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Chapter 1. Introduction

1.1 Background

Work zone lane closures on highways create difficulty in providing efficient traffic operations
and safe conditions for drivers and workers. Lane closures due to highway work zones reduce
available capacity, which increases congestion and poses several issues in maintaining
unobstructed traffic operations. Merging at these closures increases weaving, causes queue
jumping, and presents the risk of rear-end collisions. Drivers subjected to these stressful
conditions may exhibit unsafe behavior that stems from “road rage.” According to a Dallas study
by the Texas A&M Transportation Institute, around half the drivers surveyed see merging as the
most stressful situation facing drivers. This stressis primarily due to drivers using the closed lane
to pass the sower moving traffic in the open lane just to force their way in downstream,
otherwise known as queue jumping (Walters et al., 2000). Thus, the purpose of this project is to
assess delay and safety concerns associated with various work zone conditions and provide
recommendations to ensure efficient operations and conditions for both users and workers.

The researchers used a combination of field observations, micro-simulation, and dynamic traffic
assignment (DTA) tools to develop a procedural guide for freeway work zone traffic control
planning. Key elements of the procedure include determination of hours and days in which
traffic demand is less than, equal to, or greater than the proposed work zone capacity. It includes
consideration of traffic diversion to paths other than those passing through the work zone. The
guide suggests conditions for optimal use of early merge or late merge and provides guidelines
for use of signal-controlled merge operations. A schematic version of the procedure is shown in
Figure 1.1.



Figure 1.1 Conceptual Guide for Work Zone Traffic Control Planning.

1.2 What Researchers Found
Significant findings include the following:

e |f the hours and days of work zone activity can be chosen so that traffic demand does
not exceed work zone capacity, an early merge scheme will provide maximum safety
and minimum user delay. Under low volume conditions, early merge can enable little
or no delay for travelers through the work zone.

e Early merge concepts become highly problematic when traffic demand approaches or
exceeds work zone capacity. Under these conditions, incidents of queue jumping,
excessive lane changing, and crashes tend to escalate.

e If hours and days of work zone activity must include times in which traffic demand
exceeds capacity, late merge concepts are the best option.

e L ate merge schemes generally are designed to use all available lane space prior to the
work zone for queue storage; therefore, they provide the best available procedure if
traffic demand approaches or exceeds work zone capacity.

e For times in which demand exceeds capacity of the work zone, use of the signal-
controlled merge offers promise to reduce queue jumping, lane changing, and
associated crashes. Suggestions for signal timing for signal-controlled merge processes
are provided.



e |dedlly, estimation of the work zone traffic demand should be based on counts or at
least estimates of traffic volumes prior to work zone installation. Although every work
zone is unique, generally the traffic demand after work zone installation will be less
than demand before work zone activation—that is, diversion of traffic from the work
zone is almost always non-zero.

e Estimation of work zone traffic diverson can best be done through before-after
application of a DTA model. The DTA process generally requires a detailed network
description and never predicts link volumes that exceed capacity. The DTA process can
be expected to yield link traffic volumes, as opposed to the link demands produced by a
static assignment process.

o If DTA is not yet available for the work zone location, before-after application of a
traditional static traffic assignment (STA) model offers a reasonable second choice.
STA has serious limitations as far as redistically representing the process that leads to
congestion and increased travel time, but in a before-after comparison of the work zone
area, it does provide value. STA assignment models are currently available in al urban
and suburban Metropolitan Planning Organization shops.

e If neither DTA nor STA assignment capabilities are available, a rule of thumb of a
15% reduction of before-work-zone traffic volume may be applied to estimate traffic
demand during work zone activity.

e A queue length prediction tool was developed for those situations in which traffic
demands exceeding work zone capacity are a reality. The tool can be used to estimate
where variable message signs or other uniquely critical control devices should be
placed.

1.3 What This Means

The procedural guide developed through this study provides a rational approach to work zone
traffic control. Application of the guide to urban and suburban projects will provide a basis for
reducing user costs and improving both user and worker safety. A workshop with visual aids was
developed to present these concepts in an efficient, painless fashion. The workshop materials
could be provided as a self-study tool or through a face-to-face training session. In an effort to
understand prior applications of work zone traffic control in projects with various departments of
transportation (DOTS), a thorough literature review was conducted to inform the presentation of
the workshop materials.






Chapter 2. Literature Review

2.1 Lane Control

Lane control techniques facilitate the merging process to reduce highway user stress levels. By
guiding the driver at or to a specific point, instances of queue jumping and weaving are lessened,
which can increase capacity. These processes are implemented through variations of either early
merge or late merge control strategies. Both forms of control can be implemented as either static
or dynamic. The static approach employs signs that display a single message at all times and in
the same location regardless of traffic conditions. The dynamic approach uses real-time control
measures to decide whether to activate additional signage upstream to further inform
approaching drivers.

2.1.1 Early Merge Control

Early merge is a strategy that warns drivers in advance of a work zone of an upcoming closed
lane. This method allows time for the user to find a gap and complete the merge process ahead of
the closure. This technique is found very effective if traffic demand islow compared to capacity.
The system breaks down in the face of high demand and fewer gaps (Y ang et al., 2009).

A study by Tarko and Venugopa for the Indiana DOT (INDOT) looked at using variable
messaging signs to warn drivers to merge ahead of the queue as shown in Figure 2.1 (Tarko et
al., 2001). These signs were triggered to flash the message “No Passing When Flashing,” using
sensors that activated the next sign upstream of a forming queue. This created a “no passing
zone” with enough room for local police to enforce the signage. By merging sooner, aggressive
maneuvers were minimized throughout the merge process. This strategy was found useful with
low to moderate traffic demands.
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Figure 2.1 Indiana Lane Merge System.

INDOT tested this system on 2-to-1 lane work zones, while in 2004, the Michigan DOT
(MDOT) experimented on 3-to-2 lane configurations with approximately the same setup and
results (Datta et al., 2004). MDOT also tried this technique in 2000 at five locations along the
highway system. To aid in compliance, merging at these locations was enforced by officers and
violators risked a $200 fine (Walters et a., 2000).

