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CHAPTER 1
INTRODUCTION

1.1 Problem Statement

Weaving sections are common design elements on freeway facilities such as near ramps and freeway-to-
freeway connectors. When the traffic demands exceed the capacity at weaving areas congestion may
occur, which affects the operation of the entire freeway section. Traffic operational problems also may
exist at weaving areas even when traffic demands are less than capacity because of the complexity of
vehicle interactions, resulting in poor level of service (LOS) and potential safety problems.

Efforts to develop procedures for the design and analysis of freeway weaving sections began in the 50’s.
However, the existing procedures have several shortcomings, and their practical application often
produces inconsistent results. This is mostly due to the lack of empirical data on weaving operations.
Most of the existing methods are based on limited data that are not representative of the entire range of
the geometric configurations and traffic volumes and patterns in weaving areas. The systematic
evaluation of existing weaving methods and the development of an improved analysis method have been
recognized as high priority research needs. Recently, a new weaving analysis method [1] was developed
as part of the latest edition of the Highway Capacity Manual (HCM2010) [2].

1.2 Project Objectives

In an earlier PATH project (Task Order 6304) a Weave Analysis Performance Matrix was developed to
address some of these issues. Recently a new weaving analysis method was developed as part of the
Highway Capacity Manual 2010 (HCM-2010). The objectives of this project are:

1. To upgrade and enhance the Weave Analysis Performance Matrix developed in a previous research
project (PATH Task Order 6304) and develop a plan to include it as a design tool for use by Caltrans
in the Design Manual.

2. Evaluate the HCM-2010 methodology, compare it with other weave analysis methods, and
recommend best use cases for it.

1.3 Overview of the Research
The scope of work consists of the following tasks described below.

Task 1. Technical Literature Review: A comprehensive literature review was performed on weaving
analysis methods as part of TO6304. In this Task, the literature review was updated focusing on recent
publications and ongoing work still unpublished.

Task 2A. Collect additional field data: Several cells in the weaving analysis performance matrix for
each method developed in TO6304 were lacking field data on traffic performance. There was a need to
obtain additional data and update these matrices by collecting additional data from a number of selected
sites with emphasis on sites (cells) in the performance matrix lacking field data, data collection methods,
and time and budget constraints of the project.

Task 2B. HCM2010 weaving analysis method evaluation: Evaluate the new weaving analysis method
for HCM 2010, using the same data used in the previous study (TO6304), and the new data collected in
Task 2A to determine if it is an appropriate analysis tool to be used by Caltrans staff. Incorporate the
results into the weaving analysis performance matrix.



Task 2C. Capacity estimation: The new HCM2010 weaving analysis method provides an estimate of
the weaving section capacity. The accuracy of capacity prediction for the HCM2010 as well as the other
weaving analysis methods, was evaluated by comparing predicted flow rates against observed queue
discharge flow rates at weaving sites that are active bottlenecks.

Task 2D. Evaluation of the proposed matrix: Working closely with the Caltrans Technical Advisory
Group (TAG), applied the proposed weaving analysis Performance Matrix on selected real-world case
studies and assessed its usability and usefulness in analysis of weaving sections. Updated and refined the
Performance Matrix based on the feedback from the Caltrans TAG.

Task 3. Preparation of final report and workshop: A final report was prepared documenting in detail
the work performed and presenting the major findings. One workshop was held to present the project
findings to the Caltrans TAG and other Caltrans staff.

1.4 Organization of the Report

This document is a final report for the project. Chapter 2 provides background on existing weaving
analysis methods and describes the HCM2010 methodology. The evaluation of the HCM2010
methodology on 30 real-world weaving sections is presented in Chapter 3. Chapter 4 describes the field
data collection on three weaving sites. The findings from the application of all methods on the field data
are described in Chapter 5. Chapter 6 describes the application of the weaving analysis Performance
Matrix on the real-world case studies and its usability for the analysis of weaving sections. Chapter 7
summarizes the study’s conclusions along with comments on extensions of this work. Appendix A
includes the study database (Chapter 3) and Appendix B lists the study database (Chapter 5) for the San
Diego sites.



CHAPTER 2
BACKGROUND

2.1 Weaving Analysis Methods

The first formal procedure for analysis of weaving sections appeared in the 1965 edition of HCM [4],
based on research conducted by O.K. Normann [5]. The basic model in the 1965 HCM is a relationship
between weaving length, total weaving volume, and Level of Service. The 1965 HCM method was
widely used and brought some national consistency to the analysis and design of weaving areas. The
methodology covered a wide range of situations and configurations in which weaving could exist.
However, the method was based on very limited few field data.

The Level D Method was developed in California by Moskowitz & Newman to analyze weaving sections
under heavy traffic conditions (Level of Service (LOS) is D or E) [6]. The method is designed for
weaving sections with one lane on-ramp followed by off-ramp with a continuous auxiliary lane. The
method provides the percentages of on-ramp and off-ramp traffic remaining in the auxiliary lane and the
right-most through lane at 500 ft intervals through the weaving section, as well as the proportion of the
freeway through traffic remaining in outer through lane in the weaving section. The analyst estimates the
traffic volumes in the right most through lane and the auxiliary lane at 500 ft intervals using the provided
percentages. These values are compared against the lane capacities in the weaving section. The Level D
method was later extended for other types of weaving sections with multiple on- and off-ramps [7].

The Leisch Method was developed by J. Leisch based on data from 48 weaving sections around the
country [8]. The method uses concepts similar to the 1965 HCM and a nomograph approach. The
primary relationship is between the length of the weaving section and the total weaving volume. The
solution of the nomographs results in determination of either the LOS of a weaving section with known
design characteristics, or the number of lanes needed to obtain a specified LOS. The method accounts for
the difference in operational characteristics between lane-balanced and unbalanced weaving sections.
Lane balanced sections have one more lane going away, such as an optional lane at exit; i.e., one weaving
movement is not required to change lanes. The advantage of the Leisch method is that it is relatively
straightforward to apply, and could be manipulated to produce design and/or operational analysis results.
However the development and calibration of nomographs was mostly based on experience and judgment
with very limited field data.

The HCM2000 Method [9] was originated from the weaving analysis method developed by the
Polytechnic Institute of New York [10] and the research for the development of the 1985 Highway
Capacity Manual [11,12]. This method is based on the same field data as the Leisch method, but it
explicitly recognizes the geometric configuration of the weaving section, depending on the minimum
number of lane changes required by the weaving vehicles. Freeway weaving sections are classified into
three configurations, depending on the minimum number of lane changes required by weaving vehicles as
illustrated in Figure 2.1.

o Type A: each weaving vehicle must make one lane-change (ramp weaves)

e Type B: major weaving configurations requiring one lane change for the one weaving movement and
none for the other weaving movement (balanced sections)

o Type C: major weaving configurations requiring two or more lane changes for one weaving
movement and none for the other weaving movement (unbalanced sections)
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Figure 2.1 Configurations of Freeway Weaving Sections (HCM2000/1985)

The HCM2000 method also introduced the concept of constrained vs. unconstrained operations.
Constrained operations occur when the geometry of the section constrains weaving vehicles from using
certain freeway lanes. Under constrained operations weaving vehicles occupy a smaller proportion of the
roadway than they would without the constraint of geometry; non-weaving vehicles occupy more space,
and the difference between non-weaving and weaving vehicle speeds increases. The LOS is defined
based on the speeds of weaving and non-weaving vehicles:

Several concerns have been expressed by transportation researchers and professionals regarding the
HCM2000 method because a) it could not provide capacity estimates; b) it uses rather complex equations
for estimating weaving and non-weaving vehicle speeds to determine LOS, and the logic of these
formulae is not readily apparent, and c) often inappropriately reflects impacts created by changes in
geometric configuration of the weaving areas.

2.2 The HCM2010 Methodology

The HCM2010 weaving analysis methodology brings important differences compared to the existing
HCM2000 procedure; namely, a) it does not classify the weaving sections into different configuration
types (A, B, or C), b) it includes a new definition of the weaving section length, c) it explicitly accounts
for the number of lane changes, and d) it includes a direct method for estimating weaving section
capacity.

2.2.1 Weaving Section Length

The weaving section length is typically measured as the distance between points in the respective gore
areas where the left edge of the ramp traveled way and the right edge of the freeway traveled way meet.
This is called base length Lzg. The HCM2010 methodology uses the short length, L; which is defined as
the distance between the end points of any barrier markings (solid lines) that prohibit or discourage lane
changing (Figure 2.2). Based on the data collected as part of the HCM2010 weaving analysis
methodology the following relationship exists:

Figure 2.2 Weaving Section Length (source: Exhibit 12-2, HCM2010)



2.2.2 Number of Lane Changes in the Weaving Section
The HCM2010 methodology explicitly considers the number of lane changes in the weaving segment.

The total number of lane changes LC.; consists of the lane changes by the weaving vehicles LCy plus
the number of lane changes by the non-weaving vehicles LCwy:

LC,, =LC, +LCy, (2

Number of lane changes by weaving vehicles: The total lane-changing rate LCy for weaving vehicles is
the sum of the minimum lane changes LCuynv plus the optional lane changes for weaving vehicles that
could occur in the weaving segment:

LCw = LC,, +0.39(L, —039)" N1+ ID)**]  (3)

where:
LCyy = (LCppxvee ) + (LC ppxvi)  (4)
L = weaving section length (ft)
LCrrrry = minimum number of lane changes that a freeway to ramp (ramp to freeway)
vehicle must make to complete the desired weaving maneuver
N = number of lanes in the weaving section
ID = interchange density (int/mi),

vrr(Fr) = ramp to-freeway (freeway-to-ramp) demand flow rate in the weaving section (pc/h)

Number of lane changes by non-weaving vehicles: The lane changes performed by non-weaving
vehicles are optional. Such lane changes are made to avoid the turbulence created by the lane changing
maneuvers of weaving vehicles, and/or to improve vehicle’s speed. The estimation of the number of lane
changes depend on the “a non-weaving vehicle index” Iy defined below:

LyIDv,,,
=5 _NF 5
10,000 ©®)

where vy is the demand flow rate of the non-weaving vehicles.

The number of lane changes for non-weaving vehicles is:

If Lyw < 1,300 LC,y = Ly, LC,,, =(0.206v,, )+(0.542L; )~ (192.6N)  (5)

If Ivw >1,950 LCyy =Ly, LC,,, =2135+0.223(v,, —2,000) (6)
Iy —1,300

If1,300<Lyw<1,950  LC,, =L,,, LC\ys = Ly, +(LC oy = LC S 10



2.2.3 Average Speed of Vehicles in the Weaving Section

The average speed of weaving vehicles S, is:

g :15+FFS—15

" a+w) ®)

where FFS is the freeway free-flow speed and W is the weaving intensity factor which is a
function of the total lane-changing rate within the weaving segment:

LC 0.789
W= 0.226(¢] (9)

N

The average speed of non-weaving vehicles Syw is computed using the following equation:

S,y = FFS —(0.0072LC,,,,) - (0.0048%) (10)

where v is the total demand flow rate.

As expected, the speed of non-weaving vehicles decreases with an increase in the weaving turbulence,
caused by either increases in the LCyyy or the total demand flow rate per lane.

The average space mean speed of all vehicles in the weaving segment is calculated as follows:

224

vw + VNW
[vw j+[vNW J
SW SNW

where v and vy are the weaving and non-weaving demand flow rates in the weaving segment
respectively.

S = (11)

Level of Service (LOS)

Next, the density for the weaving section is computed from the average speed and flow rate. The Level of

Service

(LOS) is determined from the computed density value based on Table 2.1 below:

Table 2.1 HCM2010 LOS Criteria for Freeway Weaving Sections

LOS

Density (pc/mi/In)

o m g O w >

0-10
>10-20
>20-28
>28-35
>35
Demand Exceeds Capacity




2.2.5 Capacity of the Weaving Section

The HCM 2010 methodology computes two values for the capacity of the weaving section— one based
upon a density of 43 pc/mi/ln, which according to the HCM2010 is the value that freeway breakdowns
occur, and the other based upon the maximum weaving flow rates. The minimum of the two values is the
capacity of the weaving section.

The capacity of a weaving segment determined by the freeway breakdown density is:

Com = Cory — 438200+ VR)* |+[0.0765L, ] +[119.8N,,, ] (12)
where:
cr = capacity of the weaving segment under equivalent ideal conditions (pc/h/In)

cirr = capacity of a basic freeway segment with the same free-flow speed as the weaving segment under
equivalent ideal conditions (pc/h/In)

Nwyr = number of lanes from which weaving maneuvers can be made with one lane change or no lane
changes.
VR = volume ratio for weaving demand (= total weaving volume/total volume)

The respective total capacity under prevailing conditions is calculated as follows:
Cyp = CIWLNfHpr (13)

where fyy and fp are adjustment factors for heavy-vehicle presence and driver population
respectively.

The capacity of a weaving segment determined by the total weaving demand is estimated as follows:

Cop = 2’;;)0 for Nwr =2 lanes (14)
3,500
Cop = ,VR for Ny = 3 lanes (15)

where ¢y is the capacity of all lanes in the weaving segment under ideal conditions (pc/h). As
before the respective total capacity under prevailing conditions is calculated as follows:

Cp = C[WLfHpr (16)

The capacity of the weaving segment is defined as the smaller of the values in (13) and (16).



CHAPTER 3
EVALUATION OF THE HCM2010 METHODOLOGY

This Chapter describes the application of the HCM2010 on existing data from weaving sites in California.
The data were collected in previous research studies.

3.1 The Study Database

Data from several real-world weaving sections throughout the US (Table 3.1) were assembled covering a
range of configurations and design and traffic characteristics. The final database consists of 30 test sites
and a total of 228 data points of volumes and speeds. Table 3.1 shows the available datasets per
geometric characteristics (number of lanes and configuration) and source. The sources and characteristics
of data are further described below:

California Studies —Major Weaving Sections [13]: Data on eight major weaving sections in California
were collected in late 1980s using video recording and processed to obtain volumes per traffic movement,
speeds of weaving and non-weaving vehicles and lane distribution of component flows. All the sites are
major weaving sections with more than one lane on or off-ramps, typical of urban freeway weaving sites.
The data were reviewed for accuracy and coded into the study database for further analysis. There are a
total of eight test sites and 32 data points of volume and speed conditions (Table 3.2).

