of V,/5,/L

-+

from same site; apparent
constraint on outer
movements, also £/F weaving
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Configuration of Weaving Sectionms

and Lane Balance

Lane configuration within the weaving section has a pronounced effect upon
efficiency of operation. Lane arrangement in terms of continuity and what may be
termed "lane balance" at the entrance to and exit from the weaving section are
features when properly applied permit traffic to be served more adequately.
Examples of configurations are identified in Figure 3 as to form, which for the
most part have been dealt with in development of the various model elements.
Configuration with respect to lane arrangement and Jane balance as described in
Figure 4 is a further feaﬁure whiéh must be accounted for-in determining more

appropriately the gperational characteristics of weaving sections,

The most significant effect of configuration with respect to lane arrangement and
lane bé]ance has to do with the influence of the number of lane changes made in
the act of weaving, Lane configuration is ndt a factor which has been explicitly
considered in the 1965 HCM weaving procedures. Moreover, the manner in which the
BPR data was collected, as well as other subsequent data compiled on weaving
sections, has not specifically addressed this problem. Speed variations between
weaving and nonweaving traffic along with lane-change distributions, however, were
evident in some cases for différent volume to lane relations within these data,
The means of facilitating and simplifying weaving operations by providing lane
continuity and lane balance has been recognized by the authors of this report.
This primarily has to do with the means of minimizing number of lane changes and
providing an "optional™ }ane at the exit point of the weaving section as

demonstrated in Figure 4. The full extent of operational improvement with this

feature is not known nor has it been measured directly in the field.
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PINY, however, in its NCHRP Report 3-15, has made some rationalizations, and
formulations. including a lane-changing model, to gain some insights into the
effects of configuration. The lane-changing model demonstrates the quality of
service being provided by a configuration., This is measured by the number of
percentage of "successful" or "unforced" weaves apt to take place within the
weaving section. As shown in Figure 36, four different configurations were
compared in the PINY report for various lane-changing probabilities using movement
BX as the prime measure of "successful" {smooth) weaves. Based on various
configurations (A thrbugh D) and their probabilities {p) of achieving successful
weaves, only a certain percentage {noted as P, ) would be predicted to accomplish
the weaving within the section. The remainder of weaving vehicles, not situatad
in the proper lanes toward the end of the section, would have to force their
maneuver to complete the weave wifh degrading effect. Based on this, P;, 15 taken

as an indicator of the quality of weaving operation.

The analyses of the four configurations, compared for various probabilities of
.achieving certain percentages of successful weaves (Pg,) is summarized by a
graphical relationship in Figure 36. The resﬁ]ts indicate configuration D as the
most efficient, followed by B, C and A. Consideration of configuration D as the
best and configuration A as the worst in performance is reinforced by the overall
design to minimize the number gf tane shifts through application of lane balance

and ltane continuity referred to in‘Figure 4.

The distinction between the two basic configurations, which may be accounted for
in analysis and design of weaving sections may be identified by the provision of

these two features of design. Assuming that lane continuity would be inherent to
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the main roadway through the weaving section, the remaining configuration element
of Tane balance--its provision or absence--can be utilized as an additional

measure by which to adjust the operaticnal quality of weaving sections,

Lane continuity pertains to the provisions of basic number of lanes on the
facility and allows a through driver to maintain normally his lane position in
negotiating the weaving section, Lane balance, which is an extension of lane
continuity, is the arrangement of lanes at ramp exits and entrances with a uniform
pattern which provides a degree of operational flexibility., With respect to
exits, lane balance simply means the provision of "one more lane going away" (the
combined number of lanes on the freeway and ramp after the exit should be one more
than on the freeway preceding the exit); also, not more than one preceding lane
should be dropped at a time. At entrances, the requirement is that the number of
lanes must "add up," with the merged or combined number on the freeway squal to,

or one less, after the merge.

As part of weaving section analysis, lane balance has the facility to function as
a single feature or surrogate in accounting for the effect of weaving section
configuration upon operational quality of the section. Although in somewhat
diagrammatic form, configurations A and D serve to demonstrate a lane imbalanced

and a lane balanced condition, respectively. The difference in the quality of

operation between representative configurations A and D can be measured on the
graph in Figure 36 for variocus probabilities of weaving occurrance. The
difference in proportion of successful weaves (P, ) between the two configura-
tions can be translated into a measure of the amount of weaving traffic, for
example, one configuration can accommodate over the other; or, how much longer or

shorter one section may be than the other.
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A further expansion of this analysis is shown in Figure 37. Here the weaving
sections have been redrawn to represent geometry as used in actual practice,
Weaving sections denoted by A represent lane-imbalanced configurations.