2.1.2 Late Merge Control

Late merge is a technique that tries to take advantage of the full capacity of the highway
approaching a work zone to minimize the length of queue formation. This goal is accomplished
by advising drivers to use all available lanes followed by a “take turns’ method once at the
merge point. The Delft University in the Netherlands described this as the “zipper” method,
which means that each driver waits to change lanes until a fixed distance from the lane drop,
immediately behind the follower of their original leader. Proper usage of the late merge system
can improve throughput significantly while reducing queue length of up to 50% (Walters et al.,
2000).

In a comparative study by McCoy and Pesti (McCoy et al., 2001), early merge was noted as
being efficient only in low to moderate traffic demands. Once the system approached capacity,



significant queues would develop, creating the risk of high-speed drivers encountering stopped
gueues. Their proposed solution was a dynamic late merge setup where sensors would switch the
system from early merge at low volumes to late merge at high volumes. This could be
accomplished with real-time sensors that would activate variable message signs (VMYS) to inform
the driver whether to maintain lanes. One innovative concept was the use of construction
placement of sensors in construction barrels, or smart drums, to monitor traffic as shown in
Figure 2.2. They noted that signs would have to be placed well beyond the anticipated queue
length to avoid the aforementioned collision risk. This was also recognized by the Maryland
Highway Administration, who found that they had to move their signs three times due to
underestimating the queue length. They went on to recommend that warning signs be placed on
both sides of the highway to avoid blockage by heavy vehicles and that requiring speed reduction
as vehicles approached the merge point smoothed throughput (Kang et al., 2006).

Figure 2.2 Application of Smart Drum.

A study for the Virginia DOT evaluated late merge setups similar to the ones mentioned above
but was less significant. A more even lane split developed among users as compared to
uncontrolled methods, but the measures of effectiveness were not significantly different. The
author mentioned that these variations might be due to site differences, such as driver
characteristics, geometry, or even vehicle mix. Meyer ran into a similar challenge when
researching work zone behavior for Kansas City. He noticed that drivers would move into the
left closed lane even when instructed to remain in the right lane. The site was close to an
entrance ramp, which caused drivers to react to outside sources other than sign postings. He a'so
documented that drivers went through a “training” period where they had to become used to the
control method before any significant effects manifested. The percentage of drivers following the
control doubled from the first week to the second (Meyer, 2004).



2.1.3 Signalized Merge Control

Signalized guidance is arelatively new concept in which traffic signals that are usually located at
intersections are placed at work zones to facilitate movement. Signalized control was created to
manage merging where sites are heavily congested. The conventional merge scenarios such as
early merge and late merge are beneficial as long as traffic volumes remain relatively low. A
study conducted in 2009 suggests that early and late merge control methods peak in efficiency at
between 700 and 800 vehicles per hour per lane. In contrast, the experimental procedure of lane-
based signal merge could handle well above that limit and worked efficiently with high
percentages of heavy vehicles (Yang et al., 2009).

A study led by Heng Wel at the University of Cincinnati combined signal control with dynamic
late merge. In this study, real-time sensors were used to detect traffic demand. Once the system
noted certain control measure limits, a central unit activated upstream signs to warn drivers to
maintain their lane position. Once at the merge point, a traffic signal would alternate lanes,
allowing users to enter the work zone one at atime. The system was named the Dynamic Merge
Metering Traffic Control System (DMM-Tracs) and was noted to work well with cycle lengths
of either 60 or 120 seconds, with an optimal length of between 60 and 120 seconds. Lentzakis at
the Technical University of Crete in Greece also studied metering effects with signals, but used
local metering algorithms (ALINEA) to optimize signal timing (Lentzakis et a., 2008).

All signalized studies above rely heavily on simulation software for testing. No studies were
found that showed actual field testing of signalized merge control, although each study reported
promising results under heavily congested traffic conditions. Regardless of the roadway demand
and lane control measures used, however, a percentage of roadway users will always divert
because of the presence of awork zone.

2.2 Traffic Diversion

When drivers approach a work zone, a certain percentage will naturally divert to an alternate
path if one is available. With appropriate warning and information provided about aternate
paths, an even greater percentage will divert. The question is this. to what extent will drivers
divert? The greater the traffic volume that diverts to an aternate route, the greater the congestion
alleviation at the work zone.

A certain amount of delay in work zones is typically assumed to be unavoidable and often
considered a cost of doing business when roadway improvements are in progress (Lee et al.,
2008). Traffic queues when demand exceeds capacity. The queue will continue to grow until
demand lessens, usually through drivers seeking alternate routes. When work zones have been in
place long enough that traffic reacts to it, the volume tends to drop on the highway system. In
this scenario, entrance ramp volumes decrease 20—40% while exit volumes just before the queue
increase significantly, thus causing significant queues in a phenomenon known as “exit ramp
spill back” (Ullman, 1992; Pesti et al., 2007).

TxDOT has agorithms designed to determine the percentage of vehicles that will naturally
detour from the highway system given the presence of a work zone. The software initialy used
to determine diversion was QUEWZ, a TxDOT program that was generated in 1987. Studies
from Ullman and Lee, however, suggest that this model needed to be modified. Both authors
stated that traffic will queue to some threshold and remain there until demand decreases. Ullman



recommended that diversions should be based at the level where demand exceeds capacity, and
that driverswill typically tolerate adelay of 20 minutes before seeking an alternate path (Ullman,
1992). In addition, Lee suggested using an analysis tool called Work Zone Capacity Analysis
Tool (WZCAT) to predict delays and queue length. This model is a simple input-output with
work zone capacity controlling throughput (Lee et a., 2008).

Ullman later revised his theory and viewed a work zone capacity issue like a permeable pipe.
The model used fluid flow analogies to describe driver behavior upstream of a work zone
bottleneck. The input of the model is the highway’'s historic traffic data and it employs a
calibration factor to adjust the model to site conditions (Ullman and Dudek, 2003).