Table 3.1 The Study Database

Number of Lanes in the Weaving Section
CONFIGURATION N=3 N=4 N=5 (or more)
RAMP WEAVE MD-100EB-1 SR-91EB
One lane on- and I-580EB
off-ramps I-10EB
US-101NB*
SR-91WB
I-110SB
I-10WB
SR-60EB
I-5SB
MAJOR WEAVE MD-100EB-2 1-405EB I-80FB
BALANCED SR-92WB SR-102WB 1-95SB
More than one lane on- SR-217SB I-5SB-1 I-5SB-2
or off- ramps SR-202EB I-805NB
I-10WB_SB
I-10WB_LA
MAJOR WEAVE US-101NB
UNBALANCED SR-101EB
More than one lane on- 1-280SB
or off-ramps US-101SB
I-10EB_LA*
*six lanes

xxxx: California Studies
xxxx: NCHRP 3-75 Data
xxxx: NGSIM Data



Table 3.2 Major Weaving Sites—California Studies

L L FFS \'; S D

TEST SITE ) | ) | [mpn)]| vph) | YR | (mph) | vimn)
SR 92WB 1400 | 1078 | 3 65 3221 0.43| 51.73| 20.75
San Mateo 2760 0.41 53.55| 17.18
3035| 0.35| 59.67| 16.95

4033| 0.33| 57.44| 23.40

1-805NB 1371 1056 | 3 65 7197| 0.22| 60.69| 23.72
San Diego 6663| 0.23| 60.66| 21.97
6903| 0.25| 61.04| 22.62

6909| 0.23| 56.75| 24.35

I-10WB 1690 [ 1301 3 65 7751| 0.31| 58.00f 26.73
Los Angeles 5986 0.31| 62.90 19.03
5941| 0.32|] 62.03| 19.15

5832| 0.33| 62.17| 18.76

6427| 0.33| 60.42| 21.27

I-10WB 1989 | 1532 | 3 65 4020| 0.25( 59.01| 13.62
San Bernardino 3822| 0.25| 60.16| 12.71
4612| 0.25| 65.61| 14.06

US 101NB 787 | 606 2 65 9684| 0.43| 48.70| 39.77
Los Angeles 9202 0.38| 48.72| 37.77
1-280SB 1347 | 1037 | 2 65 5665| 0.30| 67.80| 16.71
San Jose 5130] 0.32| 67.13] 15.28
4720| 0.31| 62.74] 15.05

4997| 0.31| 65.86| 15.17

7092| 0.27| 64.23| 22.08

7391| 0.28| 61.36] 24.09

I-10EB 1437| 1106 | 2 65 4622| 0.37| 52.70| 14.62
Los Angeles 4389 0.40| 51.73| 14.14
5800| 0.34| 57.25| 16.88

6411| 0.34| 56.93| 18.77

10102| 0.37| 45.65| 36.88




California Studies —Ramp Weaves: Caltrans staff collected data on weaving sections in the early 90’s
using video recordings, as part of a study to evaluate the accuracy of the Level D method [14]. All the
data were collected on urban freeways with a one lane on- and off-ramp connected with an auxiliary lane.
Most of the data in each study site consisted of 5 minute volumes per movement. Speeds of weaving and
non-weaving vehicles were extracted from eight sites. At the time of the data collection there was a 55
mph posted speed limit on all locations. Table 3.3 shows the final ramp weaves database consisting of
eight sites all five lane wide and 84 data points of volumes and speeds.

The NGSIM Data Sets: Detailed data on freeway operations have been collected as part of the of Next
Generation Simulation (NGSIM) program sponsored by FHWA [15]. The NGSIM database consists of
vehicle trajectories and aggregate loop detector data from two weaving sections in California: [-80EB in
San Francisco Bay area and US-101NB in Los Angeles. The Interstate 80 site is Type B weaving section
per HCM2000 with a length of 1,650 ft; there are six freeway lanes entering the weaving section with
lane 1 an HOV lane. There is a lane drop downstream of the off-ramp. The US-101NB is a typical ramp
weave section with five through lanes, one lane on and off ramps and a continuous auxiliary lane. There
are a total of eight data points of volumes and speeds in congestion and transition.

The NCHRP 3-75 Database: The data base for the National Cooperative Highway Research Program
(NCHRP) Project 3-75 that produced the HCM2010 methodology consisted of 10 sites for 104 data points
in four different regions of the country [1]. The data on traffic volumes and speeds were collected using
video recordings. Most of the weaving sections are balanced sections with five lanes.
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Table 3.3 Ramp Weaving Sites—California Studies

TEST SITE (th) (';ts) N (:1';‘:’]) (v:h) VR |S (mph)|D (v/im/l)
1-580EB 1250 | 963 2 55 6096| 0.33 | 45.0 27.1
Oakland 6264| 0.29 | 46.0 27.2
6804| 0.32 | 42.0 32.4
6708 0.31 | 44.0 30.5
6108| 0.29 | 47.0 26.0
7608]| 0.30 | 42.0 36.2
7836 0.31 | 41.0 38.2
8328] 0.27 | 42.0 39.7
94441 0.26 | 41.0 46.1
87841 0.26 | 42.0 41.8
8208| 0.26 | 43.0 38.2
8052 0.30 | 41.0 39.3
8112 0.29 | 41.0 39.6
8532| 0.26 | 42.0 40.6
8100] 0.33 | 39.0 41.5
8364| 0.29 | 41.0 40.8
8340] 0.31 | 40.0 41.7
8412 0.32 | 39.0 43.1
8736 0.27 | 41.0 42.6
9984( 0.30 | 37.0 54.0
8592| 0.31 | 39.0 44 1
9528] 0.31 | 37.0 51.5
9252| 0.28 | 40.0 46.3
8700 0.33 | 38.0 45.8
3972 0.33 | 55.0 14.4
3972| 0.37 | 55.0 14.4
3912| 0.37 | 57.0 13.7
1-5SB 1255 | 966 2 55 4284] 0.26 | 55.0 15.6
San Diego 4392] 0.21 | 54.0 16.3
4620( 0.24 | 55.0 16.8
5868 0.21 | 55.0 21.3
6132| 0.21 | 53.0 231
6240 0.20 | 53.0 23.5
5988 0.17 | 53.0 22.6
5880 0.19 | 54.0 21.8
6108| 0.19 | 54.0 22.6
SR 91WB 1895 | 1459 2 55 5448] 0.13 59.0 18.5
Los Angeles 5124| 0.12 | 60.0 17.1
5592 0.11 | 58.0 19.3
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Table 3.3 Ramp Weaving Sites—California Studies (continued)

SR 60EB 5 | 1100 | 847 2 55 9240] 0.08 | 60.0 30.8
Los Angeles 8784 0.09 | 58.0 30.3
8568| 0.09 | 59.0 29.0
5400| 0.08 | 60.0 18.0
5388( 0.10 | 63.0 171
5052 0.11 | 60.0 16.8
5340| 0.08 | 60.0 17.8
5760| 0.09 | 61.0 18.9
6168| 0.10 | 61.0 20.2
6240| 0.08 | 60.0 20.8
5520| 0.10 | 61.0 18.1
5880( 0.07 | 61.0 19.3
6720| 0.07 | 59.0 22.8
7068| 0.08 | 59.0 24.0
6708| 0.08 | 59.0 22.7
1-10WB 5 | 1010| 778 2 55 4428| 0.17 | 55.0 16.1
Los Angeles 4524( 0.15 | 56.0 16.2
4800( 0.16 | 55.0 17.5
4404( 0.18 | 55.0 16.0
5244 014 | 54.0 194
4524( 0.19 | 56.0 16.2
4608( 0.14 | 55.0 16.8
4992( 0.19 | 54.0 18.5
4752( 0.11 | 55.0 17.3
4584( 0.13 | 56.0 16.4
4980( 0.15 | 55.0 18.1
5244 015 | 55.0 19.1
1-110SB 5 | 610 | 470 2 55 7716| 0.07 | 52.0 29.7
Los Angeles 7488( 0.07 | 50.0 30.0
7440| 0.09 | 53.0 28.1
SR 91EB 5 | 845 | 651 2 65 6612 0.13 | 58.9 22.5
Los Angeles 6084( 0.14 | 58.4 20.8
6396| 0.10 | 58.6 21.8
I-10EB 5 950 | 732 2 55 5244 0.08 | 57.0 18.4
Los Angeles 5172| 0.06 | 55.0 18.8
5664| 0.08 | 55.0 20.6
4980| 0.07 | 59.0 16.9
6264 0.07 | 53.0 23.6
6156( 0.08 | 54.0 22.8
5508| 0.07 | 55.0 20.0
6000| 0.08 | 55.0 21.8
5340( 0.12 | 54.0 19.8
5340( 0.10 | 55.0 19.4
5112| 0.08 | 56.0 18.3
5436| 0.11 | 54.0 20.1

12



3.2 Application of the HCM2010 Methodology to Weaving Sections

The HCM2010 methodology was applied to the California datasets, a total of 116 data points (Tables 3.2
and 3.3) to predict the density and LOS in the weaving sections. We did not apply the method to the
NCHRP and NGSIM test sites, because those data were used to develop the HCM2010 and the emphasis
in the evaluation is to determine the methodology’s accuracy in analyzing California weaving sections.
The datasets from NCHRP and MGSIM were utilized later in the project along new data collected to
develop an improved procedure as appropriate.

The HCM2010 method predictions were compared to the field measurements within a site and across all
sites to determine the strengths and limitations of the methodology. The findings from the analysis are
described below:

The HCM methodology predicts that the traffic demand exceeds the capacity in 15 datasets shown in
Table3.4. In this situation the method does not calculate density or LOS. Field measurements indicate
that these weaving sections operate below capacity. As it is shown on Table 3.4, all the weaving sections
are ramp weaves or unbalanced sections with high weaving ratio VR (fraction of weaving volume to total
volume) and appears that HCM2010 underestimates the capacity in these situations.

As it was described in Section 2.2.5 the HCM2010 calculates the capacity as the smaller of two values:
the capacity estimate Cp based on the breakdown density for freeways of 43 pc/mi/lane and the capacity
estimate Cw based on the total weaving volume. Table 5 shows that the Cp value exceeds the measured
volumes, but the Cw is lower in all datasets.

Table 3.4 HCM2010 Predicted Capacity vs. Field Measurements

HCM2010
L L FFS Vw Cp Cw Cc
TEST SITE N (ft) () NwL (mph) | (vph) VR |V (vph) wph) | vph) | wph)
I1-580EB 5 1250 | 963 2 55 2424 | 0.31 7836 | 9376 7758 | 7758
Oakland 2472 | 0.26 | 9444 | 9570 9169 | 9169
2436 | 0.30 | 8052 9404 7933 | 7933
2712 | 0.33 | 8100 9274 7168 | 7168
2436 | 0.29 | 8364 | 9450 | 8240 | 8240
2556 | 0.31 8340 9388 7831 7831
2676 | 0.32 | 8412 9340 7544 | 7544
2052 | 0.30 | 9984 | 9432 | 8117 | 8117
2640 | 0.31 8592 9385 7811 7811
2928 | 0.31 9528 9384 7810 | 7810
2592 | 0.28 | 9252 9465 | 8567 | 8567
2844 | 0.33 | 8700 | 10707 | 7342 | 7342
US 101NB 5 787 | 606 2 65 4119 | 043 | 9684 | 9067 5643 | 5643
Los Angeles 3517 | 0.38 | 9202 9252 | 6279 | 6279
I-10EB 6 1437 1106 2 65 3781 | 0.37 | 10102 | 11373 | 6412 | 6412
Los Angeles

The HCM2010 methodology predicted in 8 datasets that the traffic demands are below capacity but the
calculated densities are higher than the critical density of 43 pc/mi/l (Table 3.5). This is an inconsistency
in the methodology because if the weaving section under consideration operates below capacity then the
density should be below the critical density value. The issue was brought to the methodology developers
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and to the members of the Transportation Research Board Highway Capacity and Quality of Service
Committee but no response has been received to-date.

Table 3.5 HCM2010 Density Predictions above Critical Density

FIELD DATA HCM2010
L | L FFS | Vv D s D

TEST SITE N ) (fts) Nwe | mph) | voh) S PP venimiy | “©S | (mph) | (vehmm | “©S

I-580EB 5 [1250] 963 | 2 55 |7608] 420 | 36.2 E | 331 | 460 E

Oakland 8328 | 42.0 | 39.7 E | 329 | 506 E
8784 | 42.0 | 41.8 E | 319 | 5541 E
8208 | 43.0 | 382 E | 333 | 493 E
8112 | 41.0 | 39.6 E | 323 | 502 E
8532 | 42.0 | 40.6 E | 326 | 523 E
8736 | 41.0 | 42.6 E | 316 | 553 E

SR 60EB 5 |1100| 847 | 2 55 |9240| 60.0 | 308 D | 409 | 452 E

Los Angeles

Figure 3.1 shows the average percentage error and the root mean square error (RMSE) between the
observed and HCM2010 predicted densities at all the remaining datasets (a total of 93 datasets). On the
average the HCM2010 predicted density is 22% higher than the observed values and the RMSE is 5.1
pc/mi/l. Figure 3.1 also shows a comparison of field and predicted values per configuration type. The
HCM2010 method performs best for balanced weaving sections (average difference of 8.3% and RMSE
of 2.1 pc/mi/l). HCM2010 over-predicts the densities for ramp weaves and unbalanced weaving sections
by 24% on the average.

30.00

B % DIFFERENCE BRMSE

25.00 24.37.

20.00
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10.00
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0.00 -

ALL N=93 RAMP WEAVE N=64 NwL =3 (BALANCED) N=16 NwL =2 (UNBALANCED) =13
WEAVING SECTION CONFIGURATION/# DATA SETS

Figure 3.1 Measured vs. HCM2010 Predicted Densities
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Figure 3.2 shows in more detail the observed and HCM2010 predicted densities per weaving section
configuration. The largest differences are for ramp and unbalanced weaving sections under heavy traffic
conditions.

Regarding the LOS, the HCM2010 methodology predicted a worse LOS than observed in 51 out of 93
datasets (55%). The majority of datasets (43) were ramp weaves.
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CHAPTER 4
FIELD DATA COLLECTION

This Chapter describes the selection of ramp weaving sites and the collection of new ramp weave
field data at the selected sites.

4.1 Selection of Data Collection Sites
The selection of weaving test sites was based on the following criteria:

Test Site is a Bottleneck location: the presence of a weave area bottleneck is characterized by
the presence of two observable traits, which are necessary to measure the capacity of the weave
area:

1)  Upstream demand must be sufficient as to not starve the weave bottleneck. Queueing
(congestion) should be present at one or more of the approaches to the weave area.

2)  Downstream effects cannot hinder traffic discharging from the weave bottleneck —
traffic discharging the weaving area should be freely flowing.

Test Site Characteristics: because the objective is to evaluate the HCM2010 weaving analysis
method, the selected site should not include characteristics that may prevent the application of
the HCM2010 method. The HCM2010 methodology has the following limitations:

o Special lanes, such as High-occupancy vehicle lanes, within the weaving segment;
o Ramp metering on entrance ramps forming part of the weaving segment;

o Specific operating conditions when oversaturated conditions exist;

o Effects of speed limit enforcement practices on weaving segment operations;

o Effects of intelligent transportation system technologies on weaving segment
operations;

o Weaving segments on arterials or other urban streets, including one-way frontage
roads;

. Multiple weaving segments.

Availability of Reliable Detector Data: Working freeway mainline loop detectors upstream of
the weaving section, within the weaving section, and downstream of the weaving section were
desired properties of a weave segment for analysis purposes; as were functional loop detectors at
the weave’s upstream on-ramp and downstream off-ramp. Weaving sites with regularly spaced
detector data archived in the freeway performance measurement system (PeMS) were preferred
over sites with poor or no archived loop data.

The PeMS archived loop data was utilized for a few key purposes. First during the selection
process to determine if a test site was a regularly active bottleneck (a key criterion for selecting
the test site). During the weave analysis, the PeMS data were used to determine when
downstream pressure could have been affecting the weave’s performance (important for
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quantifying the performance of weave sections). Finally, the PeMS archived loop data were used
to check the accuracy of field data collection equipment.