Weaving sections designated by D represent lane-baltanced configurations. The
upper pair of sections depict one-sided, and the lower pair of sections, two-sided
weaving. Since the analysis indicated that sensitivity of Pgy to Tength is
considerable, with longer lengths producing greater opportunities for successful
weaves, and since greater width provides more freedom in this regard, these
aspects would tend toward higher probability values (p) with higher levels of
service. Analysis of relations in the graph of Figure 37, p values of 0.35 and
0.55 for levels of service E and B were considered appropriate. Thesa produced
proporticnal differences in Pax Tn the range of 18 percent for LOS E to 5 percent
for L0S B, The significance of these relations would indicate that in a weaving
section of a given length and width, a lane-imbalanced section carries 18 percent
less weaving traffic than a lane-balanced section at LOS E, and 5 percent less

weaving traffic to maintain LGS B.

In applying this information to the developed weaving volume/length/speed curves
in Figures 22 and 26, it was assumed that the developed curves are représentative
of lane-balanced sections. The data base from which these curves were derived 13
a mixture of lane-imbalanced énd lane-balanced sections and, even though the great
majority of the data comprised lane-imbalanced sections, the derived curves were
assumed to represent lane-balanced sections. This was done to be more on the
conservative side for purposes of using the relationship for design purposes or
for improvement and reconstruction of existing sections; that is, producing a

safer design or one of higher standard in actual application.
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To account for the lane-imbalanced sections, the curves of Figures 22 and 26 were
recalculated to a form which reduced the weaving volume (Vy) by 18, 14, 10, 5

and 0 percent (from Figure 37) for each curve representing LOS E to LOS A,
respectively, relative to each length of weaving section (L). This additiconal
family of curves representing lane-imbalanced weaving sections have been added to
the previously developed curves as shown in Figures 38 and 39. These twa graphs

pkovide the major elements in formulation of nomographs in the next chapter,

Speed Relations

The several traffic elements which make up the weaving section yield different
speeds, depending upon various interrelationships, and can be altered by changing
geometric or traffic volume and pattern characteristics. Data base summaries,
Tables 1, 2, and 3, and Tables A-1 and A-2, show measurements of average speeds of
weaving, nonweaving, and all (composite) traffic for each experiment or
subexperiment., Speed relations between individual experiments are quite variable
and sensitive to lane imbalances, traffic constraints and intermixing of weaving
and nonweaving volumes, geometric features, and a multitude of variables which

generally are not measured or of which the analyst may have no direct knowledge.

Except for speed of weaving traffic relationships, which are representative as an
average across the data.base, and which on that basis show a degree of uniformity,
is incorporated into the major nomographs. Other speed relations are not included
and are analyzed and considered in a supplementary fashion in the next chapter,

and eventually are incorporated into the analysis procedure.
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Chapter 7
NOMOGRAPH DEVELOPMENT AND SPEED CALIBRATIONS

In this section of the report the primary results of the previous chapters are
presented in the form of two composite graphs which permit the solution of all
forms of weaving problems on freeways. The multitude of analysis steps,
subdiagrams, calculations, tabulations and other illustrative material were
utilized to produce the major part of the end product embodied in the nomographs

of Figures 40 and 41,

Construction of Nomographs

Two separate nomographs were found essential since the configuration and
-identifications of weaving sections were determined to have sufficiently different
affect upon operational characteristics. The two graphs, supplemented by several
simple speed graphs described later, permit the analysis and design of the full
range of types and configurations of weaving sections of the variety described in

Chapter 2.

In addition to the field data providing information for weaving sections, a
significant aspect to the deve}opment of an effective procedure for analysis and
design depended upon a sound basis of Tevel of service measures., The formulation
of a specific set of weaving speeds and/or service volumes and their application
set the necessary criteria, outlined in Tables 6 and 9, and in Figure 9, as a
point of departure in development of the weaving modé1. The calibration of the

levels of service measures, as an end product of the procedure in problem solving

by the nomograph, is remarkably well correlated in Figure 44.
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The canstruction of each nomograph constituted in part the assembly of the model
elements, the relationships of which were developed in the previous chapter, Tha2
familiar terminology in current use and that generally prepared for the new HCM
have been maintained where feasible, The focal point of the nomograph (taking the
one-sided weaving as an example) consists of the graph embodying the weaving
volume/length/speed relationship as first derived in Figure 22 and then expanded
to include configuration of lane balance in Figure 38. This faormed the lawer left
nalf of the nomograph. Since the % value, representing the weaving intensity.
factor, a function of the weaving volume and its speed, as well as an expansion
element within the weaving volume for determination of cverall lane reguirements,
the relationship was developed in Figures 30-32; it was finalized in the graph of
Figure 33 in appropriate format for coordination and attachment above the previous

portion of the nomograph.