With suggestions that several different models could best account for diversion, work zone
models thus far have clearly been very site-specific. No one model seems to be transferrable
from one location to another. Site conditions play a key role in determining the divergence of
traffic and the nature of the queue that forms. Thus, in order to best assess traffic diversion,
considering site conditions (like configuration) as well as work zone conditionsis important. The
following chapter introduces the three sites that were studied for this project, including one
Houston site and two Austin sites, in an effort to assess site conditions that could affect diversion
and queue formation.



10



Chapter 3. Methodologies

3.1 Description of Sites

For this task, the research team collected work zone field data from one Houston site (IH 610E at
Clinton) and two Austin sites (IH 35 at 51st Street and westbound Oltorf Street at IH 35). In each
of these sites a different type of closure was observed. At the Houston site, one highway main
lane was closed and no clear alternate routes were available. At the IH 35 Austin site, the lower
deck was shut down and vehicles had the option of continuing to the upper deck or exiting onto
the frontage road. At the Oltorf Street site, all lanes were closed and a detour was recommended.
This chapter summarizes the data collection procedures and analysis at all sites.

As stated in the proposal, the collected data will be used in experiments designed to improve
understanding of driver’s route choice, safety, and driving behavior, among others. The data can
also be used to calibrate future models.
3.2 Data Collection and Results

This section will detail the data collection process and results for each of the three sites.

3.2.1 Houston: IH 610

3.2.1.1 Work Zone Location and Layout

The TranStar website was used to identify an appropriate work zone location for the purpose of
this project (at IH 610E and Clinton). Please see Table 3.1 and Figure 3.1 for information about
thiswork zone. Figure 3.2 is a Google Earth picture of the study location.

Table 3.1 Work Zone Information for IH 610 at Houston Site.

IH 610 EAST LOOP Southbound At CLINTON DR to
LAWNDALE

Location

Description Construction

Lanes Affected 1 main lane, left shoulder
Duration June 8-October 29, 2012
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Figure 3.1 Houston Real-Time Traffic Map.

Figure 3.2 Google Earth Image of IH 610 Work Zone Area.

Pictures of the work zone closure and corresponding traffic control signs are presented in
Figure 3.3. The work zone layout is presented in Figure 3.4 according to the field survey
conducted on August 16, 2012. Four static signs lead to the work zone, including one variable
message sign (VMS) and one flash arrow sign. As shown in Figure 3.4, two “road work
ahead” signs are located one mile before the closure on both sides of the roadway, one “left
lane closed” sign is placed on the | eft side a half-mile upstream from the closure, and a “left lane
closed” sign, also on the left side, is positioned 1000 feet before the site. The VMS,
located one mile upstream from the closure, displays a “left lane closed” message. In addition, a
flashing arrow is positioned on the left side of the road at the beginning of the closure.
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Figure 3.3 Work Zone Traffic Sgns.
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Figure 3.4 Work Zone Layoui.

3.2.1.2 Data Collection and Processing

A Houston TranStar real-time surveillance camera was used to record traffic conditions for
the study location during the afternoon peak hour between 5:00 p.m. to 6:30 p.m., from
June 20 to June 22, 2012. A camera screenshot is shown in Figure 3.5.
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Figure 3.5 Screenshot of Houston TranSar Center’s Camera View.

The following traffic volume and travel time data were extracted through visual observation. The
procedures for processing traffic videos to obtain the above traffic dataare presented in the
following sections. To record the traffic volume, a scripted program on Microsoft Excel was
adopted. The program provided an efficient way to count vehicles passing through the work zone
area, by type and lane, a 5-minute intervals. Several buttons were designed for counting
different vehicle types like trucks and passenger cars, distinguishing between those on the lane
to be closed and those on the remaining lanes.

Software named “Time Machine” was also used to collect travel time information for randomly
selected vehicles. Between 7 and 30 vehicles were selected for every 5-minute interval
depending on the corresponding traffic volume. To measure travel times, two landmarks were
identified in the video recordings. the start and end points. Google Maps was used to define
these points for the travel time routes and are shown in Figure 3.6. After that, Time Machine was
used to record the travel time of all selected vehicles. Average travel times and speeds per time
interval were obtained by post-processing the Time Machine outputs.
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Figure 3.6 Sart and End Pointsfor Travel Time Calculations.

The following data were collected at 5-minute intervals for 4.5 hours on each of the 3 days
(June 20-22):

e total volume of passenger cars

e total volume of trucks

¢ volume of passenger cars on lane to be closed

¢ volume of volume of trucks on lane to be closed
e average travel time average travel speed

Please see Appendix A.1 for the complete dataset.

Figures 3.7-3.10 provide an overview of the observed trends, presenting 15-minute data
averaged throughout the analysis period. Figure 3.7 shows the average traffic volume for both
passenger cars and trucks. Figure 3.8 displays the same information for late mergers, which
are the vehicles that remain on the closure lane after driving past the last work zone warning
sign. Figures 3.9 and 3.10 show travel time and speeds, suggesting that 5:45 to 6:00 p.m. is the
most congested period.

For relatively low traffic volumes, most vehicles were observed to move away from the lane to
be closed before passing the last static “left lane closed” sign. Under more congested conditions,
many vehicles changed lanes only after this sign, thus becoming late mergers. Traffic on the
lane nearest to the work zone experienced more delay than did the traffic on other lanes.
Although these observations and trends are significant to this site, two Austin sites were studied
to observe different types of work zone closures.
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Figure 3.7 Traffic Volume under Work Zone Conditions Averaged across Three Days.
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Figure 3.8 Volume of Late Merging Traffic on the Closure Lane under Work Zone Conditions
Averaged across 3 Days.
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Figure 3.10 Travel Speed under Work Zone Conditions Averaged across 3 Days.