Possibility for Placement of Data Collection Equipment: the weaving data collection sites
needed to be compatible with the proposed data collection methods, i.e., MioVision cameras and
Bluetooth units. Both collection devices require poles or other locations for mounting the
equipment.

The selection of the test sites was performed as followed:

The members of technical advisory group proposed a total of thirty five test sites in the Districts
3,5,6,7,11 and 12. Detector data on each site from PeMS were extracted and processed to
determine if the potential sites were active bottleneck locations. Next, the sites identified as
active bottlenecks were visited. A detailed site investigation was performed on the selected sites
to assure that they were compatible with the proposed data collection procedures — for example,
field site visits confirmed that the sites had adequate light and/or sign poles along the weave
section for to mount the MioVision and other traffic data collection equipment.

Another important consideration in selecting the sites to collect data, was the availability of
assistance from the District maintenance departments to safely install and uninstall the data
collection equipment on light and/or sign poles along the selected freeway weaving sites.

The following three weaving sites were chosen. All the sites are located in District 11 in San
Diego. The sites are shown in Figure 4.1.

1. I-5 North before Sea World Drive
2. 1-5 South before SR-52
3. 1-805 North before Governor Drive

4.2 Field Data Collection

The data to be collected include a) traffic counts and speed per movement, i.e., freeway-to
freeway, freeway to ramp, ramp to freeway and ramp to ramp. The speed data are obtained from
the travel times measured using Bluetooth sensors. MioVision units were utilized to video
record traffic volumes. Figure 4.1 shows the location of Bluetooth and MioVision units in each
site.

The data collected were thoroughly checked for accuracy and consistency. Figure 4.2 shows a
comparison of traffic volumes from PeMS obtained from the loop detectors at the site and the
volumes obtained from processing the MioVision recording. Figure 4.3 shows the travel times
for each weaving movement based on the Bluetooth data. It also shows the peak period is the
pm period. The speed of weaving and non-weaving vehicles was calculated based on the
distance of Bluetooth sensors and recorded travel times. The Bluetooth data gave us also the
proportion of each weaving movement in the total volume in the section (Figure 4.4). It can be
seen that most of the traffic volume is freeway to freeway.
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The processing of the data produced a total of 96 data points per day over 5 weekdays for each
site consisting of traffic volumes, speeds, and estimated densities.

WEAVE TYPE: Unbalanced (Ramp)
A.D.T. AT WEAVE: 81,000

Gilman Dr Entrance SR 52 Exit

a) Site #1 I-5 SB before SR 52

WEAVE TYPE: Unbalanced (Ramp)
A.D.T. AT WEAVE: 104,000

NORTH e
(not to scale)

, 1150° 200 , 850'
!

, 1100
!

I-8 Entrance

b) Site #2 I-5 B before Sea World Drive

WEAVE TYPE: Unbalanced (Major)
A.D.T. AT WEAVE: 80,000

NORTH J—
500 B 1000 B fnot to scale)

. overnor Dr Exit
SR 52 Entrance

¢) Site #3 I-805 NB before Governor Drive
' Placement of Data Collection Equipment

Figure 4.1 Selected Test Sites for Field Data Collection
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CHAPTER 5
APPLICATION OF WEAVING ANALYSIS METHODOLOGIES TO FIELD DATA

5.1 Density Estimation — Application of Weaving Analysis Methodologies to Field Data

The HCM2010 method was applied to the three San Diego Ramp Weave datasets. Each San Diego
dataset contained 15-minute aggregated traffic volume, speed, and empirically estimated densities,
totaling 96 data points per day for 5 weekdays.

The HCM2010 method density predictions were compared to the field measurements for each of the three
sites to determine the strengths and limitations of the HCM2010 methodology. This analysis procedure
was repeated for the 5 weekdays of data at all three San Diego sites using the Caltrans Level D method.
Finally, the analysis was repeated using the 5 days of data from San Diego Site #3 using the Leisch
Method to gain insights as to how well the Leisch Method’s density estimates compared to the field
measured densities and those predicted by HCM2010 and Level D methods.

The findings from the analysis are described below:

HCM2010 Method: Study findings using the San Diego weaving sites was largely consistent with the
findings presented in Chapter 3 of this report. Using the San Diego Site #3 dataset, the HCM2010
methodology predicted in 4 instances that the traffic demands are below capacity but the calculated
densities are higher than the critical density of 43 pc/mi/l (Table 5.1). As was pointed out in Chapter 3,
this is an inconsistency in the methodology because if the weaving section under consideration operates
below capacity then the density should be below the critical density value. There were no observed data
points from San Diego sites #1 and #2 datasets with a density above the critical density of 43 pc/mi/l.

Table 5.1 HCM2010 Density Predictions above Critical Density (San Diego Ramp Weave Sites)

FIELD DATA HCM2010
L FFS Y
TEST SITE N S N
@ | " | (MPH)| (wph) | S D 1 ios| S D | Los
(mph) | (veh/m/l) (mph) | (veh/m/l)
San Diego Site #3 5 1670 2 65 | 9616 | 264 | 728 E 424 | 454 E
|-805 Northbound 9,538 | 27.5 69.3 E 42.7 44.7 E
between SR 52 9,476 | 254 | 746 E | 419 | 452 E
& Govenor Drive 9352 | 234 | 800 E | 424 | 441 E

Figure 5.1 shows the observed and HCM2010 predicted densities for each of the three San Diego weave
site. The largest differences between the observed densities and the HCM2010 predicted densities are for
heavy traffic conditions. It can be seen from Figure 5.1 that HCM2010 nominally over predicts densities
for low volume traffic conditions and tends to under predict densities as the observed densities approach
the range of 30 — 40 veh/m/I1.

The data points represented as red colored squares in Figure 5.1 are where downstream conditions could
have been affecting the traffic conditions within the weave segments. Traffic speeds at a nearby
downstream PeMS station was monitored. The data points (observations) were flagged and coded RED
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when the downstream traffic speeds dropped below 50 mph — that is when free flow traffic conditions
could not be confirmed just downstream of the merge segment. The observed density vs. HCM2010
predicted density patterns were similar at all three San Diego weaving sites.

Level D Method: Next, the Caltrans Level D method was applied to the datasets from the three San
Diego weaving sites. Figure 5.2 shows the measured and Level D predicted densities for the three San
Diego weaving datasets. The data points represented as red colored squares in Figure 5.2 are where the
observed speeds was below 50 mph at the closest downstream PeMS station — as was done in Figures 5.1.

The measured vs. Level D predicted density patterns are similar across the three San Diego weaving sites,
and similar to those displayed in Figure 5.1. At the three San Diego weaving sites, the Level D method
slightly over predicted densities for low volume traffic conditions and tended to under predict densities
where the observed densities were above the 30 — 40 veh/m/I range.
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Leisch Method: For comparative purposes, the Leisch Method was applied to the dataset from Site #3:
Interstate 805 NB in San Diego between SR 52 (on) & Governor Drive (off). Figure 5.3 displays the
observed (measured) and Leisch Method predicted densities for the 15-minute periods in Site #3 dataset.
The data points represented as red colored squares in Figure 5.3 are where the observed speeds was below
50 mph at the closest downstream PeMS station.

Similar to HCM2010 and Level D methods, the Leisch Method nominally over predicted densities for
low traffic conditions. For congested traffic conditions, the Leisch method significantly under predicted
density for some 15-minute periods and significantly over predicted density for other 15-minute periods.
The average of the Leisch predicted densities were in the range of the average of the measured congested
traffic conditions.
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Figure 5.3 Measured vs. Leisch Predicted Densities for Ramp Weave Site #3

(RED squares are times when downstream congestion could be affecting weave performance.)

Table 5.2.a lists the average percentage error and the root mean square error (RMSE) between the
observed and HCM2010 predicted densities for the three San Diego weaving sites. For the three San
Diego ramp weave sites, the average HCM2010 predicted density is 13.40% higher than the observed
values (as compared to 24.4% higher for the ramp weaves shown earlier in Figure 3 in Section 3.2 of this
report). The average RMSE is 5.76 pc/mi/l for the San Diego sites (the average RSME was 5.5 for ramp
weaves shown previously in Figure 3 of Section 3.2 of this report). Table 5.2.b shows the average
percentage error and RMSE for the Level D method, and Table 5.2.c lists the same for the Leisch method.

The HCM2010 method has a significantly larger average percentage difference than the Level D or
Leisch method. The HCM2010, Level D and Leisch methods aggregate performance on predicting
densities for ramp weaves was similar using the RMSE measure.
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Table 5.2 Measured vs. Predicted Densities (San Diego Ramp Weave Sites)

AVERAGE
SITE | o DIFFERENCE RSME (a) HCM2010 Method
SITE #1 13.71 2.65
SITE #2 27.73 4,83
SITE #3 -1.24 9.80
AVERAGE 13.40 5.76
AVERAGE
SITE % DIFFERENCE RSME (b) Level D Method
SITE #1 0.59 3.62
SITE #2 20.16 3.10
SITE #3 -10.55 11.96
AVERAGE 3.40 6.23
AVERAGE
SITE % DIFFERENCE RSME (¢) Leisch Method
SITE #1 n/a n/a
SITE #2 n/a n/a
SITE #3 -2.07 8.68
AVERAGE -2.07 8.68

5.2 Capacity Estimation — Application of Weaving Analysis Methodologies to Field Data

The HCM2010 method estimates the capacity of a freeway weave section for a given geometric
information (e.g., number of lanes and weave length) and the total hourly volume rate and the HCM
weaving volume to total volume ratio (VR).

The HCM2010 predicted capacities were plotted as a function of the HCM2010 VR parameter, along with
the field measured total hourly traffic volume rate (in vehicles per hour) using the San Diego weaving
datasets to see if any of the measured hourly traffic volumes exceeded the HCM2010 predicted weaving
capacities (see Figure 5.4). The measured hourly volumes were below the HCM2010 predicted capacity
for all 15-minute periods observed at Site #1 and Site #2. However, for Site #3, there were several 15-
minute observed data points where the measured hourly volumes exceeded the HCM2010 predicted
hourly capacities.

The vast majority of the observations where the weaving section discharge flows exceeded the HCM2010
predicted capacities occurred at a relatively high weaving volume to total volume ratio (VR) — where
weaving volumes were in the range of 30% to 40% of the total volumes in the weave segment. In this VR
range and above the HCM2010 predicted capacities are considerably reduced to account for the
turbulence caused by high lane changing caused by the weaving maneuvers.
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Figure 5.4 Measured Hourly Volumes and HCM2010 Predicted Capacities
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5.3 Discussion

To form more complete explanations for the density trends presented in the preceding Section 5.1,
additional analysis were performed. The 15-minute average measured volumes and densities were
graphed to form a traditional fundamental traffic flow diagram with densities on the horizontal axis and
traffic volumes (sometimes called traffic flows) on the vertical axis. Figure 5.4 shows the measured
densities and traffic volumes, along with the HCM2010 and Level D predicted densities for San Diego
sites #1, #2 and #3. The Leisch Method predicted densities were also added to the density-flow figure for
Site #3. The data points where downstream congestion might have been affecting the weave’s
performance (those data points with downstream speeds below 50 mph) were omitted from this analysis.

The density-flow diagrams for all three San Diego sites show that measured traffic speeds remain
constant with traffic at free flow speeds for all traffic flows under about 7,500 vehicles per hour; and free
flow speeds prevailed up to flows of about 8,000 vph at sites #1 and #2. As can be seen in Figure 5.5,
densities could be very easily estimated for these weaving sites for flows below 1,500 vehicles-per-hour-
per-lane by knowing no more than the free flow speeds within the weave and the measured traffic flows.
It should be noted that these three weaving sites have relatively similar geometries. All are 5 lane ramp
weaves with HCM2010 weave length (Ls) between 1,500 feet and 1,700 feet.

The HCM2010, Level D and Leisch methods are all deterministic methods designed to predict average
density for a given geometry and volume set of conditions. With this in mind, average density trend lines
were estimated and compared to the average of the measured densities. Figure 5.6 shows the average
trend lines for the measured and predicted densities.

To summarize the findings from analyzing the San Diego ramp weaving sites, the HCM2010 weaving
method and the other two methods analyzed tend to overestimate densities when the weaving sections are
uncongested and operating at free flow speeds. Conversely, these methods can under estimate densities
when the weaving sites are heavily congested. The Leisch method performed better than the HCM2010
and better than the Level D method under the highly congested traffic conditions measured at Site #3.

Further, the HCM2010 method may underestimate capacities when ramp weave sites serve relatively high
weaving volumes.
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CHAPTER 6
WEAVING ANALYSIS PERFORMANCE MATRICES

Currently, the Caltrans Highway Design Manual includes two methodologies for determining the capacity
and/or Level of Service of weaving sections: the Level D method and the Leisch method. Although the
HCM2010 method is not officially recommended for use, it is often applied to check whether other
analysis results are reasonable.

To determine how well each of the three methods predicts operations at weaving sections, for each study
site the analysis results of the three methods were compared to the actual operating conditions that
correspond to each data set. The results were then further analyzed to determine which of three existing
methods predicts best the operating characteristics of a weaving section under certain geometric and
operational conditions.

Working closely with the Caltrans Technical Advisory Group (TAG), the weaving analysis Performance
Matrix was updated using the findings from the Chapter 3 and Chapter 5 real-world case studies. Its
usability and usefulness in analysis of weaving sections was evaluated. Finally, the Performance Matrix
was updated and refined based on the feedback from the Caltrans TAG.

6.1 Development of the Weaving Methods Performance Matrices

The weaving analysis performance matrix was created to serve as a guide for Caltrans design engineers
when choosing the “best” weaving analysis method for the weaving section under study, based on
comparisons with field data. A method that works well for a given geometric/operational mix will be
given a “green light”, a satisfactory method a “yellow light” and poor one a “red light”.

Each cell represents a distinct design and operating condition. For a given number of lanes in the
weaving section, the matrix has 48 cells; operational characteristics are reported by row while geometric
characteristics are reported by column. There are a total of 192 possible cells for typical weaving sections
of two, three, four and five lanes wide. Shaded cells indicate infeasible conditions. For example, it is not
possible to have a two lane weaving section with more than one on- or off ramps. Therefore, the
proposed matrix includes a total of 144 cells.