The next two elements in the central portion of the graph are graphic reprosenta-
tions of the numerator of the right half of the equation N = [V + (k-1)Wz1 + SV,
accounting for the product and the difference of the terms involved. The last
three elements at the bottom right incorporate the denominator of the previous
equation as a divisor utilizing the service volume {Sv) values from Table 9 and
Figure 9, A separate diagram”is provided for each set of service volumes in
accordance with the major set of width of approach to the weaving section of 2, 3
and 4 lanes. As described in Chapter 5, LOS values have built into them a
representative set of peak-hour factors so that a uniform hourly rate indicative
of (approximately) 15-minute peak period within the hour is reflected in the
results, Also, the nomograph is so structured that the SV values represent
composite values in consonance with k values, providing the necessary consistency

in problem solving.
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Application of nomographs is simple and direct. Solutions for numerous conditions
are feasible, Different sets of variables or givens can be used to find the
missing feature(s) as part of the answer sought. The nomographs with
supplementary instructions and adjunct graphs further expand their application,
permitting the handling of all forms of weaving sections covered in Chapter 2 and

serving as a special analysis and design tool.

The dotted solution lines with arrows passing through the nomographs give a
general indication of their use. The example in the nomcegraph of Figure 40 shows
one application where it is required to find the spacing between a ramp entrance
and a ramp exit for a given weaving volume at a specified level of service, and
the number of total lanes required when other volume elements are given. The
projected line through the nomograph demonstrates the process. The specified
weaving volume for LOS C operation calls for a weaving section length of 1300
feet. Then an upward projection from the intersection point upward along and
following the trend of the LOS or speed lines to the horizontal "turning line for
k" permits successively the further extension of the solution 1ine through the
nomagraph. 1In this case for an operationé]]y balanced design, the final line at
the extreme right is projected downward for the 4-lane frgeway in the problen from
LOS C Tine (SV=1450) to read slightly over 5 lanes. With nominal rounding, the
design is a 5-Tane weaving sedfion, 1300 feet long, with operation at LOS C. This
is only a general indication of one of a number of ways of using the nomographs.

A complete coverage of various examples is presented in the Users Guide, a

companion volume to this report.
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Calibration of Speed Relations

Several tests were made for apparent degree aof accuracy of results of the
developed method. 1In addition to a series of individual tests performed in the
preparation of various namograph elements, the following further tests lend
credence to the process developed through the weaving model and resulting
nomographs, A comparison of actual weaving speeds observed with modeled weaving
speeds for one-sided and two-sided nomographs are shown in Figures 42 and 43,

This comparison relates to the lower 1eft portion of the nomographs, Figures 40
and 41, respectively. Despite some inconsistencies in the regressions previously
demonstrated, the segmenting of data to 5-mph bands, the extremely limited data
for two-sided weaving sections and the interpolative procedure used therewith, and
the further adjustment of speed lines to a slightly curvilinear relationship, a
highly acceptable result has been achieved. The distribution of data points
comparing measured weaving speeds with modeled speeds are well distributed along a
45-degree line, with an indicated standard error of 2.7 mph for both one-sided and
two-sided sections. A further separate test by regression for their relatfon in
each case produced a nearly 45-degree line with the same standard error of 2.7

mph,

A most significant test in thé make-up of the overall nomograph, including the
basis for the level of service selected, is demonstrated in analysis of Figure
44, First of all, it should be recognized that any procedure, no matter how
sophisticated and detailed, may‘be of little value or ineffective unless one of
its major ingredients, as a prerequisite, is a logical, consistent, and fully

compatible method for the basis of level of service measure. The compatibility
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must reflect and harmonize with the LOS measure along other elements of the
freeway. At the same time, it must be simple and not burdensome--which was
accomplished through analysis and extensive testing (although not fully detailed

in this report) as outlined in Chapter 5.