3.2.2 Austin: IH 35

3.2.2.1 Work Zone Location and Layout

Two sites were selected in the Austin area. The first site is located on IH 35 near 51st Street
and data was collected on April 23rd and 24th, 2012. During this time the lower deck’s |eft two
lanes were closed after 9:00 p.m.

Please refer to Table 3.2 for detailed information about the closure. Figure 3.11 presents a
Google Earth image of the analyzed location, where the work zone isindicated using ared line.

Table 3.2 Work Zone Information for IH 35 at Austin Site.

Southbound IH 35 approaching 51st
STREET

Location

Description Construction
Lanes Affected | IH 35 left-side lower deck exit lane closed
Duration April 23-24, 2012
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Figure 3.11 Google Earth Image of IH 35 near 51st street, with the Work Zone in Red.

3.2.2.2 Data Collection and Processing
Video data was recorded by TxDOT staff at the Combined Transportation Emergency
Communications Center (CTECC). A camera shot is shown in Figure 3.12.

Figure 3.12 Screenshot of CTECC Camera View.
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The same software used in the Houston site, Time Machine, was used for collecting
traffic volume and travel time data.
The following data were collected:

e total volume of passenger cars entering the analyzed section

e total volume of trucks entering the anal yzed section

o total volume of passenger cars exiting on the ramp

o total volume of trucks exiting on the ramp

e average travel time (see Figure 3.13)

e average travel speed

Figure 3.13 Sart and End Points for Travel Time Calculations.

Please see Appendix A.2 for a complete dataset of the Austin IH 35 site. The data collected was
used to study the diversion rate, defined as 1 minus the ratio of the number of vehicles driving
through the work zone area under normal conditions and the corresponding number after the
work zone closureisin place.

The percentage of drivers exiting the freeway is used to approximate the diversion rate. The
percentage of exiting vehicles is computed as the ratio of vehicles taking the off-ramp
immediately upstream from the closure to the total number of vehicles entering the considered
section, also referred to as the number of vehicles that remain on the highway plus vehicles
that exit. For this site, traffic data was available starting on the first day of the closure, allowing
researchers to observe two types of impacts:

e Short-term impacts: these result from the reaction of drivers to the presence of a new
work zone, when they do not have enough information to make strategic decisions.
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For example, many drivers may initially choose to avoid a new work zone by diverting
to alternative routes because they perceive it as a possible cause of delay. However,
such decisions may not take into account the possibility of finding worse congestion on
alternative routes.

e Long-term impacts: in the long term, drivers have an opportunity to experience both
the travel time associated with driving through the work zone and the travel time on
aternative routes. Based on their experience, they can make strategic decisions,
including maor changes to their route. The resulting diversion rate is not only
influenced by the work zone area capacity, but aso by the local streets’ capacity and
signa control. The new routing decisions are assumed to lead to a new user
equilibrium condition. In this case, the only determination factor on the flow pattern is
the travel cost.

Figure 3.14 illustrates the first type of effects. It presents the percentage of exiting vehicles
during the first 2 days of road work and compares it to the corresponding value during recurrent
or normal conditions.

Figure 3.14 Percentage of Exiting Vehicles.

The percentage of exiting vehicles is observed to increase considerably during the first
closure day, going back to its original value on the second day. This finding suggests that
drivers are likely to initially overreact to the presence of an unexpected closure by exiting
the freeway in the hope of avoiding delays. However, as they become more familiar with the
actual traffic conditions through the work zone and on alternative routes, some travelers may
reassess their decision and return to their original path. It is interesting to notice that during the
second day with the work zone in place, the percentage of exiting vehicles is slightly lower than

21



under normal conditions. While this reduction may be a due to regular daily variability, it can
also be a consequence of traveler's strategic decision-making process. some drivers normally
exiting on the considered ramp may be taking aternative paths to avoid additional delays due to
work zone traffic. This theory is supported by the data presented in Figure 3.15, which
suggests a small reduction in the total demand through the work zone area. The average
diversion rates are presented in Table 3.3, which follow the same trend as the percentage of
exiting vehicles and decrease considerably on the second day of road work.

Figure 3.15 Total Traffic Volumeinto the Work Zone Area.
Note: A truck is assumed to be the equivalent of two passenger cars.

Table 3.3 Average Diversion Rate (9 p.m.-11 p.m.).

Traffic through Work
Zone Area Diversion Rate
(passenger car equivalent)
Regular Conditions (Avg.) 6179 0%
Road Closure - Day 1 2497 60%
Road Closure - Day 2 4609 25%

3.2.3 Austin: Oltorf Street

3.2.3.1 Work Zone Location and Layout

The second site in Austin where data was collected is located at the intersection of westbound
(WB) Oltorf Street and IH 35. Oltorf’s WB through lane was closed all day during the
considered period, and drivers headed in that direction were directed to make a left turn at the
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intersection. Please refer to Table 3.4 for detailed information about the closure. Figure 3.16
presents Google Earth images of the analyzed location, with the work zone indicated using a red
line.

Table 3.4 Work Zone Information for Oltorf Street in Austin Site.

Location Westbound OLTORF STREET at IH 35

Lanes Affected Westbound through lane closed

Description Construction
Duration July 24-26, 2012

Figure 3.16 Google Earth Image of Oltorf Street near IH 35, with the Work Zone in Red.

3.2.3.2 Data Collection and Processing
Data was collected at the site using video recorded by City of Austin Traffic Management Center
staff, as shown by Figure 3.17.

23



Figure 3.17 Screenshot from City of Austin Traffic Management Center Camera.

For the Oltorf Street site, only traffic volume was extracted. The same software was used for
collecting traffic volume as for Houston site. For each turning movement examined, the total
volumes of passenger cars and trucks were collected separately in 5-minute intervals.

Please see Appendix A.3.1 and A.3.2 for acomplete dataset of the Austin Oltorf Street site.