Table 6.1 shows the general format of the weaving analysis performance matrix. Through this and
previous work efforts, a performance matrix was developed for each analysis method.
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Table 6.1 Format of the Weaving Analysis Performance Matrix

Mo. of Lanes in Weaving Section, N = 2 |

Configuration” —>

(Operational
Conditions({vals) **

Mo Aucdliary Lane, 1-1ane on & off ramps

[With Aux. Lane 1-lane on/off ramps (Type A)

B alanced >1-lane on & off amps (Type B)

JUnbalanced =1-ane on & off ramps (Type C)

Mesdiam Weave|
gy 00-

Short Weave
Langth (< 1000)

Genarous
Wesve Length
(=2500)

Short Weave
Length (<1000

Medium Weave

Length (1000-
2507)

Generous
Wesve Length
(>25007

[Medism Weave|
Short Weave Length (1000-
25000

Length (<1000

Genarous
Wieave Length
(25007

Short Weave
Length {<1000)

Medium Weave|

Length (1000-
2500)

Generous
‘Weave Length
(>2500)

Non-Weaving: Heavy
Weaving: Heavy

Non-Weaving: Heavy
Weaning: Mid to Low

Non-Weaving: Mid to Low
Wesving: Heawy

Non-Weaving: Mid to Low
[Weaning: Mid to Low

MNo. of Lanes in Weaving Section, N =

I

Configuration” —>

[Operational
Conditions({veols) **

Mo Auxiliary Lane, 1-lane on &

off ramps

[With Aux. Lane,

. 1-ane onfoff ras

mps (Type A)

B alanced >1-lane on & off ram

ps (Type B)

[Unbalanced >1

-lane on & off ramps (Type C)

o |Medim Weave

00-

Generous
Weave Length
{=2500)

Shy

Medium Weave
000-

Generous.
Weave Length
{25007

Short Weave [Medium Weave

Length (<1000

Generous
Weave Length
(25007

Short Weave
Langth (<1004

Medium Weave|

Length (1000-
2500)

Generous
‘Weave Length
(=250

Hon-Weaving: Heawy
Weaving: Heawy

Non-Weaving: Heavy
[Weaning: Mid to Low

Hon-Weaving: Mid to Low
Weaving: Heavy

Non-Weaving: Mid to Low
(Weaning: Mid to Low

MNo. of Lanes in Weaving Section, N =

[« 1]

Configuration” —>

(Operational
Conditions(vels) ™

Mo Auxiliary Lane, 1-lane on &

off ramps

[With Aux. Lane,

, 1-lane onfof ra

mps (Type A}

B alanced >1-lane on & off ram

pa (Type B)

Unbalanced =1

lane on & off rampa (Type C)

Short Weave

Medium Weave|
i
Length (< 10007)|

Leng

Genanous

- | Weave Lengtn

{=2500°)

Short Weave
ngth (< 10007

Medium Weave
Length {1000-
2Z500°)

Generous
Weave Length
{25007

Mesdium Weave|
Length (1000~
25000

Short Weave
Lty {<10007)

Generous
Weave Length
{25007

Short Weavwe
Length { <10007)

Medium Weave|
Length (1000
2500)

Generous
Weave Length
{2500

Hon-Weaving: Heavy
Weaning: Heavy

Hon-Weaving: Heavy
| Weaning: Mid to Low

Non-Weaving: Mid to Low
Weaning: Heavy

Non-Weawving: Mid to Low
Weanimg: Mid to Low

MNo. of Lanes in Weaving Section, N =

[ s ]

Configuration” —=

(Operational
Conditions(vols) ™

Mo Auxiliary Lane, 1-lane on &

off ramps

[With Aux. Lane,

. 1-lane on‘off ra

mps (Type A}

B alanced >1-lane on & off ram

ps (Type B)

Unbalanced =1

slane on & off ramps (Type C)

Short Weaye |MEdum Weave

Length (< 1000)

Genarous
Weave Langth
(2500

Short Weave
Length < 10007

Madism Weav,

i

Ganerous
Waave Langth
(25007

Short Weaye |MESLM Wﬁe_&

Length (<1000}

Genarous
Waave Langth
)

Short Weave
Length { <1000

Medium Weave| Geanerous
Length (1000- | Waave Length
(> 25003

Non-Weaving: Heavy
Weaning: Heavy

Non-Weaving: Heavy
Weaning: Mid to Low

Non-Weaving: Mid to Low
| Weaning: Heavy

Non-Weaving: Mid to Low
|Weaning: Mid to Low

The following sections describe the classification of design and operational conditions for developing the

performance matrix.

6.2 Weaving Section Classification

6.2.1 Geometric Characteristics

The weaving sections geometric characteristics include the total number of lanes in the weaving section,

the number of auxiliary lanes, and the length of weaving section. First, we consider the total number of

lanes in the weaving section: two, three, four, or five lanes wide. Next, for a given number of lanes, we

consider the presence and number of auxiliary lanes:

1.
2.

No Auxiliary Lane, single lane on- & off-ramps

With Auxiliary Lane, single -lane on & off-ramps: These are weaving sections consisting

of two-lane on or off-ramps in which each weaving movement is required to make one

lane change. These are also called ramp weaves.

Balanced, >1 lane on- & off-ramps (Type B): These are weaving sections consisting of

two-lane on or off-ramps in which one weaving movement is not required to make a lane
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change, and the other weaving movement is required to make one lane change. It also
includes balanced sections, i.e., weaving sections with an optional lane at exit, i.e., “one
more lane going away. Note balanced sections include weaving sections with a single
lane on- or off-ramp (Figure 6.1).

R S S S

Figure 6.1 Typical Balanced Weaving Sections

4. Unbalanced, > I-lane on-& off-ramps: These are weaving sections consisting of two-lane
on or off-ramps in which one weaving movement is required to make two lane changes,
and the other weaving movement is not required to make a lane change. It also includes
unbalanced sections, i.e., weaving sections without an optional lane at exit (Figure 6.2)
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Figure 6.2 Typical Unbalanced Weaving Sections

Under each of these groups, a weaving section can further be classified according to its length as short,
medium or generous, as follows:

1. Short Weave Length (<1,000 feet)
2. Medium Weave Length (1,000- 2,500 feet)
3. Generous Weave Length (>2,500 feet)

These thresholds were assumed to be reasonable in that weaving sections in each group would exhibit
similar traffic behavior given certain traffic volumes.

6.2.2 Operational Conditions
The operational conditions are grouped based on the total weaving and non-weaving traffic volumes in
the weaving section as follows:

1. Non-Weaving Volumes: Heavy, Weaving Volumes: Heavy

2. Non-Weaving Volumes: Heavy, Weaving Volumes: Mid to Low

3. Non-Weaving Volumes: Mid to Low, Weaving Volumes: Heavy

4. Non-Weaving Volumes: Mid to Low, Weaving Volumes: Mid to Low

The non-weaving volume includes all traffic traveling through a weaving section (freeway-to freeway)
and from the on-ramp to off-ramp. The weaving volume consists of the on-ramp to freeway volume and
the volume from the freeway to the off-ramp. It was determined that volumes could be grouped in this
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way because it does not appear that performance estimates from the existing analysis methods would
differ if, for instance, one weaving section had high on-ramp to freeway volumes and another had high
freeway to off-ramp volumes. The analysis methods do not recognize the difference between these two
groups of traffic, and two scenarios would yield the same analysis results.

The non-weaving and weaving volumes are classified as “heavy” or “mid to low” based on the number of
lanes in the “conflict area” of the weaving section. The term conflict area is used to indicate the travel
lanes where most of the turbulence occurs due to merging and diverging traffic. Most turbulence occurs
in the lanes adjacent to the on- and off-ramps, and as a result the conflict area is defined as follows, based
on “A Proposed Analytical Technique for the Design and Analysis of Major Freeway Weaving Sections”
[16]:

1. (Conflict Area 1) The area of the weaving section extending from the right-most auxiliary lane to
the lane directly to the left of the diverge gore, or

2. (Conflict Area 2) The area of the weaving section extending from the right-most auxiliary lane to
the lane directly to the left of the merge gore.

Corfiict Area Corflict Area -

Whichever of the above descriptions encompasses more lanes of the weaving area will govern as the
conflict area. The lanes in the conflict area are those “reserved” for weaving volumes, and the remaining
lanes of the weaving section are those “reserved” for non-weaving volumes. The table below indicates the
criteria by which weaving and non-weaving volumes are classified as “heavy” or “mid to low”.

(A) Criteria for "Non-weaving" Traffic

Volume (vph) N — [# lanes in conflict area] “Heavy” Criteria “Mid to Low” Criteria
1 lane Heavy =>1,800 Mid to Low < 1,800
Non-weaving 2 lanes Heavy =>3,600 M%d to Low < 3,600
3 lanes Heavy =>5,400 Mid to Low < 5,400
4 lanes Heavy =>7,200 Mid to Low < 7,200
(B) Ciriteria for '""Weaving" Traffic
Volume (vph) # lanes in conflict area “Heavy” Criteria “Mid to Low” Criteria
1 lane Heavy =>1,000 Mid to Low < 1,000
All weaving 2 lanes Heavy =>2,000 Mid to Low < 2,000
3 lanes Heavy = >3,000 Mid to Low < 3,000

(4) + (B) = N (number of lanes in weaving section)

For example, for the second “conflict area” figure, there are two lanes in the conflict area and (4-2) = two
lanes designated for non-weaving traffic.
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The thresholds for “heavy” and “mid to low” traffic for non-weaving volumes were determined by
assuming that a freeway lane is operating at or near capacity if volumes are 1,800 vehicles per hour (vph)
or greater. The thresholds for “heavy” and “mid to low” traffic for weaving volumes were determined by
assuming that a freeway on- or off-ramp lane is operating at or near capacity if volumes are 1,000 vph or
greater.

The resulting HCM2010, Level D and Leisch Method Weaving Analysis Matrices are presented next.

6.3 Resulting Weaving Analysis Performance Matrices

The final HCM2010 Weaving Analysis Performance Matrix is presented in Tables 6.2. The Level D
Weaving Analysis Performance Matrix is in Table 6.3 and Leisch Method Weaving Analysis
Performance Matrix is shown in Table 6.4.

The following legend and the hourly volume categories shown below apply to all three Weaving Analysis
Performance Matrices (Table 6.2 HCM2010, Table 6.3 Level D and Table 6.4 Leisch Method).

LEGEND: Methodology's prediction of performance

_ = Poor, inconsistent results

= Fair; sometimes inconsistent results

= Good and consistent results

Notes for Table 6.2 HCM2010, Table 6.3 Level D and Table 6.4 Leisch Method:

* For the Weaving Analysis Performance Matrices presented in the following tables, the “Configuration”
for all weaving sections considered are single side, right side configurations (i.e., does not include left
side or two sided weave configurations).

** Hourly Volumes for "Non-weaving" Traffic

Volume . . “Heavy” “Mid to Low”
(vph) N — [# lanes in conflict area] Cri ter?a Criteria
1 lane Heavy =>1,800 Mid to Low < 1,800
Non-weaving 2 lanes Heavy =>3,600 Mid to Low < 3,600
3 lanes Heavy =>5,400 Mid to Low < 5,400
4 lanes Heavy =>7,200 Mid to Low < 7,200
** Hourly Volumes for "Weaving" Traffic
Volume . . “Heavy” “Mid to Low”
(vph) # lanes in conflict area Cri te‘ll'}i,a Criteria
1 lane Heavy =>1,000 Mid to Low < 1,000
All weaving 2 lanes Heavy =>2,000 Mid to Low < 2,000
3 lanes Heavy =>3,000 Mid to Low < 3,000

(A) + (B) = N (number of lanes in weaving section)
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Table 6.2 Weaving Analysis Performance Matrix - HCM2010 Method

Mo. of Lanes in Weaving Section. N =

Configuration™ --—-»

Operational Conditions(vols)

Mo Aux. Lane. 1-lane on & off ramps

With Aux. Lane 1-lane onloff ramps

Balanced »1-lane on & off ramps

Unbalanced >1-lane on & off ramps

Mon-YWeaving: Heavy
Weaving: Heavy

Man-Weaving: Heawy
Weaving: bid to Low

Mon-Weaving: kid to Low
Weaving: Heavy

Mon-"Weaving: kid to Low

WwWeaving: bid to Low

Short

Weave
Length
[<1000')

Mo. of Lanes in Weaving Section, N =

Iedium
Weave
Length

[1000- 2500')

3

Generous
Weave
Length

[>2500')

Shirt Ivediurm Generous Shart Ivedium Generous Short Ivedium Generous
Weave Weave Weave Weave Weave Weave Weave Weave Weave
Length Length Length Length Length Length Length Length Lergth
(<1000 [1000- 2500°) [>2500') [£1000') [1000- 2500°) [>25001) (<1000 [1000- 2500') [>2500')

Configuration™ --->

Mo Aux. Lane, 1-lane on & off ramps

With Aux. Lane. 1-lane ondoff ramps

Balanced »>1-lane on & off ramps

Unbalanced > 1-lane on & off ramps

Shart hAediurn Generous
DOperational Conditions[vols] Weave Weave Weave
= Lengh Length Length
(1000 [1000- 2500 [>2500')

Mon-'weaving: Heavy

Weaving: Heawy

Mon-‘Weaving: Heavy
Weaving: kid to Low

Shart

Weave
Length

<3000

bdedivirm

weave

Length
1100- 2500

Gererous
Weave
Length
> 2500

Shart bAedivirm Generous Short bdedivirn Generouis
Weave Weave Weave Weave Weave Weare
Length Length Length Length Length Length
[£1000°) [1000- 2500°) [>2500] [<3000°]) (1000- 2500°]) [>2507]

Mon-Weaving: Fid to Low

wieaving: Heawvy

Mon-‘Weaving: Fid to Low

‘weaving: id to Low
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Table 6.2 Weaving Analysis Performance Matrix - HCM2010 Method (continued)

Mo. of Lanes in Weaving Section, N =

Configuration™ --->

Mo Aux. Lane. 1-lane on & off ramps

With Aux. Lane. 1-lane ondoff ramps

Balanced »>1-lane on & off ramps

Unbalanced »>1-lane on & off ramps

Shiort
Dperational Conditions(vols) Weave
- Length

Mon-‘Weaving: Heawvy

Weaving: Heavy

Mon-‘Weaving: Heavy
Weaving: Mid to Low

Mon-‘Weaving: Mid to Low
Weaving: Heawvy

Mon-Weaving: Mid to Low
‘wWeaving: Mid ta Low

Mo. of Lanes in Weaving Section. N =

Configuration™ --->

Iedivirm

Mo Aux. Lane. 1-lane on & off ramps

Short hed urn
Weave Weave
Length Length

<1000 1000- 2500

Short
Weave
Length
[=1000°)

Generous Generous

weave
Length
> 2500

Weave
Length

Weave
Length

[1000- 2500

Iediurm
Weave
Length

Generous
Weave
Length
> 2500

Shiart Mediurm Generous
Weave weave Weave
Length Length Length
(<1000 [1000- 2500 [> 25004

With Aux. Lane. 1-lane ondoff ramps

Balanced > 1+lane on & off ramps

Unbalanced »>1-lane on & off ramps

Operational Conditions(vols)

Mon-‘Weaving: Heavy
Weaving: Heavy

Mon-Weaving: Heavy
Weaving: Mid to Low

Mon-Weaving: Mid to Low
‘Weaving: Heavy

Mon-Weaving: Mid to Low
WWeaving: hid to Low

EED y o ot

_ = Puoor, inconsistent results

- Fair; gometimes irconsiztent results

_ = Good and consistent results

} - ConflictArea ET
rs \

Iedivm Generous Shiort Iediurm Generous Short
Weave Weave Weave Weave Weave Weave
Length Length Length Length Length Length

<1000 1000- 2500 [20007

Iediurm Generous

Weave Weave

Length Length
(1000- 2500') > 2500

Short Mediurm Generous
Weave Weave Wieave
Length Length Length
[<1000°) [1000- 2500 [>2500

Notes
= All weaving =ections considered are single side, right =ide configurationz

[i.e. does molinmcluds left sids or twao sided configuretions)

“hlor-weaving Yolz invph: M [# lanes in conflict areal —

1lane: Heavwy = »1,300; hid to Low < 1,800

2 lanes: Heavy = »>3600; bid to Low < 3600
3lanes Heavw = >5400; kid to Low < 5,400
4 lanes Heavy = > 7 200; bid to Low ¢ 7,200