The relationship in Figure 44 shows dramatically the overall results achieved in
modeling the data, in this case for one-sided weaving sections. First, all of the

"

field experiments utilized in the study were "run" through the nomegraph with the
given data, and the LOS or more specifically the service volume, SV, was}read at
the lower right of the nomograph., Each SV value was then plotted against the
actual corresponding average speed of all traffic, as recorded in the field,
within the weaving section. (This speed is also referred to as the "composite"

speed just as the SV value modeled in the nomograph is also the "composite" value

representative of all traffic within the weaving section.)

The results of this relationship are shown by the dashed regression line in Figurs
44 demonstrating good correlation, As a further more complete test of the model,
including the use of S values, average composite speed of all traffic within
weaving sections as related to the speed derived from the level of service
criteria of Chapter 5 and incorporated into the modeled procedure, produced even a
better fit shown by the so]id'ﬁine in Figure 44. In this case the regression
shows excellent correlation with an rZ2 of 0.92 and a standard error of just 2.0
mph., The large circles plotted on the graph indicate the coanformity of the level

of service criteria with the overall procedure.
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The same type of analysis was attempted for two-sided weaving sections, but .
because of extremely limited data, and probably because of the inherent
characteristic of freeway through volume being part of the weaving volume, did not

produce similar results.

Another valuable relationship was developed for Doth one-sided and two-sided
weaving sections of S (average, composite speed of all traffic) versus S, (average
speed of weaving) as shown in Figures 45 and 46. This was done for data as
measured, and for Sy as modeled, indicating good correlation, These charts can be
utilized as an adjunct to the major nomographs to achieve furtner calibration of

results,
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Chapter 8
ADDENDUM--APPLICATION OF PROCEDURE

In order to have a better understanding of application of the developed grocedure,
this addendum is included with Volume 1 to demonstrate the technique of solving

problems and the versatility in the use of nomographs.

As an extension of Chapter 7, which develops the major nomographs and deals with
speed correlations, this additional section of the report expands on the speed
relations, develops supplementary nomographs for speed calibration, {Figures 47
and 48), and presents a series of problems to more fully cover the application of
the procedure for typically representative analysis. and design situations,

Figures 47 and 48 are to be used in conjunction with the major nomographs of

Figures 40 and 41, further noted for convenience as Nomographs 1 and 2.

»

Supplementary Nomographs

In testing a group of actual examples from the data base, it was possible to

develop for one-sided sections, using Figures 44 and 45, a procedure for augment;

ing the results from the main nomograph of Figure 40 in order to either obtain the
speed, S, of the overall weaving section, or to adjust or betfer calibrate the
speed of weaving, Sy. 1In conjunction with this explanation and study it was
possible to develop the nomograph in Figure 47, noted as Nomograph 3, in order to

expand on the procedure for application. Although the speed of weaving Sy and the

137



composite speed of all traffic in the weaving section, S, are dealt with, the .
speed of nonweaving traffic, Sny, for one-sided weaving sections has not been

isolated at this time. This may be done with further analysis, although its value

may be questioned if S is available, particularly since equivalent speeds on the

freeway in conjunction witn other ramp configurations have not been identified in

the 1965 HCM or in the new HCM scon to be published.

With respect to two-sided sections, a similar nomograph was developed, shown in

Figure 48 and noted as Nomograph 4. 1Its formulation was accomplisned with 1imited
material from the data base and a combination of information from Figure 46 and

Figure 9. Although the latter is basically representative of level of service

criteria, it was possible to deduce from previous tests that the Sy to S relation-

ship provided a reasonable conjunction of similar order of volume to speed along

other general sections of freeway. With appropriate series of trial solutions,

the basis for application of the two-sided Nomograph 4 was formulated. In the use .
of the nomograph it should be recognized that it is generally representative of

70- and 60-mph design speed highways. {(For 50-mph continuous C-D road

situations--for which no data are available--the nomograph may be used with

caution.)

The case of local C-D roads, désigned for simple weaving between two ramps, 1s

generally handled by Nomograph 1 only, with S, and corresponding LOS within the
lower-left portion of the graph furnishing the result, providing that sufficient
number of lanes are available. Nomograph 3 should be refered to, however, when
the outer flow from one ramp to the other exceeds about 15 percent of the total’ e

€-D road volume.
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Typical Problem Solutions*

Generally the solution of problems is considered in terms of two aspects--design
problems and operational analysis problems. Although the situations seem differ-
ent, in essence the overall sclution and end result, if each is being prepared or
intended to be constructed or reconstructed, is much the same or similar.
Accordingly, the example problems which follow are not separated and are handled

in the same manner for either condition.