This site is unique compared to the first two sites in that Oltorf Street was completely closed.
Therefore, the goal of the data analysis for this site was to determine if the recommended detour
was used as intended. Initia results show that the detour was indeed used as intended. Figure
3.18 depicts the 15-minute volumes of passenger cars headed southbound on the IH 35 frontage
road and turning right onto Woodward Street. The turning movement volumes are clearly higher
when the work zoneisin place.
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Figure 3.18 Right-Turn Detours from Southbound IH 35 Frontage Road to Woodward Street.

The data collected provides interesting insights into drivers' route choice mechanism and
lane-changing behavior around road closures. At the Houston site, drivers were observed to
react to work zone warning signs by merging early under relatively uncongested conditions.
However, in higher levels of congestion, more drivers adopted a late merge strategy. The
Austin site on IH 35 at 51st Street was used to analyze the evolution of driver’'s route choice
process around long-term work zones. Travelers were observed to initially overreact to the
presence of the work zone, and eventualy return to their original paths for the considered
scenario. A diversion rate of 25% was observed in the second day of road work. At the Oltorf
Street site, the detour guidance was found to be effective. The collected data will be used to
assess the performance of microsimulation and dynamic traffic assignment (DTA) models, and
to inform the selection of some modeling parameters. From these three sites, observations were
made and data was collected in order to perform simulations to analyze user routes, work zone
impact on network performance, and safety, among other topics.

3.3 Design of Simulation Experiments

Experiments conducted in this project include three parts. network-level simulation,
microsimulation, and safety modeling. In network-level simulation, DTA models will be used to
describe travelers route changing behavior. The DTA models will take the travel demand as
input and will output the number of vehicles flowing through the work zone, allowing for an
analytical calculation of the diversion rate. The flow through the work zone will be fed into the
microsimulation model where detailed performance measures such as delay, speed, and lane
changing will be characterized. These measures will be compared with similar measures
obtained from DTA, where available, for calibration purposes. Lastly, the vehicle trajectories
output from microsimulation will be input into the safety model where measures of safety (e.g.,
predicted crash rate) will be obtained. Figure 3.19 illustrates this integrated framework.
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Figure 3.19 Model Integration for Experiment Scenarios.

The scenarios to be tested by the experiments are outlined in the following sections. Since
microsimulation models capture a finer level of detail than do the DTA models, the scenarios
analyzed by these two model types are presented separately. The scenariosrunin DTA will focus
on estimating diversion rate, whereas microsmulation will be used for a wider range of
objectives. No scenarios are presented specifically for the safety model, but the researchers plan
to run the output from each microsimulation scenario into the safety model to evaluate how the
safety performance measures varied as different variables are changed.

The goal of the experiments was to gather enough information to construct a decision tree. As
stated in the project proposal, the “decision tree process that includes all potentially significant
factors will be derived to guarantee inclusion of the many issues and development of an optimal
control scheme for each unique work zone.” Field data gathered from the work zones will be
processed through the microsimulators, which will in turn be used to calibrate the DTA models.
The DTA scenarios will be discussed in detail in Section 3.3.1 and the microsimulation scenarios
will be discussed in detail in Section 3.3.2.

3.3.1 Dynamic Traffic Assignment Scenarios

3.3.1.1 Framework

The number of vehicles driving through a long-term work zone location is typicaly lower than
the corresponding volume under typical conditions. The former is a result of drivers learning
about the presence of the disruption over time and adjusting their routes accordingly, often
through diversion. DTA models are capable of capturing the long-term response of driversto the
presence of awork zone, and therefore can provide an estimate of the expected traffic volumein
the area of interest.

DTA models can output meaningful predictions of the diversion rate under different work zone
scenarios due to the explicit consideration of traffic signals and the capability to adjust the
geometric characteristics of links to reflect the presence of disruptions such as work zones, all of
which leads to meaningful predictions of the diversion rate under different conditions. However,
drivers behavior, including lane changing, is typically not modeled in the DTA context, and
microsimulation approaches provide a better framework to compare the traffic conditions under
various work zone management strategies. This is why the DTA model will be used to estimate
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the diversion rate and the microsimulation model will be used to evaluate how the work zone
operates given the level of traffic flowing through it (typical flow minus diverted flow).

While waiting for an appropriate test site to collect field data, tests of the modeling framework
were conducted using the shaded subarea shown in Figure 3.20. The Network Modeling Center
at UT’s Center for Transportation Research has already developed a five-county DTA model of
the Austin area consistent with the Capital Area Metropolitan Planning Organization’s regional
planning model, and the subarea selected is part of this region in Williamson County. As shown
in Figure 3.20, the fictitious work zone was modeled on eastbound State Highway 45 on the
section between Parmer Lane and FM 620.

%

Test Work Zone

Figure 3.20 Subarea Considered in DTA Experiments.
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3.3.1.2 Experiments

The DTA experiments were focused on identifying route changing to avoid the work zone
location (diversion rate) under different conditions. Results were compared to the diversion rates
estimated from the simpler methodol ogies recommended by the Federal Highway Administration
(FHWA), i.e., “Impact Analysis Tools” (2011). The modeling exercise ultimately led to the
development of a decision tree that can be used to predict diversion rates when DTA modeling is
not an option due to time constraints.

Table 3.5 displays the set of proposed numerical tests involving DTA modeling. The first
parameter to be tested, the ratio of volume to work zone capacity, is the relationship between the
“pre-work zone” volume using the link affected by the work zone and the capacity of the lanes
that remain open during the road work. As this ratio gets higher the traffic conditions at the work
zone worsen and a larger diversion rate is expected. The second and third variables in Table 3.5
aim at capturing the topological network characteristics most likely to affect the diversion
decision. Alternative routes, including frontage roads and other alternative streets, provide an
opportunity for drivers to take a detour that avoids the work zone atogether. The availability and
characteristics of these routes, such as length, speed limit, average traffic conditions, and the
presence of traffic signals, are expected to have an impact on the number of drivers that choose
to divert. Researchers will identify the minimum requirements for an alternative road to be
considered viable—for example, located within one mile of the work zone. All the combinations
defined in Table 3.5 may be conducted for one or more of the alternative work zone management
strategies considered in this project, and for each of the possible scenarios considered in the
microsimulation experiments. Runs were prioritized to ensure the best outcome for the decision
tree.