“weaving Yolsin vph: [# lanes in conflict area] =
1lane: Heawy = »1,200; I¥id to Low < 1,000
2 lanes Heavwy = >2000; Mid to Low ¢ 2,000

3 lanes Heavw = >3000; bid to Low < 3,000
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Table 6.3 Weaving Analysis Performance Matrix — Level D Method

Mo. of Lanes in Weaving Section. N =

Configuration™ --->» Mo Aux. Lane. Tane on & off ramps Wi_lh-Ay_k. Lane Hane ondoff ramps Balanced »1-lane on & off ramps Unbalanced >1-lane on & off ramps
Shart Fedium Generous Short: hedium: Generous Shrt Medium Generous Shart Mediurmn Generous
Operational Conditions(vols] Weave Weave Weave Weave ‘Weave \Weave Weave Weave Weave Meave Weave Weave
i Lenigth Lerigth Length Length 'Lengtl"'l 'Lengll"'l Length Length Length Length Length Length
[«1000°] [1000- 2500°'] [»2500] [<1000] (1000- 2500 [>2500]) (<1000 [1000- 2500°) [»25007] [£1000°) [1000- 2500°) [>25001)

Mon-‘Weaving: Heawvy
Weaving: Heavy

Mon-‘Weaving: Heawvy

Weaving: Mid to Low

Mon-Weaving: Mid to Low
Weaving: Heavy

Mon-YWeaving: Mid to Low

weaving: hid to Low

Mo. of Lanes in Weaving Section, N =

Configuration™ ---» Mo Aux. Lane, 1-lane on & off ramps With Aux. Lane, 1lane onloff ramps Balanced »1-lane on & off ramps I:_Inb'alaﬁt::e_d 31-lane on & off ramps
Short Medium Gererous Shart kedium Generaus Shart Medium Generous Shart. Pledium "Gehenﬁus'
Operational Conditions(vols) Weave Weave Weave Weave Weave Weave Weave Weave Weave Weave WWeave WWeave
- Length Length Length Length Length Length Length Length Length LEngtH Length Letigth
[<1000') [1000- 2500°] [>2500°) [<1000°] [1000- 2500°) [>2500) k 1000- 2500°] L2500 [£1000°] [1000- 2500°] [>2500]

Mon-‘Weaving: Heawy
‘Weaving: Heawvy

Mon-YWeaving: Heavy
Weaving: Mid to Low
Mon-Weaving: Mid to Low

Weaving: Heavy

Mon-Weaving: Mid to Low
Weaving: Mid ta Low

[ METHOD NOT DESIGNED FOR MULTIPLE ON{ OFF RAMPS
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Table 6.3 Weaving Analysis Performance Matrix — Level D Method (continued)

Mo. of Lanes in Weaving Section, N =

Configuration™ --->

Balanced >1-lane on & off ramps

Unbalanced >1-lane on & off ramps

Operational Conditions(vols)

Mon-Weaving: Heawy
Weaving: Heavy

Mor-Weaving: Heawvy
Weaving: Mid to Low

Mon-Weaving: Mid to Low
Weaving: Heavy

Mon-Weaving: bid to Low
‘Weaving: Mid o Low

Mo. of Lanes in Weaving Section. N =

Configuration™ —->

No Aux. Lane, 1-lane on & off ramps With Aux. Lane, 1-lane ondoff ramps
rdedium Generous Shart hedium Generous
Weave Weave Weave Weave Weave
Length Length Length
[<1000°) [1000- 2500") [>2500']

Mo Aux. Lane, 1-lane on & off ramps

Wwith Aux. Lane, 1Hane ondoff ramps

Balanced »1-lane on & off ramps

Unbalanced »1-lane on & off ramps

Operational Conditions(vols]

Mon-Weaving: Heawy
Weaving: Heawy

MNon-'weaving: Heaw
‘Weaving: Mid ta Low
Mon-YWeaving: bid to Low

Weaving: Heawy

Mon-Weaving: Mid to Low
‘Weaving: Mid to Low

Medium

HNotes

FEEID - — :

_ = Poor, inconsistent results

= Fair; sometimes inconsistent results

_ = Good and consistent results

~Mor-weaving Yols in vph:

“wWeaving Yalz in vphe

Generous

Medium

Weave

Generous

‘weave

= All weaving sections considered are single side, right side corfigurations

(i.e. dogs nat include left side or two sided configurations)

N - [# lanes in conflict area] =

1lane: Heavy = >1,800; kid to Low < 1,800
2lanes: Heavy = »3.600; Mid to Low < 3,600
3lanes: Heavy = »5.400; Mid to Low < 5,400
4 lanes: Heavy = »7.200; Mid to Low ¢ 7200

[# lanes in conflict area] =

Tlane: Heay = »1,000; hid to Low < 1,000
2lanes: Hearvy = >2,000; Mid to Low < 2,000
3lanes: Heavy = »3.000; Mid to Low < 3,000

Generous

Weave

[ METHOD NOT DESIGNED FOR MULTIPLE ON{ OFF RAMPS
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Table 6.4 Weaving Analysis Performance Matrix — Leisch Method

Mo. of Lanes in Weaving Section. N =

Configuration™ ---»

Mo Aux. Lane, 1-lane on & off ramps

With Aux. Lane 1-lane onfoff ramps

Balanced >1-lane on & off ramps

Unbalanced >1-lane on & off ramps

Short
DOperational Conditions[vols) ‘wWeave
=% Length

(<1000

MNon-‘weaving: Heawy
Weaving: Heavy

Mor-‘wWeaving: Heawvy
‘Weaving: bid to Low
Mon-YWeaving: Midto Low

Weaving: Heavy
MNorn-‘weaving: Midto Low
‘Weaving: hid to Low

Mo. of Lanes in Weaving Section, N =

Medium
Weave
Length

[1000- 2500')

| 3 |

Gererous
Weave
Length
[>2500')

Shaort Mediumm Gererous
Weave Weave Weave
Length Length Length
[<10007) [1000- 2500') [>2500")

Shart hedium Gererous
Weave Weave Weave
Length Length Length
[+1000'] [1000- 2500°) [>2500'

Shart hedium Generous
Weave Weave Weave
Length Length Length
[+1000°] (1000- 2600') [>2500']

Configuration™ >

Mo Aux. Lane. 1-lane on & off ramps

With Aux_ Lane. Hane ondoff ramps

Balanced >1-lane on & off ramps

Unbalanced »1-lane on & off ramps

Short Mediurm Generous Short Iedium Generous Short Iediurm Generous Shrt Mediurm Generous
Operational Conditions(vols) Weave Weave Weave Weave Weave Weave Weave Weave Weave Weave Weave Weave
- Length Length Length Length Length Length Length Length Length Length Length Length
[<1000°) (1000- 2500') [>2500 [<1000°) [1000- 2500') [>25001 (<1000 [1000- 2500') [>2500% [<1000') [1000--2500') (2500

Mor-‘weaving: Heawvy
Weaving: Heavy

Mon-‘Weaving: Heavw
‘Weaving: Mid to Low

MNon-‘weaving: bid to Low
Weaving: Heawy

Mor-‘weaving: kid to Low
‘Weaving: Mid to Low
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Table 6.4 Weaving Analysis Performance Matrix — Leisch Method (continued)

No. of Lanes in Weaying Section, N =

Mon-‘Weaving: Heavwy
Weaving: Heawvy

Mon-‘wWeaving: Heavy
Weaving: kid to Low
Mon-‘Weaving: Mid to Low

Weaving: Heavy

Mon-‘wWeaving: Mid to Low
Weaving: bid ta Law

HNotes

Configuration™ ---» Mo Aux. Lane. 1-lane on & off ramps With Aux. Lane. 1-lane ondoff ramps Balanced »1-lane on & off ramps Unbalanced > 1Hane on & off ramps
Shart Mediurm Gererous Shart ediurm Generous Shart Mediurm Generous Shart Medium Generous
DOperational Conditions(vols) Weave Weave Weave Weave Weave Weave Weave Weave Weave Weave Weave Weave
" Length Length Length Length Length Length Length Length Length Length Length Length
[<1000°) [1000- 2500°) [>2500 <1000 [1000- 2500 [>2600 [<1000°) [1000- 2500°) [2500
Mon-‘weaving Heawy
Weaving: Heavy
Mon-‘weaving Heawy
Weaving: Mid to Low
Mon-weaving: kid to Low
Weaving: Heavy
Mon-‘weaving: bid to Low
Weaving: hid o Low
Mo. of Lanes in Weaving Section, N = -
Configuration™ --—-> No Aux. Lane, 1-lane on & off ramps With Aux. Lane, 1-lane ondoff ramps Balanced >1-lane on & off ramps Unbalanced >1-lane on & off ramps
Short Iediurm Generous Short Medium Generous Short Iediurm Generaus Short Medium Generous
Dperational Conditions(vols) Weave Weave Weave Weave Weave Weave Weave Weave Weave Weave Weave weave
- Length Length Length Length Length Length Length Length Length Length Length Length
[<3000] [1000- 2500°) »>2500° [<1000°) [1000- 25001 [ 2500 [<1000) [1000- 2500 [2500

FEEID - — :

_ = Poor, inconsistent results

= Fair; sometimes inconsistent results

_ = Good and consistent results

= All weaving sections considered are single side, right side corfigurations

(i.e. dogs nat include left side or two sided configurations)

~Mor-weaving Yols invph: N - [# lanes in conflict area] =

1lane: Heavy = >1,800; kid to Low < 1,800
2lanes: Heavy = »3.600; Mid to Low < 3,600
3lanes: Heavy = »5.400; Mid to Low < 5,400
4 lanes: Heavy = »7.200; Mid to Low ¢ 7200

“wWeaving Yalz in vphe [# lanes in conflict area] =

Tlane: Heay = »1,000; hid to Low < 1,000
2lanes: Hearvy = >2,000; Mid to Low < 2,000
3lanes: Heavy = »3.000; Mid to Low < 3,000
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CHAPTER 7
CONCLUSIONS

This final report describes the work performed and the findings from the evaluation of the HCM2010
analysis methodology on 16 real-world freeway weaving sections in California covering a range of design
and traffic characteristics.

From lessons learned from these analysis, new data were collected at three additional ramp weave
sections in San Diego California. The San Diego candidate weaving locations were identified and
selected in collaboration with Caltrans TAG.

7.1 Summary of the Study Findings

The finding of the study indicate that the HCM2010 method provides reliable estimates for balanced
major weaving sections. However, it can significantly over-predict the traffic densities and associated
HCM Level of Service (LOS) for ramp and unbalanced weaving sections. On average, the difference
between observed and predicted densities was 8% for balanced weaving sections and 24% for ramp and
unbalanced weaving sections (findings from US weave databases, Chapter 3).

For the three San Diego sites presented in Chapter 5, HCM2010 aggregately tended to over predict
densities by about 13.4% (average percentage difference), while the Level D method aggregately over
predicted by about 3.4% and the Leisch method’s aggregate percentage error was only about 2%.
Looking at the average of the RSME as a goodness of fit, HCM2010 average error term was 5.76, Level
D’s average error term was 6.23 and the Leisch method’s was 8.68. However, these aggregate statistics
hide important details.

e The HCM2010 method tends to slightly over predict densities for low traffic volume (i.e., low
density) traffic conditions. The HCM2010 density over prediction tends to increase as volumes
increase — up to the point where traffic volumes become sufficient to induce congestion within
the weave section. Under moderate congestion, HCM2010 appears to produce density
predictions in the range of measured densities. Under heavily congested conditions, the
HCM2010 method can significantly under predict traffic densities. These conclusions also
largely hold for the Level D method.

o The Level D method, much like the HCM2010 method, tends to fairly reliably predict densities
with a slight over predict densities for low traffic conditions (low volumes with freely flowing
traffic). And like the HCM2010 method, the Level D density over prediction increases as traffic
volumes increase — for freely flowing traffic. In light and moderately congested traffic
conditions, Level D’s density predictions were in the range of those measured. Under heavy
congestion, Level D under predicted traffic densities.

e The Leisch method, for San Diego Site #3, performed relatively well with a slight over prediction
of densities when traffic volumes were low enough for traffic to remain freely flowing, very
similar to how HCM2010 and Level D performed in light traffic. The Leisch method was more
responsive than HCM2010 and Level D and performed relatively well under moderate and
heavily congested traffic conditions.

These trends can be seen in Figures 5.1 HCM2010, 5.2 Level D and 5.3 Leisch density plots, and the
trends are repeated in Figure 5.6 which displays the data on a density-flow diagram.
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As for capacity, the HCM2010 methodology can under predict the capacity of ramp weaving sections.
The method predicted lower maximum discharge flows than were observed at three of the study’s sites
(Chapter 3), and at one of the three San Diego sites (Chapter 5).

7.2 Future Research

Most of the existing methods for analyzing the performance of freeway weaving sections are based on
limited data that are not representative of the entire range of the geometric characteristics and traffic
patterns in weaving areas, especially for California conditions. The systematic evaluation of existing
weaving methods and the development of an improved analysis method have been recognized as high
priority research needs.

Further, bottleneck activation and capacity at weaving sections are still not fully understood. As such,
current even best practice methods for predicting the performance of freeway weaving sections have
limited success in matching real world (measured) performance. This research found four weaving sites
where the measured traffic volumes were higher than the HCM2010 predicted capacity (three described in
Chapter 3, one in Chapter 5).

The three San Diego weaving sites (Chapter 5) have appreciably similar geometries. All are 5 lane ramp
weaves with HCM2010 weave length (Ls) between 1,500 feet and 1,700 feet, no horizontal or vertical
curve elements. Sites #1 and #2 had almost all 15-minute observations with freely flowing traffic up to
about 8,000 vph. At site #3, congestion tended to occur at volumes in the 6,500 vph range. The
HCM2010 and Level-D methods were not sufficiently responsiveness to these operational differences.
Findings like this and the differences between model estimated and real-world densities shown if
Chapters 3 and 5 highlight that there is still room for improvements to these methodologies.