Example 1. The problem to be investigated is a one-sided lane-balanced weaving
section formed along the freeway between two interchanges. The design calls for
level of service C. The volumes noted have all been converted to egquivalent
passenger cars per hour (pcph)., Referring to the weaving configuration at the
upper-right portfon of Nomograph 1 in describing the example, the approach freewsy
volume s 5200 pcph on 4 lanes with 4600 pcph proceeding through and ACO pcph
departing at the next exit. At the entrance ramp 1200 pcph are merging, of which
1050 pcph are proceeding on the freeway, and 150 pcph are destined to the next
exit, The total volume through the weaving section amounts to 6400 pcph. Tha
problem is to detérmine the minimum spacing (far weaving) between ramps and the
number of lanes required through the weaving section to maintain level of service

C operation.

Enter with a weaving volume of 600 + 1050 or Wy + Wp = 1650, proceed right to the

40-mph curve {maximum for C) and turn downward to read a minimum required weaving

* Solutions covered in this section are also included with a more extensive
presentation of problem examples in Volume 2,
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length, L, of 1300 feet, (The fine dotted lines with arrows projected through the .

nomograph show the process in the solution). Then, from the original intersection
point proceed along the 40-mph curve to the "turning 1ine for k" and continue
upward to intersect the upper k values curve (for R = 600/1650 = 0.36); at this
point turn right and proceed to the smaller weaving volume, W» of 600, followed by
a downward turn to V = 6400; then a horizoatal projection to level of service C
Tihe (1450 pcph) for Ny = 4 produces, with a downward projection, a total number
of lanes, N, of 5.2. -A rounding to 5 lanes would be close enough to maintain a
balanced section. Theoretically, this barely places the operation into level of
service D zone with no measureable change in weaving speed (Sy) and overall speed
of weaving section (S) according to instruction 2 in Nomograph 3, thus maintaining

a speed pf 40 mph.

Example 2. [In this case a two-sided weaving section is formed by an entering ramp
on the right and an exiting ramp on the left as diagrammed in the upper part of
Nomograph 2. The existing section is badly congested and is slated for improve-
ment as required in length and width to produce an operationally balanced facility
at level of service C. The total volume of V = 4650 includes 1800 pcph (W1)
proceeding through on the freeway, and 500 pcph (Wp) crossing the freeway from

entrance to a lane-balanced exit ramp.

Following the solution arrows on the nomograph, it is noted that with Wy + W, of
2300 and level of service C, the spacing between ramps has to be increased to at
least 1900 feet. Proceeding further through the graph with R = 0.22, W, = 500,
and a proposed Ns of 3 lanes, the required number of lanes in the weaving section
is indicated to be 4.8, A rounding of N to 5 lanes would be appropriate, main-

taining reasonable balance with possibly a very slight improvement in operation.
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The resulting SV for 5 lanes approximatas 1300 pcphpl which according to Nomograph
4 (as shown by the projection lines in accordance with instruction 2) yields an
overall speed for all traffic in the weaving section of 46 mph,.with 40 mpn being

maintained by the weaving movement (and the through traffic on the freeway).

General statement for Examples 3, 4 and 5.--An existing freeway within the out-

skirts of an urban area is'to be improved to accommodate increased traffic due to
system reorientation and concentrated development projected along the corridor,
Design studies produced several alternatives for consideration. As part of
performing "capacity" analysis using projected future traffic, the existing con-
figuration (Ekample 3} has been included for comparison in. the evaluation; it
consists of a simple merge-diverge section formed by a standard entrance ramp
followed by a normal exit ramp, with tapered speed-change lanes and no auxiliary
lane within the weaving section as depicted in Figure 3-A (Chapter 2). The sacond
alternative (Example 4) utilizes an auxiliary lane between the entering and
exiting ramps as shown in Figure 3-B (Chapter 2). The third alternative iacor-
porates a section of C-D road as in Figure 3-C (Chapter 2). The projected traffic
in conjunction with weaving is to be accommodatd at LOS D and preferably LOS C.
For convenience of demonstating the problem solutions, all traffic volumes have
been adjusted for the effect of trucks and grades to pcph preparatory to using the
nomographs, The presentationﬂof this three-part overall problem emphasizes the
sensitivity of geometric changes and indicates the visual aspects of quickly
analyzing alternative plans.

- Example 3.-:The skeletonized plan, inc]ﬁding the number of lanes, length of

weaving and projected traffic for the various movements, is shown in the
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accompanying sketch. The problem is to determine if the projected traffic can be .

accommodated. If so, at what Tevel of service and associated speeds of weaving

and overall traffic within the weaving section?