Table 3.5 Proposed DTA Experiments per Microsimulation Scenario.

Ratio of Volume to Non-frontage
: : Frontage Road
work zone capacity alternative streets
Yes
Yes
15 No
No Yes
Yes
Yes
1 No
No Yes
Yes
Yes
0.8 No
No Yes
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3.3.2 Microsimulation

3.3.2.1 Framework

Microsimulation models operate on small time increments of one second or less and capture
detailed vehicle behavior such as lane-changing. Therefore, the outputs from such models are
detailed vehicle-level measures such as delay and queue length over time. In this study, the
microsimulation model was a section of roadway containing the work zone. Figure 3.21 shows
an example of such a section that was used by the research team for initial testing. The flow rate
into the segment was determined using DTA modeling as described in the previous section and
the outputs were used as input into a safety model.

While waiting for field data to be collected, the researchers created a 2.8-mile simulated
environment to evaluate the modeling of work zones in CORSIM and VISSIM. Within this
segment, the speed is gradually reduced from 65 miles per hour (mph) to 45 mph before
encountering a signalized control device. Users are guided into a one-mile work zone one lane at
a time. Following the lane reduction, traffic has a 750-feet region in which to resume normal
operations. This design scheme was compared to the base case with norma conditions and
calibrated with field data. Figure 3.21 shows the work zone environment as it would appear for a
4-to-3 lane configuration. Table 3.6 shows the simulation design matrix.

Start Simulation End Simulation
50 MPH
65 MPH 55 MPH ‘ 45 MPH 45 MPH 65 MPH
6030 FT 1140 FT ﬂ\ 1160 FT Work Zone 5280 FT 750 FT
500 FT

Signal Placement

Figure 3.21 Microsimulation Environment.

3.3.2.2 Experiments

A long list of scenarios was identified for the purpose of experimentation and is given in Table
3.6. If patterns emerged among the scenarios, then the researchers condensed the number of
scenarios as appropriate. All of the scenarios listed focus on signalized merge control since this
has not yet been extensively studied. Other types of merge control may be considered necessary
to create the decision tree. For example, static late merge has been shown to have a significant
impact on reducing congestion in Pennsylvania and Minnesota
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Table 3.6 Proposed Microsimulation Scenarios.

No. Lane Change | Speed Cycle Lengths |\, .10 Mix
Type Condition (sec)

1 No Trucks
> 30 Low HV

3 High HV
4 No Trucks
5 60 Low HV

5 High HV

Norma

- No Trucks
8 90 Low HV

9 High HV
10 No Trucks

Ramp
11 Metering Low HY
T High HV
3tol
13 No Trucks
") 30 Low HV
15 High HV
16 No Trucks
17 60 Low HV
18 High HV
Reduced
19 No Trucks
20 90 Low HV
1 High HV
2 No Trucks
Ramp

23 Metering L(_)W il
4 High HV
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Table 3.6 (cont.) Proposed Microsimulation Scenarios

“ Lane Change [ Speed Cycle Lengths | \senicle Mix
Type Condition (sec)
55 No Trucks
6 30 Low HV
>7 High HV
8 No Trucks
29 60 Low HV
0 High HV
Normal :
31 No Trucks
2 90 Low HV
3 High HV
0 . No Trucks
amp
35 Metering Low HV
% High HV
3to2
37 No Trucks
38 30 Low HV
39 High HV
0 No Trucks
a1 60 Low HV
22 High HV
Reduced
43 No Trucks
1 90 Low HV
A5 High HV
46 No Trucks
Ramp

47 Metering Low HV
8 High HV

Various work zone lane configurations are possible and the research focused on the most
common scenarios as determined by the Project Monitoring Committee (PMC): three lanes
reduced to two, and three lanes reduced to one. A “normal” speed and a “reduced” speed
scenario were considered to mimic the conditions when a work zone speed is in place and
enforced, and when the standard speed limit has not changed. Reduced speed scenarios can also
mimic poor lighting and weather conditions.

As mentioned earlier, the scenarios in Table 3.6 reflect the “signalized merge”’ condition so the
cycle lengths, reported in seconds, refer to this signal head installed at the merge point. Initial
testing indicates that the optimal cycle length depends on the flow rate. The last parameter listed
in the table of scenarios is the mix of vehicles traversing the roadway segment. Trucks take up
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more roadway capacity than passenger cars and may also require a longer cycle length. The
researchers received input from the PMC on the vehicle mix scenarios most appropriate for
TxDOT roadways.

Other parameters mentioned in the project proposal were incorporated into the experimental
design, including varying the position of the closed lanes, varying the site geometry, and offering
detour guidance using static or variable signs placed at different locations.

For each microsimulation scenario, the researchers documented various performance measures,
including distributions of speed, travel time and delay, maximum queue length, and total
throughput in the simulation time.
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Chapter 4. Experiments

4.1 Application of Dynamic Traffic Assignment

Work zones that last multiple days, which are the focus of this project, give drivers a chance to
adjust to the new conditions. In this context some drivers may choose to use alternate routes that
avoid the work zone area altogether. The actual number of drivers opting to avoid the closure is
likely to be afunction of the closure type and corresponding lane control measures, as well asthe
characteristics and availability of aternate routes. In general, neglecting the diversion of vehicles
to alternate routes may overstate the anticipated congestion in the work zone area. While most
previous research assumes a fixed percentage of drivers will divert, this research showcases the
use of dynamic traffic assignment (DTA) to provide a location-specific prediction of the
expected diversion rate, leading to more realistic assessment of the impacts of a work zone on
the affected highway and nearby network.

As discussed in Chapter 3, traveler diversion to alternative routes may serve to relieve traffic
congestion in the vicinity of the work zone, which is expected to improve safety. Conversely,
aternate routes may become congested. DTA models may be used to identify areas where
congestion may worsen as a result of driver diversion from the work zone area, and to develop
traffic management strategies to mitigate such effects.