The wide variations in the physical characteristics (number of lanes, weave length, geometric details) of
weave segments combined with widely varying traffic volumes and origin-destination (O-D) patterns
compound the complexity of quantifying the capacity and performance of weave segments. Simple
datasets measuring aggregate (across all lanes) traffic volumes and average 15-minute average travel
times might not suffice for gaining necessary insights to develop more reliably weaving models and better
methods of predicting the performance of freeway weaving segments. Additional empirical research,
possibly combined with micro-simulation modeling, leading to a better understanding of how weaving
volumes impact freeway performance and capacity is warranted.
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APPENDIX A.
THE (CHAPTER 3) STUDY DATABASE
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Figure A.1 Major Weaving Sites — California
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Table A.1 Major Weaving Sites—California: Field Data vs. HCM2010 Predictions

FIELD DATA HCM2010
L L, FFS | Ve Ve Vir Ver | TV S D S D
TEST SITE @ | ) | ™| mph)| woh) | wph) | vph) | vph) | vph) | (mph) | vehimm| O | (mph) | vehimm | O3
SR 92WB 1400 1078] 3 | 65 | 1822 | 1236 | 136 27 | 3221] 51.73] 2075 | C | 51.50] 20.80 C
San Mateo 1601 | 941 190 28 | 2760| 53.55| 17.18 B 53.80] 17.10 B
1894 | 543 519 79 | 3035| 59.67| 16.95 B 56.00] 18.10 B
2641 | 697 622 73 | 4033| 57.44] 23.40 c | s3.70] 25.00 C
1-805NB 13711056 | 3 | 65 | 5589 | 890 691 27 | 7197| 60.69] 23.72 c | s1.50] 27.90 C
San Diego 5058 | 877 668 60 | 6663 60.66| 21.97 Cc | 52.10 25.60 C
5127 | 993 700 83 | 6903| 61.04] 22562 c | s1.10] 27.00 C
5266 | 767 853 23 | 6909] 56.75| 2435 | C | 52.60] 26.30 C
I-10WB 1690 | 1301 3 | 65 | 5200 | 168 | 2242 | 141 | 7751 58.00] 26.73 c | 5580 27.80 C
Los Angeles 4001 154 | 1714 | 117 | 5986] 62.90] 19.03 B 57.40] 20.90 C
3942 | 127 | 1759 | 113 | 5941| 62.03] 19.15 B 57.60[ 20.60 C
3795 | 191 1755 91 5832| 62.17| 18.76 B 57.30] 20.40 C
4178 | 240 | 1907 | 102 | e427| e60.42] 2127 c | s6.50] 22.80 C
1-10WB 1989 | 1532 3 | 65 | 2898 | 362 623 137 | 4020 59.01] 13.62 B 57.90[ 13.90 B
San Bernardino 2750 | 321 641 110 | 3822] 60.16] 12.71 B 58.30] 13.10 B
3257 | 462 695 198 | 4612| 65.61] 14.06 B 56.80] 16.20 B
US 101NB 787 | 606 | 2 | 65 | 5346 | 195 | 3924 | 219 | 9e84] 48.70] 39.77 E v>c >1
Los Angeles 5442 | 173 | 3344 | 243 | 9202| 48.72| 37.77 E v>c >1
1-280SB 1347 | 1037 | 2 | 65 | 3907 | 1505 | 198 55 | 5665| 67.80] 16.71 B 56.00] 20.20 [
San Jose 3436 | 1407 | 217 70 5130 67.13] 15.28 B 56.30] 18.20 B
3189 | 1135 | 308 88 | 4720 62.74] 15.05 B 55.40 17.00 B
3351 | 1208 | 346 92 | 4997| 65.86] 15.17 B 54.70] 18.30 B
5097 | 1464 | 430 101 | 7092| 64.23] 22.08 c | s1.80] 27.40 C
5178 | 1599 | 477 137 | 7391| 61.36] 24.09 c | 51.00[ 29.00 D
I-10EB 1437|1106 | 2 | 65 | 2766 | 184 | 1545 | 127 | 4622] 52.70] 1462 B | 4150 1860 B
Los Angeles 2538 | 141 1624 86 | 4389 51.73] 14.14 B | 4090 17.90 B
3679 | 193 | 1787 | 141 | 5800] 57.25| 16.88 B 3750 25.80 C
4129 | 222 | 1928 | 132 | 6411] 56.93] 18.77 B 3530 30.30 D
6056 | 409 | 3372 | 265 |10102| 45.65| 36.88 E v>c >1
US 101SB 792 | 610 |_2 | 65 | 3685 | 1407 | 326 491 | 5909 | 534 |__221 C 46.4] 254 C
Los Angeles 3351 | 1284 | 461 438 | 5534 | 54.7 | 20.2 C 46.3|  23.7 C
4223 | 1613 | 282 345 | 6463 | 60.3 | o1.4 C 448|287 D
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Table A.2 Ramp Weaving Sites—California:

Field Data vs. HCM2010 Predictions

FIELD DATA HCM2010
L | L FFS | Ver | Vie Ver | ZV D s D
TEST SITE ) | () N (mph) | (vph) | (vph) Ver (vPh) (vph)| (vph) S (mph) (veh/m/l) Los (mph) | (veh/im/) Los
1-580EB 1250] 963 | 2 55 | 3972 | 1440 588 96 | 6096 450 | 27.1 C | 365 | 334 D
Oakland 4320 | 1404 | 420 | 120 | 6264 | 46.0 | 27.2 c | 373 | 336 D
4536 | 1476 732 60 | 6804 | 42.0 32.4 D | 348 | 391 E
4488 | 1464 636 | 120 | 6708 | 44.0 30.5 D | 354 | 379 E
4236 | 1284 | 480 | 108 | 6108 47.0 | 26.0 c | 374 | 327 D
5208 | 1584 720 96 | 7608 | 42.0 36.2 E | 333 | 457 E
5340 | 1788 636 72 | 7836 | 41.0 38.2 E v>c >1
6012 | 1572 648 96 | 8328 | 42.0 39.7 E | 329 [ 506 E
6828 | 1752 720 | 144 [ 9444 | 410 | 461 E v>c >1
6372 | 1656 660 96 [8784| 42.0 | 418 E | 319 [ 551 E
5940 | 1560 612 96 | 8208 | 43.0 38.2 E | 333 | 493 E
5508 | 1776 660 | 108 | 8052 | 41.0 39.3 E v>c >1
5676 | 1728 660 48 [8112] 41.0 39.6 E | 323 [ 502 E
6168 | 1596 636 | 132 | 8532| 42.0 | 406 E | 326 | 523 E
5268 | 1920 792 | 120 | 8100| 39.0 | 415 E v>c >1
5832 | 1716 720 9 |8364| 41.0 | 408 E v>c >1
5676 | 1728 828 | 108 | 8340| 40.0 | 417 E v>c >1
5688 | 1932 744 48 | 8412 39.0 | 431 E v>c >1
6252 | 1608 768 | 108 | 8736 | 41.0 | 426 E | 316 | 553 E
6876 | 2208 744 | 156 | 9984 | 37.0 54.0 E v>c >1
5796 | 1836 804 | 156 | 8592 | 39.0 | 44.1 E v>c >1
6408 | 1992 936 | 192 | 9528 | 37.0 51.5 E v>c >1
6540 | 1788 804 | 120 [ 9252| 40.0 | 46.3 E v>c >1
5724 | 1992 852 | 132 [8700| 38.0 | 45.8 E v>c >1
2520 | 756 552 | 144 | 3972| 55.0 14.4 B | 454 | 175 B
2424 | 888 576 84 | 3972 | 55.0 14.4 B | 450 | 177 B
2292 | 960 492 | 168 [ 3912 57.0 13.7 B | 456 | 17.2 B
1-5SB 1255] 966 | 2 55 | 3156 | 684 444 0 [4284] 55.0 15.6 B | 432 | 199 B
San Diego 3432 | 552 372 36 | 4392 | 54.0 16.3 B | 442 | 198 B
3516 | 612 492 0 [4620] 55.0 16.8 B | 429 | 215 C
4620 | 588 636 24 | 5868| 55.0 | 21.3 c | 411 ] 286 D
4836 | 684 612 0 [6132] 53.0 | 23.1 c | 404 | 304 D
4980 | 564 672 24 [6240| 53.0 | 235 c | 406 | 307 D
4944 | 552 492 0 [5988| 53.0 | 226 Cc | 420 | 285 D
4752 | 588 528 12 |5880| 54.0 | 21.8 c | 416 | 282 D
4920 | 564 624 o [e108] 54.0 | 226 c | 410 | 208 D
SR 91WB 1895 | 1459 | 2 55 | 4728 | 564 156 0 |5448| 59.0 18.5 B | 447 | 244 C
Los Angeles 4500 | 456 168 0 [5124] 60.0 17.1 B | 457 | 224 C
4968 | 492 120 12 | 55092 58.0 19.3 B | 453 | 247 C
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Table A.2 Ramp Weaving Sites—California:

Field Data vs. HCM2010 Predictions (cont)

SR 60EB 5 |1100]| 847 2 55 | 8484 | 288 444 24 ] 9240] 60.0 30.8 D 40.9 452 E
Los Angeles 7956 | 384 444 0 |8784] 58.0 30.3 D 40.7 432 E
7812 | 300 444 12 | 8568 | 59.0 29.0 D 41.4 413 E
4968 | 120 312 0 |5400] 60.0 18.0 B 46.6 23.2 C
4860 | 288 240 0 |538)] 63.0 17.1 B 45.9 23.5 C
4464 | 204 360 24 | 5052 60.0 16.8 B 46.0 22.0 C
4920 72 348 0 |5340] 60.0 17.8 B 46.7 22.9 [
5268 | 144 348 0 |5760] 61.0 18.9 B 45.8 25.1 C
5568 | 180 420 0 |e6168] 61.0 20.2 c 44.7 27.6 C
5724 | 108 408 0 |6240] 60.0 20.8 [ 45.2 27.6 C
4968 | 252 300 0 |5520] 61.0 18.1 B 456 24.2 C
5448 | 180 240 12 | 5880 61.0 19.3 B 46.2 25.4 C
6252 | 192 276 0 |6720] 59.0 22.8 c 45.1 29.8 D
6504 | 240 324 0 |7068] 59.0 24.0 C 44.1 32.1 D
6156 | 204 336 12 | 6708 | 59.0 22.7 [¢] 44.6 30.1 D
1-10WB 5 [1010] 778 2 55 | 3684 | 336 408 0 |4428] 55.0 16.1 B 453 19.6 B
Los Angeles 3840 | 336 348 0 |4524] 56.0 16.2 B 45.6 19.8 B
4032 | 468 300 0 |4800] 55.0 17.5 B 44.8 214 [
3588 | 456 348 12 | 4404| 55.0 16.0 B 44.9 19.6 B
4500 | 312 432 0 |5244] 54.0 19.4 B 44.5 23.6 C
3672 | 396 456 0 |4524] 56.0 16.2 B 445 20.3 [
3972 | 264 372 0 |4608] 55.0 16.8 B 458 20.1 C
4056 | 456 480 0 [4992] 54.0 185 B 435 23.0 C
4200 | 240 300 12 4752 55.0 17.3 B 46.4 20.5 C
3984 | 300 288 12 | 4584 56.0 16.4 B 46.2 19.8 B
4200 | 300 456 24 |74980 | 55.0 18.1 B 44.7 22.3 C
4464 | 396 384 0 |5244| 55.0 191 B 442 237 C
1-110SB 5 610 | 470 2 55 | 7128 | 312 264 12 [ 7716 52.0 29.7 D 440 35.1 E
Los Angeles 6936 | 288 228 36 | 7488 50.0 30.0 D 445 337 D
6768 | 480 192 0 |7440] 530 281 D 438 34.0 D
SR 91EB 5 845 | 651 2 65 | 5784 | 780 48 0 [6612] 58.9 225 C 53.1 24.9 C
Los Angeles 5232 | 804 48 0 |6084] 584 20.8 C 541 225 [
5748 | 600 24 2416396 | 58.6 21.8 C 576 222 C
1-10EB 5 950 | 732 2 55 | 4812 | 324 96 12 | 5244 | 57.0 18.4 B 47.6 22.0 C
Los Angeles 4848|7240 72 125172 55.0 188 B 4873 214 C
5148 | 360 120 36 | 5664 | 55.0 20.6 C 469 2472 C
4844 216 108 12 4980 59.0 16.9 B 484 206 C
5832|312 108 12 6264 | 53.0 236 [§ 466 26.9 C
5604 | 384 120 4876156 | 54.0 228 C 462 266 C
5112 | 264 108 245508 55.0 20.0 B 476 231 C
5520 | 372 96 126000 | 55.0 218 C 466 758 C
4844|576 84 36 | 5340 | 54.0 198 B 463 2371 C
4740|492 48 60 | 5340 | 55.0 194 B 469 228 C
4668 | 324 72 485112 56.0 183 B 479 273 C
4812444 156 245436 | 54.0 201 C 65 2374 C
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APPENDIX B.
THE (CHAPTER 5, SAN DIEGO) STUDY DATABASE

(15-MINUTE PERIODS WITH HOURLY FLOW RATES >= 7,000 VPH)
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Site #1: Interstate 5 SB in San Diego
between Gilman Drive (on) & SR 52 (off)

HCM 2010 Parameter

Length of Weave Segment Ls (feet) 1,567
Interchange Density ID (IC/mile) 1.00
Number of Lanes in Weave N (lanes) 5
Number of Weaving Lanes Nwi (lanes) 2
Freeflow Speed FFS (mph) 70
Capacity (Ideal Basic Fwy Seg) CirL (pc/h/In) 2,400
Minimum Lane Chages (Rmp to Fwy) LCrr (lanes) 1.00
Minimum Lane Chages (Fwy to Rmp) LCrr (lanes) 1.00
Peak Hour Factor PHF 1.00
Factor for Heavy Vehicles frv 1.00
Factor Driver Population fe 1.00
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San Diego Site #1