- 2r == REFER T0 F15.3A

———]200" ——
L= 1200 F
2700 /820 > 2300 Viy = /o0 pcrh
Zo Wy = 500 peps
500 R=0.36
/00
oo —— = /000 V= 3300 peph
PROJECTED FUTURE TRAFF/E
Solution: Enter Nomograph 1 at the lower left and bottom with V,, = 1400 and L =
1200, and Tlocate intersection at 40-mph (initial reading of S,). Project along .

the 40-mph line to k turning line and then upward to the k value curve {con-
sidering R = 0.36); from there continue right to Wy = 500, down to V = 3300, right
to Ny = 2 portion of graph and intersect N = 2 at SV = 1900 (representing V). The
latter value indicates a highly constrained section with overall operation of
weaving section at LOS E (capacity). In Nomecgraph 3, instruction 4, enter with SV
= 1900 and read overall (comp&site) speed of weaving section, $ = 30 mph in chart
A, and corresponding weaving speed, S, = 28 mph in chart B. Extremely poor con-

ditions would prevail if this configuration were maintained in the future.

Example 4.--A minimum improvement is represented in this case by merely adding

an auxiliary lane within the weaving section between the ramp terminals and
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. reconstructing the facility to a modern standard, including a 2-Tane exit, The

weaving section assumes the following confiquration.

72/’}7I‘ e |~

__-/f‘oo'_—»-]
TRAFFIC DIAGRAM SAME AS IN PCOBLEM 3

L=1200 fT. Vi = 1400 pcph
W= 500pcplh  R=0.36 V3300 pcphk

Solution: Proceed through Nomograph 1 in the same manner as in Example 3, except
that the horizontal projection from V = 3300 is intersected (within Nb‘= 2 sec-
tion) with N = 3. This yields for the overall section an SV of about 1325, just
within LOS D, Instruction 2 of Nemograph 3 applies, so that 'the initial reading
of S, = 40 mph remains the same and the overall speed, S, equals S, or 40 mph.
. The result is sufficiently close to‘a balanced section, with considered operation

at the limit of LOS C.

Example 5.--A more elaborate improvement, emphasizing greater freedom of operation
on the freeway is presented in this example by separating the weaving movement

from the freeway. The accompanying sketch demonstrates the plan,

) : P F UK LANE

P2+ AU LANE
P N 2- — 3 —2a—
o> 2> 27
T I_x REFER TO F16.3-C
! I-(-—-»/z’oa———»{ , /
Vewy =
Fry 1800 . g = 1400 peph
: g Vig = 1400 p5p”
<D RJ. Zoo Wp = 500 pcph
509 R=036
Goo —Tmp = 1000 V= 3300pcph
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Solution: Proceed through Nomograph 1 in the same manner as before, except that
the downward projection of Wy = 500 is intersected with ¥ = 1500 (C-D road traffic
only); then, project to the right {within Ny = 2 section) to intersect with N = 2,
which yields an SV of about 1250. In the case of a local C-D road weaving sec-
tion, Nomograph 3 normally is not used as indicated previously; thus, S, with
corresponding LOS is determined by the lower-left portion of Nomagraph 1, which
yields an Sy of 40 mph and corresponding L0OS C. The through movement on the
freeway, 1800/2 = 900 pcph per lane, indicates operation at LOS B and an average

speed of about 55 mph.

The examples presented provide initial insight and familiaﬁity in the use of
nomographs, A greater number and variety of sample problems, including multipte

weaving sections, have been added to the Users Guide, Volume 2 of this report.
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TABLE A -2(cont'd)

Page 2 of 2

DATA POINT L N Vw | Vaw | Sw Sew R wvif‘w: CONFIG wg::g:a

FT [ Wy + Wa) MPH MPH | Wye Wo v GROUP
-\ X 1] tisled n sidts 31|dcy siel.ts] 1 | Is]7). [ Ml .4 | a2
M- 1 Ll a9d [ HuGE Is})12)g) 25 1 Mlol. ol . M2] .a.za 4 o] 4 B0
M-1.{ X% £ é 112lid  lslel al 395 bl lig . T V
_M._Q_ *¥x Hsc AECE E iz 4] 14__1 A H./4 NN ANENE5
M-Z_ % __ 1B 4117 bl T T b H T E 2Rl e 5

* 1 HOUR DATA BASE:

** ADDITIONAL 1 HOUR COUNTS: ALL OTHER POINTS
ARE RATES OF FLOW BASED ON 18 MIN. COUNTS.
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