The VISTA (Visua Interactive System for Transport Algorithms) DTA modeling platform is
used for this task. DTA assumes that drivers seek to minimize their travel time (or a more
general measure of travel cost). Over time, drivers departing within a specific time learn about
the costs on al alternative routes between their origin and destination, and they distribute
themselves in such a way that costs are equal on al used routes. This is considered an
“equilibrium” condition. The DTA approach has the capability to model corridors or even large
regions while explicitly considering the peaking nature of traffic demand and can provide
performance measures on a disaggregate level, ranging from 15 minutes to even 6 seconds.
Consideration of traffic signals, incidents, and information provision via changeable message
signs are al within the capabilities of the DTA model.

DTA provides an excellent tool to analyze work zone impacts from a variety of different
perspectives, but some agencies may not yet have access to regional-level DTA models. While
the adoption of DTA models is expected to increase in the coming years, planning agencies may
need to resort to simpler approaches to estimate driver diversion rates. Other popular
methodologies that do not involve modeling are not capable of fully capturing the impact of
network connectivity, traffic signal timing plans, and other location-specific characteristics.
Thus, modeling-based approaches are always recommended when available.

The remainder of this chapter is organized as follows. Section 4.2 describes the DTA modeling
approach and experimental design scenarios. Section 4.3 describes the modeling results and the
comparison of diversion rates calculated by different tools. Section 4.4 focuses on outputs from
microsimulators like CORSIM and VISSIM.
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4.2 DTA Modeling Approach and Scenarios

This study focuses on work zones in an urban network. Under this condition, multiple aternative
routes are available upstream of the work zone, and at least one aternative route is available
when people reach the work zone link. An example is shown in Figure 4.1. Area A is the
upstream area of the work zone and it provides multiple alternative routes to travelers. Travelers
switching to other routes on this area affect the performance of the whole network. Area B is the
work zone area. When travelers enter area B, one alternative route remains that is the last option
to avoid the work zone. The goa is to understand diversion behavior in both areas A and B.
Therefore, diversion rates on two levels are defined. Network-level diversion represents how
many travelers avoid entering the work zone area choose other arterial streets or expressways. It
can describe the change of demand in the work zone area. Another type of diversion rate focuses
on the local level or the work zone area. It can be used to find the percentage of travelers who
keep their origina route through the work zone link when they choose to enter the work zone
area. Agencies and contractors can use this type of diversion rate to provide appropriate guidance
as to the number of lanesto close.

Figure 4.1 Example of a Work Zone in an Urban Network.

This report uses the work zone on IH 35 in Austin as the case study. Figure 4.2 shows the work
zone location and the links whose flow may be impacted by the work zone condition. The work
zone area lies downstream of the intersection of Airport Blvd and IH 35 southbound in Austin’s
downtown area. Upstream of the work zone area, the IH 35 lanes are separated into two groups:
the lower deck and the upper deck. The work zone is located on the lower deck, which is
represented by the red line. During work zone operations, the lower deck work zone areaiis fully
closed.



Figure 4.2 Subarea Considered in DTA Experiments.

4.2.1 Modeling Tools

This study uses VISTA as the DTA tool and TransCAD as the static traffic assignment (STA)
tool. VISTA is a simulation-based DTA software. It can simulate dynamic user equilibrium
based on the cell transmission model (CTM) with extensions for signalized intersections. The
CTM was developed by Daganzo. It is a discrete version of the Lighthill-Whitham-Richards
hydrodynamic traffic flow model. Each network link is divided into several cells, and the number
of vehiclesin each cell will be tracked on al iterations, where 6 secondsis used in VISTA. The
sending flow of a cell is the number of vehicles that can leave the cell if there is no downstream
restriction, and the receiving flow is the number of vehicles that can enter if there is an infinite
source. The maximum number of vehicles in each cell and the maximum flow that can be sent
from one cell to next are determined from the capacity, density of each network link, and the
length of each cell. The most important feature of CTM is that the total number of vehicles in
each cell cannot exceed finite limits. Instead, queues will be formed, which is an advantage of
CTM over STA.

TransCAD, developed by Caliper Corporation, is a transportation planning software combined
with GIS. One function of TransCAD is performing STA. It provides multiple assignment
methods, including all or nothing, incremental assignment, capacity restraint, user equilibrium,
and system optimum. The Bureau of Public Roads (BPR) function is used to compute link cost,
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with user-set values of the parameters o, and . The convergence criterion is based on maximum
absolute change in link flows between iterations. When maximum absolute change is smaller
than the preset threshold, the algorithm will stop. This study chose standard BPR functions to
describe link performance and used user equilibrium assignment as the assignment method.

4.2.2 Modeling Approach

Figure 4.3 illustrates the topology of the work zone arealinks. Link 2 isthe work zone link.

Link 1 Link 2
O O O

Link 3

é Driving direction O

Figure 4.3 Topology of the Work Zone Area Links.

If people choose alternative routes, they will not enter Link 1. Therefore, the change in volume
on Link 1 represents the diversion rate on the network level. The change in volume on Links 2
and 3 indicate the diversion rate on the local level.

Equation 4.1 is used to compute network-level diversion:

DNi — Vregular,i_vworkzone,i (Equation 41)

Vregular,i

where DN; is the diversion rate on link i, Viegylari IS the volume on link i under normal
conditions, and Vy,orkzone i 1Sthe volumeon link i under work zone conditions.

Equation 4.2 is used to compute the diversion rate on the local level:

DLi = Rregular,i - Rworkzone,i (Equation 42)

DL; isthe diversion rate on Link 2 or Link 3, Ryegylar,; iSthe ratio of the volume on link i to the
volume on Link 1 under normal conditions, and Ryyorkzonei 1S this ratio under work zone
conditions.

The process of calculating diversion rates using DTA and STA tools has three steps:

1. Run the DTA or STA model on a network under norma conditions. When the
network reaches equilibrium, record the volume on links that relate to the diversion
rate.