Measured

: Ver Vie Vir Vir V | Downstream | Measured | Measured | o\ oq | HEM2010 | HCM2010 | 0000040 | Hemzo10
Date Time (pcih) | (pcih /h m) | (pcih) Speed Speed | Density | =) o Speed | Density | =) o | vic Ratio
P pefh) | (pe/h) | (pelh) | (P (:‘ph) (mph) | (pe/mifin) (mph) | (pe/mifin)
16-Dec-13 | 2:45 PM 5,051 355 | 1436 258 | 7,099 76 74 19.17 B 51 27.75 C 0.75
16-Dec-13 | 3:00 PM 5,167 566 | 1,429 397 | 7.560 76 66 22.81 C 50 30.50 D 0.83
16-Dec-13 | 3:15 PM 5,956 610 | 1,529 397 | 8493 73 49 34.58 D 48 35.51 E 0.89
16-Dec-13 | 3:30 PM 5,690 713 | 1,458 463 | 8,324 72 40 41.95 E 48 34.80 D 0.90
16-Dec-13 | 3:45 PM 6,021 646 | 1482 403 | 8553 70 43 39.84 E 48 35.76 E 0.89
16-Dec-13 | 4:00 PM 6,436 765 | 1,376 478 | 9,054 69 47 38.78 E 47 38.33 E 0.89
16-Dec-13 | 4:15 PM 6,729 915 | 1,373 545 | 9,563 65 40 48.29 F 46 4167 E 0.95
16-Dec-13 | 4:30 PM 6,068 896 | 1,363 587 | 8914 68 53 33.35 D 47 38.14 E 0.94
16-Dec-13 | 4:45 PM 6,426 866 | 1,314 517 | 9,123 69 50 36.81 E 47 38.86 E 0.91
16-Dec-13 | 5:00 PM 6,370 649 | 1,216 466 | 8,701 66 52 33.73 D 49 35.41 E 0.81
16-Dec-13 | 5:15 PM 6,217 759 | 1,182 543 | 8,701 64 50 34.93 D 49 35.72 E 0.81
16-Dec-13 | 5:30 PM 6,060 672 | 1,167 488 | 8,387 58 55 30.76 D 50 33.81 D 0.78
16-Dec-13 | 5:45 PM 6,221 511 | 1,191 368 | 8,291 63 57 29.12 D 50 32.84 D 0.76
16-Dec-13 | 6:00 PM 5,260 516 | 1,103 297 | 7.186 70 63 22.83 C 52 27.61 c 0.67
17-Dec13 | 2:45 PM 5,302 345 | 1,292 215 | 7,155 78 67 21.22 C 52 27.53 C 0.68
17-Dec-13 | 3:00 PM 5,530 419 | 1479 284 | 7712 78 60 25.56 C 50 30.88 D 0.79
17-Dec-13 | 3:15 PM 6,528 500 | 1,596 310 | 8,934 77 54 33.00 D 48 37.52 E 0.87
17-Dec-13 | 3:30 PM 6,505 630 | 1516 372 | 9,023 75 49 36.85 E 47 38.20 E 0.89
17-Dec-13 | 3:45 PM 6,458 554 | 1,543 336 | 8,890 71 43 41.03 E 48 37.31 E 0.87
17-Dec-13 | 4:00 PM 6,357 670 | 1,404 432 | 8,863 72 56 31.84 D 48 37.07 E 0.86
17-Dec-13 | 4:15 PM 6,681 841 | 1,368 503 | 9,394 71 49 38.35 E 47 40.39 E 0.92
17-Dec-13 | 4:30 PM 6,390 862 | 1,310 516 | 9,077 70 46 39.30 E 47 38.58 E 0.90
17-Dec-13 | 4:45 PM 6,531 861 | 1,319 507 | 9,218 62 42 43.61 F 47 39.34 E 0.91
17-Dec-13 | 5:00 PM 6,160 812 | 1,156 573 | 8,711 56 42 41.92 E 49 35.88 E 0.82
17-Dec-13 | 5:15 PM 6,205 772 | 1,221 572 | 8,769 50 38 45.90 F 48 36.27 E 0.83
17-Dec-13 | 5:30 PM 5,504 699 | 1,112 523 | 7,929 32 26 60.95 F 50 31.58 D 0.75
17-Dec-13 | 5:45 PM 5,363 618 | 1,117 484 | 7,582 33 26 57.76 F 51 29.74 D 0.72
17-Dec-13 | 6:00 PM 5,621 626 | 1,226 375 | 7.848 31 29 54.25 F 50 31.35 D 0.77
17-Dec-13 | 6:15 PM 5,675 474 | 1,189 273 | 7,610 31 33 45.97 F 51 29.62 D 0.71
18-Dec-13 | 2:45 PM 5,285 440 | 1,300 277 | 7.302 75 65 22.30 C 51 28.50 D 0.73
18-Dec-13 | 3:00 PM 5,900 461 | 1,529 303 | 8,193 75 64 25.65 C 49 33.47 D 0.83
18-Dec-13 | 3:15 PM 6,303 523 | 1,633 343 | 8,802 74 49 36.23 E 47 37.13 E 0.90
18-Dec-13 | 3:30 PM 6,113 595 | 1,507 372 | 8,586 71 48 36.01 E 48 35.82 E 0.88
18-Dec-13 | 3:45 PM 6,422 649 | 1,568 402 | 9,042 70 49 36.80 E 47 38.61 E 0.92
18-Dec-13 | 4:00 PM 6,639 707 | 1,395 434 | 9,174 70 50 36.51 E 47 38.76 E 0.88
18-Dec-13 | 4:15 PM 6,505 845 | 1,352 513 | 9,215 66 48 38.03 E 47 39.41 E 0.92
18-Dec-13 | 4:30 PM 6,457 772 | 1,413 493 | 9,135 64 55 33.44 D 47 38.94 E 0.91
18-Dec-13 | 4:45 PM 6,041 806 | 1,351 526 | 8,724 52 36 48.68 F 47 36.74 E 0.90
18-Dec-13 | 5:00 PM 6,065 826 | 1,119 574 | 8,584 43 30 56.71 F 49 35.17 E 0.81
18-Dec-13 | 5:15 PM 6,009 742 | 1,143 531 | 8426 36 29 58.61 F 49 34.18 D 0.79
18-Dec-13 | 5:30 PM 5,715 742 | 1,119 547 | 8,123 34 26 62.17 F 50 32.66 D 0.78
18-Dec-13 | 5:45 PM 5,787 659 | 1,099 471 | 8,016 34 27 60.39 F 50 31.79 D 0.74
18-Dec-13 | 6:00 PM 5,871 609 | 1,191 340 | 8,010 35 29 55.21 F 50 31.91 D 0.75
18-Dec-13 | 6:15 PM 6,025 484 | 1,119 247 | 7.876 35 31 50.72 F 51 30.60 D 0.73




San Diego Site #1

Measured

: Ver Vie Vir Vir V | Downstream | Measured | Measured | o\ oq | HEM2010 | HCM2010 | 0000040 | Hemzo10
Date Time (pcih) | (pcih /h m) | (pcih) Speed Speed | Density | =) o Speed | Density | =) o | vic Ratio
P pefh) | (pe/h) | (pelh) | (P (:‘ph) (mph) | (pe/mifin) (mph) | (pe/mifin)
18-Dec-13 | 6:30 PM 6,283 450 | 1,238 244 | 8216 39 46 35.72 E 51 32.44 D 0.76
19-Dec-13 | 2:45 PM 5,199 386 | 1,335 254 | 7,174 73 65 22.15 C 51 27.88 c 0.72
19-Dec-13 | 3:00 PM 5,661 495 | 1,546 343 | 8,045 73 63 25.48 C 49 32.96 D 0.85
19-Dec-13 | 3:15 PM 6,178 474 | 1,538 299 | 8,488 70 48 35.14 E 49 34.97 D 0.84
19-Dec-13 | 3:30 PM 6,224 520 | 1,505 324 | 8582 65 47 36.19 E 48 35.53 E 0.85
19-Dec-13 | 3:45 PM 6,250 543 | 1,493 329 | 8616 58 52 32.96 D 48 35.70 E 0.85
19-Dec-13 | 4:00 PM 6,667 718 | 1,485 467 | 9,337 67 45 41.49 E 47 40.07 E 0.92
19-Dec-13 | 4:15 PM 6,219 829 | 1,186 462 | 8,695 57 36 48.16 F 48 36.00 E 0.84
19-Dec-13 | 4:30 PM 6,272 816 | 1,238 470 | 8,79 45 31 56.95 F 48 36.66 E 0.86
19-Dec-13 | 4:45 PM 6,013 825 | 1,258 504 | 8,600 36 25 68.87 F 48 35.82 E 0.87
19-Dec-13 | 5:00 PM 5,678 770 | 1,109 566 | 8,122 29 25 64.29 F 50 32.72 D 0.78
19-Dec-13 | 5:15 PM 5,709 854 | 1,007 567 | 8,138 30 23 69.84 F 50 32.73 D 0.78
19-Dec-13 | 5:30 PM 5,687 738 | 1,036 506 | 7,968 31 24 67.06 F 50 31.63 D 0.74
19-Dec-13 | 5:45 PM 5,558 594 | 1,024 412 | 7,589 28 23 65.62 F 52 29.38 D 0.70
19-Dec-13 | 6:00 PM 5,643 644 962 302 | 7,551 29 25 61.38 F 52 29.17 D 0.70
19-Dec-13 | 6:15 PM 5,395 539 | 1,035 285 | 7,254 32 28 52.63 F 52 27.77 C 0.67
20-Dec13 | 2:15PM 5,075 439 | 1,28 272 | 7.014 78 65 21.54 C 52 27.01 C 0.69
20-Dec13 | 2:30 PM 5,771 514 | 1,333 303 | 7,921 77 66 24.05 C 50 31.67 D 0.77
20-Dec13 | 2:45PM 5,945 428 | 1,584 292 | 8,248 77 66 24.88 C 49 33.82 D 0.84
20-Dec13 | 3:00 PM 6,202 487 | 1616 317 | 8,712 75 56 31.26 D 48 36.45 E 0.88
20-Dec13 | 3:15PM 6,102 540 | 1,506 338 | 8,486 73 47 35.83 E 48 35.11 E 0.85
20-Dec13 | 3:30 PM 6,154 588 | 1,465 355 | 8,562 72 54 31.89 D 48 35.50 E 0.86
20-Dec13 | 3:45PM 6,302 672 | 1,475 399 | 8,848 74 55 32.12 D 47 37.32 E 0.89
20-Dec13 | 4:00 PM 6,579 685 | 1453 442 | 9,160 68 54 33.73 D 47 38.86 E 0.89
20-Dec13 | 4:15PM 6,565 788 | 1,374 482 | 9,210 61 50 36.52 E 47 39.22 E 0.90
20-Dec13 | 4:30 PM 6,343 697 | 1,353 434 | 8,828 60 54 32.44 D 48 36.80 E 0.85
20-Dec13 | 4:45PM 6,161 691 | 1,292 423 | 8,568 49 49 35.18 E 49 35.25 E 0.83
20-Dec13 | 5:00 PM 6,237 613 | 1,107 410 | 8,367 49 51 32.87 D 50 33.26 D 0.77
20-Dec13 | 5:15PM 6,011 627 | 1,230 483 | 8,351 37 37 45.44 F 50 33.71 D 0.77
20-Dec13 | 5:30 PM 5,771 568 | 1,129 418 | 7,887 33 39 40.03 E 51 30.08 D 0.73
20-Dec13 | 5:45PM 5,835 492 | 1,007 320 | 7.654 36 31 48.92 F 52 29.27 D 0.70
20-Dec13 | 6:00 PM 5,612 471 | 1,095 253 | 7,431 50 51 29.06 D 52 28.52 D 0.69




Site #2: Interstate 5 NB in San Diego
between I-8 (on) & Sea World Drive (off)

HCM 2010 Parameter

Length of Weave Segment Ls (feet) 1,545
Interchange Density ID (IC/mile) 1.33
Number of Lanes in Weave N (lanes) 5
Number of Weaving Lanes Nwi (lanes) 2
Freeflow Speed FFS (mph) 65
Capacity (Ideal Basic Fwy Seg) CirL (pc/h/In) 2,350
Minimum Lane Chages (Rmp to Fwy) LCrr (lanes) 1.00
Minimum Lane Chages (Fwy to Rmp) LCrr (lanes) 1.00
Peak Hour Factor PHF 1.00
Factor for Heavy Vehicles frv 1.00
Factor Driver Population fe 1.00
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San Diego Site #2

Measured
- Ver Vre Vir VRrr Vv Downstream Measured Measu.red Measured alz 2l HCMZ?W HCM2010 | HCM2010
Date Time h) Speed Speed Density LOS Speed Density LOS V/C Ratio
{pch) (pc/h) D) (pc/h) (pe (I"T)lph) (mph) (pc/mi/ln) (mph) (pc/mil/ln)
21-Jan-14 [ 6:30 AM 5,819 1,682 153 61 7,715 63 62 25.08 C 46 33.88 D 0.76
21-Jan-14 | 6:45 AM 6,183 2,016 179 81 8,459 58 63 26.93 C 43 39.51 E 0.91
21-Jan-14 [ 7:00 AM 6,846 1,778 169 62 8,856 56 45 39.63 E 43 41.12 E 0.84
21-Jan-14 | 7:15 AM 6,221 1,496 151 51 7,920 39 24 64.87 F 46 34.14 D 0.75
21-Jan-14 | 7:30 AM 5,882 1,444 161 56 7,543 32 22 67.36 F 47 32.10 D 0.71
21-Jan-14 | 7:45 AM 6,250 1,454 224 73 8,002 32 27 60.01 F 45 35.25 E 0.76
21-Jan-14 [ 9:00 AM 5,511 1,441 393 142 7,486 33 28 54.00 F 46 32.70 D 0.76
21-Jan-14 | 2:45PM 5,317 1,134 489 99 7,039 66 65 21.59 C 47 29.70 D 0.68
21-Jan-14 [ 3:00 PM 5,255 1,236 408 146 7,044 66 63 22.29 C 47 29.80 D 0.68
21-Jan-14 | 3:15PM 5,316 1,167 423 141 7,047 65 65 21.80 C 48 29.62 D 0.67
21-Jan-14 | 3:30 PM 5,541 1,176 429 139 7,285 65 65 22.31 C 47 30.83 D 0.69
21-Jan-14 | 3:45PM 5,234 1,200 498 174 7,106 65 66 21.63 C 47 30.29 D 0.71
21-Jan-14 | 4:15PM 5,996 1,337 490 134 7,956 62 61 25.93 C 45 35.09 E 0.76
21-Jan-14 | 4:30 PM 5,941 1,290 439 117 7,787 61 64 24.30 C 46 33.81 D 0.74
21-Jan-14 | 4:45PM 5,850 1,357 539 153 7,898 64 62 25.32 C 45 35.08 E 0.79
21-Jan-14 | 5:00 PM 5,930 1,394 478 138 7,940 64 62 25.52 C 45 35.20 E 0.78
21-Jan-14 | 5:15PM 6,521 1,426 576 154 8,677 57 53 32.74 D 43 40.42 E 0.83
21-Jan-14 | 5:30 PM 5,799 1,256 517 137 7,708 55 50 30.53 D 46 33.59 D 0.74
22-Jan-14 | 6:30 AM 5,750 1,733 140 58 7,682 63 61 25.12 C 45 33.87 D 0.78
22-Jan-14 | 6:45 AM 6,311 1,984 170 74 8,539 60 60 28.25 D 42 40.45 E 0.90
22-Jan-14 | 7:00 AM 6,482 1,642 176 63 8,363 46 30 55.10 F 44 37.79 E 0.79
22-Jan-14 | 7:15 AM 6,142 1,523 158 55 7,878 42 25 62.84 F 46 34.07 D 0.75
22-Jan-14 | 7:30 AM 5,708 1,422 177 62 7,370 35 22 68.47 F 47 31.22 D 0.70
22-Jan-14 | 7:45 AM 5,600 1,325 164 55 7,144 33 23 62.53 F 48 29.73 D 0.68
22-Jan-14 | 3:00 PM 5,434 1,185 412 137 7,167 65 64 22.47 C 47 30.23 D 0.68
22-Jan-14 | 3:15PM 5,433 1,192 398 133 7,155 66 65 22.08 C 47 30.14 D 0.68
22-Jan-14 | 3:45PM 5,413 1,096 491 151 7,151 65 59 24.15 C 47 30.11 D 0.68
22-Jan-14 | 4:00 PM 5,451 1,229 431 119 7,231 66 65 22.29 C 47 30.77 D 0.69
22-Jan-14 | 4:15PM 5,507 1,350 538 161 7,556 64 60 25.14 C 45 33.27 D 0.79
22-Jan-14 | 4:30 PM 5,782 1,371 463 134 7,751 66 63 24.50 C 46 34.06 D 0.76
22-Jan-14 | 4:45PM 5,917 1,312 441 120 7,790 62 63 24.72 C 46 33.93 D 0.74
22-Jan-14 | 5:00 PM 5,835 1,393 413 121 7,762 64 63 24.47 C 46 34.00 D 0.75
22-Jan-14 | 5:15PM 6,761 1,388 511 128 8,789 59 57 30.69 D 43 40.49 E 0.83
22-Jan-14 | 5:30 PM 5,566 1,245 553 151 7,515 39 39 38.47 E 46 32.71 D 0.75
23-Jan-14 | 6:30 AM 5,845 1,569 120 45 7,579 64 62 24.40 C 46 32.60 D 0.72
23-Jan-14 | 6:45 AM 6,339 1,926 164 69 8,498 58 59 28.74 D 43 39.89 E 0.87
23-Jan-14 [ 7:00 AM 6,877 1,755 159 57 8,848 54 43 41.60 E 43 40.89 E 0.84
23-Jan-14 | 7:15 AM 6,351 1,402 141 44 7,938 38 26 61.71 F 46 34.32 D 0.75
23-Jan-14 | 7:30 AM 5,907 1,326 158 50 7,441 39 23 64.57 F 48 31.13 D 0.70
23-Jan-14 | 8:30 AM 5,490 1,215 274 80 7,058 23 22 64.71 F 48 29.32 D 0.67
23-Jan-14 | 9:15 AM 5,361 1,215 449 140 7,166 25 23 61.16 F 47 30.46 D 0.69
23-Jan-14 | 3:15PM 5,444 1,278 417 149 7,287 63 65 22.47 C 47 31.17 D 0.71
23-Jan-14 | 3:30 PM 5,438 1,275 489 174 7,377 63 63 23.29 C 46 31.88 D 0.74
23-Jan-14 | 3:45 PM 5,359 1,301 463 171 7,295 65 65 22.62 C 46 31.47 D 0.74
23-Jan-14 | 4:00 PM 5,338 1,250 490 141 7,219 64 64 22.50 C 47 31.00 D 0.73




San Diego Site #2

Measured
- Ver Vre Vir VRrr Vv Downstream Measured Measu.red Measured alz 2l HCMZ?W HCM2010 | HCM2010
Date Time h) Speed Speed Density LOS Speed Density LOS V/C Ratio
{pch) (pc/h) D) (pc/h) (pe (I"T)lph) (mph) (pc/mi/ln) (mph) (pc/mil/ln)
23-Jan-14 | 4:15PM 5,926 1,416 507 148 7,997 62 64 25.14 C 45 35.72 E 0.80
23-Jan-14 | 4:30 PM 5,733 1,343 462 132 7,671 62 64 23.93 C 46 33.53 D 0.75
23-Jan-14 | 4:45PM 5,909 1,267 519 136 7,832 62 64 24.62 C 46 34.28 D 0.75
23-Jan-14 | 5:00 PM 5,728 1,325 388 110 7,552 63 63 24.07 C 46 32.56 D 0.72
23-Jan-14 | 5:15PM 6,418 1,452 541 150 8,561 60 61 27.99 C 43 39.73 E 0.83
23-Jan-14 | 5:30 PM 5,775 1,372 378 110 7,634 63 61 25.14 C 46 33.12 D 0.73
23-Jan-14 | 5:45PM 5,308 1,242 404 116 7,069 64 62 22.98 C 47 29.93 D 0.69
24-Jan-14 | 6:45 AM 6,044 2,133 160 78 8,414 59 62 27.34 C 42 39.73 E 0.96
24-Jan-14 | 7:00 AM 6,447 1,971 156 67 8,640 57 47 37.14 E 42 40.88 E 0.89
24-Jan-14 | 7:15 AM 6,100 1,554 113 41 7,807 38 25 61.66 F 46 33.66 D 0.74
24-Jan-14 | 7:30 AM 6,146 1,433 155 51 7,786 35 24 63.57 F 47 33.23 D 0.74
24-Jan-14 | 7:45 AM 5,884 1,429 212 72 7,597 39 26 57.80 F 47 32.50 D 0.72
24-Jan-14 | 8:00 AM 5,306 1,407 267 94 7,074 29 25 57.14 F 47 30.05 D 0.70
24-Jan-14 | 8:15 AM 5,317 1,428 249 88 7,082 32 24 59.14 F 47 30.10 D 0.70
24-Jan-14 | 8:30 AM 5,689 1,620 274 103 7,686 46 44 35.03 E 45 33.97 D 0.79
24-Jan-14 | 8:45 AM 5,366 1,471 271 99 7,207 64 63 22.91 C 47 30.95 D 0.73
24-Jan-14 | 1:45PM 5,197 1,372 408 113 7,089 63 65 21.89 C 46 30.50 D 0.74
24-Jan-14 | 2:15PM 5,195 1,427 371 97 7,089 65 63 22.52 C 46 30.56 D 0.75
24-Jan-14 | 2:45PM 5,141 1,296 524 125 7,087 65 65 21.74 C 46 30.64 D 0.76
24-Jan-14 | 3:00 PM 5,774 1,246 464 152 7,636 65 66 22.98 C 46 32.97 D 0.73
24-Jan-14 | 3:15PM 5,971 1,277 387 126 7,761 64 63 24.74 C 46 33.41 D 0.74
24-Jan-14 | 3:30 PM 5,620 1,199 509 165 7,494 64 64 23.58 C 46 32.25 D 0.71
24-Jan-14 | 3:45PM 5,480 1,260 481 168 7,390 65 64 23.17 C 46 31.86 D 0.73
24-Jan-14 | 4:00 PM 5,427 1,321 366 109 7,222 67 67 21.68 C 47 30.82 D 0.70
24-Jan-14 | 4:15PM 5,569 1,345 421 124 7,458 65 65 22.79 C 46 32.29 D 0.74
24-Jan-14 | 4:30 PM 5,381 1,280 371 108 7,139 67 63 22.68 C 47 30.28 D 0.69
24-Jan-14 | 4:45PM 5,453 1,409 462 146 7,470 64 64 23.24 C 46 32.77 D 0.78
24-Jan-14 | 5:00 PM 5,768 1,430 399 121 7,719 66 63 24.60 C 46 33.88 D 0.76
24-Jan-14 | 5:15PM 5,956 1,354 415 115 7,841 64 64 24.66 C 46 34.25 D 0.75
24-Jan-14 | 5:30 PM 5,279 1,327 341 105 7,052 66 63 22.55 C 47 29.92 D 0.69




Site #3: Interstate 805 NB in San Diego

between SR 52 (on) & Governor Drive (off)

HCM 2010 Parameter

Length of Weave Segment Ls (feet) 1,670
Interchange Density ID (IC/mile) 1.00
Number of Lanes in Weave N (lanes) 5
Number of Weaving Lanes Nwi (lanes) 2
Freeflow Speed FFS (mph) 65
Capacity (Ideal Basic Fwy Seg) CirL (pc/h/In) 2,350
Minimum Lane Chages (Rmp to Fwy) LCrr (lanes) 1.00
Minimum Lane Chages (Fwy to Rmp) LCrr (lanes) 1.00
Peak Hour Factor PHF 1.00
Factor for Heavy Vehicles frv 1.00
Factor Driver Population fe 1.00
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San Diego Site #3

Measured
. Ve Vi Vir Vrr V | Downstream | Measured | Measured | | HCM2010 | HCM2010 | o040 | Homz010
Date Time h Speed Speed Density LOS Speed Density LOS V/C Ratio
Rl (Rl Rl (Rl (pefh) (I"T)lph) (mph) (pc/milln) (mph) (pc/mi/ln)
19-May-14 [ 5:45 AM 6,711 1,607 276 111 8,704 68 28 61.67 F 44 39.23 E 0.82
19-May-14 | 6:00 AM 6,274 1,503 273 134 8,184 64 29 57.03 F 46 35.97 E 0.77
19-May-14 [ 6:15 AM 7,394 1,750 318 154 9,616 57 26 72.79 F 42 45.36 F 0.91
19-May-14 | 6:30 AM 6,537 1,810 353 200 8,900 53 27 66.96 F 43 41.75 E 0.90
19-May-14 [ 6:45 AM 5,414 2,123 329 265 8,130 52 25 65.50 F 42 38.71 E 1.02
19-May-14 | 7:00 AM 5,399 2,278 324 224 8,224 51 23 72.61 F 41 39.97 E 1.08
19-May-14 [ 7:15 AM 5,347 2,177 359 239 8,122 52 24 67.02 F 42 39.05 E 1.06
19-May-14 | 7:30 AM 4,689 2,507 259 227 7,682 51 27 57.95 F 41 37.42 E 1.15
19-May-14 [ 7:45 AM 4174 2,357 284 263 7,078 50 24 58.48 F 42 33.38 D 1.10
19-May-14 | 8:00 AM 4,232 2,388 217 181 7,018 51 27 51.85 F 43 32.91 D 1.09
19-May-14 | 9:00 AM 4,584 1,903 324 219 7,030 48 66 21.25 C 44 31.67 D 0.93
19-May-14 | 9:30 AM 5,067 1,550 376 187 7,180 59 65 21.94 C 46 31.40 D 0.80
19-May-14 | 9:45 AM 5,461 1,348 304 122 7,236 60 64 22.57 C 47 30.69 D 0.69
20-May-14 | 5:45 AM 6,975 1,680 251 101 9,008 68 29 63.13 F 44 41.14 E 0.85
20-May-14 | 6:00 AM 6,273 1,534 322 161 8,290 62 33 50.61 F 45 36.88 E 0.79
20-May-14 | 6:15 AM 7,340 1,672 358 167 9,538 57 28 69.35 F 43 44.68 F 0.90
20-May-14 | 6:30 AM 7,098 1,819 367 193 9,476 53 25 74.64 F 42 45.23 F 0.91
20-May-14 | 6:45 AM 5,039 1,941 313 247 7,540 52 25 60.45 F 44 34.53 D 0.94
20-May-14 | 7:00 AM 5,988 1,757 387 186 8,318 53 24 69.57 F 43 38.36 E 0.89
20-May-14 | 7:15 AM 5,366 2,293 339 237 8,236 52 24 69.35 F 41 40.18 E 1.10
20-May-14 | 7:30 AM 4,596 2,499 265 236 7,596 53 25 60.19 F 41 36.89 E 1.15
20-May-14 | 7:45 AM 4,390 2,445 262 239 7,336 53 25 58.07 F 42 35.12 E 1.13
20-May-14 | 8:00 AM 4,083 2,593 254 238 7,168 53 24 60.92 F 41 34.63 D 1.19
20-May-14 | 8:15 AM 4,258 2,428 260 219 7,164 52 22 64.50 F 42 34.04 D 1.12
20-May-14 | 9:45 AM 5,367 1,515 313 144 7,338 55 66 22.27 C 46 31.84 D 0.76
21-May-14 | 5:45 AM 6,601 1,618 277 114 8,610 68 25 68.87 F 44 38.78 E 0.81
21-May-14 | 6:00 AM 6,392 1,612 259 134 8,398 64 25 67.40 F 45 37.53 E 0.79
21-May-14 | 6:15 AM 6,707 1,679 320 164 8,870 55 25 69.73 F 44 40.72 E 0.84
21-May-14 | 6:30 AM 6,102 1,964 306 202 8,574 52 25 69.27 F 42 40.42 E 0.95
21-May-14 | 6:45 AM 5,007 2,174 258 229 7,668 52 26 59.66 F 43 35.96 E 1.01
21-May-14 | 7:00 AM 4,712 2,208 317 243 7,480 52 24 61.48 F 42 35.26 E 1.05
21-May-14 | 7:15 AM 4,823 2,255 261 200 7,540 52 24 63.81 F 42 35.57 E 1.05
21-May-14 | 7:30 AM 4,410 2,340 250 217 7,216 52 24 59.32 F 42 33.99 D 1.08
21-May-14 | 7:45 AM 4,514 2,453 288 256 7,512 53 25 61.20 F 41 36.29 E 1.14
21-May-14 | 8:00 AM 4,534 2,521 246 202 7,504 52 23 64.54 F 41 36.35 E 1.15
21-May-14 | 8:30 AM 4,165 2,400 292 249 7,106 50 26 54.61 F 42 33.72 D 1.12
21-May-14 | 9:45 AM 5,435 1,395 279 117 7,226 51 61 23.65 C 47 30.72 D 0.70
22-May-14 | 5:45 AM 6,701 1,574 255 100 8,630 67 26 66.62 F 45 38.57 E 0.81
22-May-14 | 6:00 AM 5,942 1,483 319 163 7,908 64 26 61.91 F 46 34.65 D 0.75
22-May-14 | 6:15 AM 7,075 1,796 316 165 9,352 58 23 79.96 F 42 44.08 F 0.89
22-May-14 | 6:30 AM 6,205 1,883 329 205 8,622 52 25 68.38 F 43 40.41 E 0.92
22-May-14 | 6:45 AM 5,154 2,210 289 254 7,906 53 26 60.25 F 42 37.61 E 1.04
22-May-14 | 7:00 AM 5,111 2,224 320 228 7,882 51 23 68.15 F 42 37.67 E 1.06
22-May-14 | 7:15 AM 4,995 2,306 303 229 7,832 52 23 67.50 F 42 37.65 E 1.09




San Diego Site #3

Measured
. Ve Vi Vir Vrr V | Downstream | Measured | Measured | | HCM2010 | HCM2010 | o040 | Homz010
Date Time h Speed Speed Density LOS Speed Density LOS V/C Ratio
Rl (Rl Rl (Rl (pefh) (I"T)lph) (mph) (pc/milln) (mph) (pc/mi/ln)
22-May-14 | 7:30 AM 4,722 2,423 293 246 7,684 53 23 67.71 F 41 37.22 E 1.13
22-May-14 | 7:45 AM 4,687 2,458 271 232 7,648 52 24 64.09 F 41 37.06 E 1.14
22-May-14 | 8:00 AM 4,355 2,509 227 193 7,284 50 24 61.32 F 42 34.92 D 1.14
22-May-14 | 9:45 AM 5,540 1,521 342 153 7,556 56 63 23.86 C 46 33.09 D 0.78
23-May-14 | 5:45 AM 6,445 1,464 226 86 8,222 67 31 53.89 F 46 35.79 E 0.77
23-May-14 | 6:00 AM 5,605 1,267 264 122 7,258 64 27 53.77 F 48 30.36 D 0.68
23-May-14 | 6:15 AM 6,893 1,578 345 162 8,978 55 27 67.33 F 44 40.93 E 0.85
23-May-14 | 6:30 AM 6,049 1,876 307 195 8,428 50 25 67.89 F 43 39.16 E 0.91
23-May-14 | 6:45 AM 5,580 2,164 301 239 8,284 51 24 69.57 F 42 39.68 E 1.03
23-May-14 | 7:00 AM 5,190 2,228 338 238 7,994 51 22 7217 F 42 38.43 E 1.07
23-May-14 | 7:15 AM 5,106 2,353 338 255 8,052 53 27 59.40 F 41 39.34 E 1.12
23-May-14 | 7:30 AM 5,242 2,364 303 224 8,132 53 30 53.68 F 41 39.71 E 1.11
23-May-14 | 7:45 AM 4,727 2,423 272 229 7,652 52 55 28.00 D 41 36.95 E 1.12
23-May-14 | 8:15 AM 4,612 2,217 294 209 7,332 50 62 23.61 C 43 34.36 D 1.05
23-May-14 | 8:30 AM 4,719 2,138 353 236 7,446 49 63 23.80 C 43 34.93 D 1.04
23-May-14 | 8:45 AM 5,674 1,841 399 191 8,104 57 65 25.12 C 43 37.60 E 0.93
23-May-14 | 9:00 AM 5,539 1,617 358 170 7,684 61 63 24.45 C 45 34.19 D 0.82
23-May-14 | 9:15 AM 5,316 1,483 316 143 7,258 62 66 22.15 C 46 31.33 D 0.75
23-May-14 | 9:30 AM 5,818 1,630 301 137 7,886 58 66 23.96 C 45 35.08 E 0.80
23-May-14 | 9:45 AM 5,767 1,521 328 141 7,756 59 70 22.29 C 46 34.06 D 0.77
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