2. Add the work zone to the appropriate network link(s) and run the models with the
same demand again. When the network reaches the equilibrium condition, record the
appropriate link volumes.
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3. UseEquations 4.1 and 4.2 to compute network-level and local diversion rates.

Figure 4.4 illustrates the topology of a southbound IH 35 work zone. Links 1 and 2 lie upstream
of the work zone and Links 3 and 4 denote the lower level and upper deck of IH 35. Link 3 isthe
work zone and Link 5 is an off-ramp of IH 35. Travelers can use the Link 5 off-ramp to avoid the
work zone, choosing the alternative route provided by the frontage road or choose another
aternative route. The diversion rate on Link 1 is used to represent network-level diversion rate,
while the diversion rate on Link 2 is used to describe the local-level diversion rate. DTA uses
time-dependent demand and it has warm-up and clearing periods, which are the periods that
begin to load vehicles on the network and let all vehicles leave the network, respectively. So we
should calculate diversion rates from DTA based on the stable condition, which excludes warm-
up and cooling down periods.

Figure 4.4 Topology of the Work Zone Area.

4.2.3 Scenarios Modeled

The case study is based on two scenarios. the morning peak period from 7 am. to 9 am. and the
off-peak period from 9 p.m. to 6 am. The demand profile is shown in Figure 4.5. Only morning
peak demand is already provided by the regiona network. Off-peak period demand is obtained
based on the demand profile and morning peak period demand. This method uses a scale factor
representing the ratio of off-peak period demand to morning peak demand, and then uses this
factor to convert morning peak demand to the off-peak demand. Equation 4.3 is used to compute
this scale factor.

f = Posy peak/Pmorning peak (Equation 4.3)

where f is the scale factor, Pogrpeai 1S the percentage of daily total demand in the off-peak period,
and Pr,orning peak 1S the percentage of total daily demand in the morning peak.

According to assignment results, the selected stable condition in the morning period is from 8
am. to 9 am. The volume in the off-peak period has two phases. the congested Phase 1 from 9
p.m. to 12 am. and the uncongested Phase 2 from 12 am. to 6 am. The selected stable condition
on Phase 1 is from 9:30 p.m. to 10:30 p.m. and the Phase 2 stable condition is from 2 am. to 3
am.
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Figure 4.5 Demand Profile of a Day.

4.3 Analysis of Results

4.3.1 Comparison between Dynamic Traffic Assignment and Static Traffic Assignment

Tables 4.1 and 4.3 show the flow assignment results from STA for morning peak and off-peak
periods, respectively. Table 4.2 and 4.4 show the results from DTA for morning peak and off-
peak periods, respectively.

Table 4.1 Results from STA-TransCAD for Morning Peak Period.

Morning peak average hourly demand by STA

Normal Work zone
Link ID Total Per-lane Total Per-lane
1 18940 4735 14912 3728
2 17296 4324 11160 2790
5 1647 1647 3755 3755
Table 4.2 Results from DTA-VISTA for Morning Peak Period.

Morning peak average hourly demand by DTA

Normal Work zone
Link ID Total Per-lane Total Per-lane
1 6472 1618 3500 875
2 5860 1465 2800 700
5 612 612 697 697
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Table 4.3 Results from STA-TransCAD for Off-Peak Period.

Off -peak average hourly demand by STA

Normal Work zone
Link ID Total Per-lane Total Per-lane
1 2488 622 2372 593
2 2196 549 1852 463
5 292 292 520 520
Table 4.4 Results from DTA-VISTA for Off-Peak Period.
Off-peak average hourly demand by DTA
Phase 1 Phase 2
Normal Work zone Normal Work zone
Link ID | total | per lane | total per lane | total per lane | total | per lane
1 6616 | 1654 3958 990 2352 588 2110 | 528
2 5281 | 1320 2748 687 2243 561 1490 | 373
5 1335 | 1335 1210 1210 109 109 620 620

Based on the flow assignment results, the diversion rates for both scenarios were obtained.
Tables 4.5 and 4.6 show the diversion rates on morning peak and off-peak periods, respectively.

Table 4.5 Diversion Comparison during Morning Peak Period.

Link ID STA DTA
Network level 1 21% 46%
Local level 2 16% 11%

Table 4.6 Diversion Comparison during Off-Peak Period.

Link ID STA DTA
Phase 1 Phase 2
Network level 1 9% 40% 10%
Locadl level 2 10% 10% 25%

As Table 4.5 indicates, during the peak hour, the network-level diversion rate from STA is
smaller than that from DTA. This s reflected by the comparison to Link 1. Notice that, when a
work zone is present, DTA shows that more people will try to avoid entering the work zone area
and thus fewer people will enter Link 1. The work zone area has less congestion, so fewer people
will switch to aternative routes. Therefore, diversion rates on the local level from DTA are
smaller than the ones from STA. Actually, the result from DTA is reasonable: in a long-term
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work zone scenario, many vehicles will transfer to other routes at the network level instead of
passing through work zone area since users know there will be congestion in the work zone area.
Meanwhile, because DTA cannot allow link volumes to exceed the capacity of thislink, DTA is
more likely to assign travelers to other aternative routes than STA will when downstream is
congested. So the total number of vehicles that get to the work zone area using DTA will drop
dramatically. Table 4.6 reflects a similar trend in network-level diversion. DTA allows more
vehicles to use alternative routes during both phases at the network level. Demand in Phase 1 is
much higher than in Phase 2, so the work zone area becomes more congested in Phase 1 if all
travelers pass through it. For this reason, the diversion rate in Phase 1 is higher than in Phase 2.
Diversion rates on the local level from DTA are greater than or equal to STA since more people
aready choose alternative routes at the network level. During off-peak hours, when there is a
work zone on the main lanes, drivers know that they do not need to worry about congestion on
local streets. Therefore, most vehicles would prefer to leave the highway and divert to local
streets because they know that they can avoid passing through the more “dangerous’ work zone
area without suffering congestion.

4.3.2 Comparison between Dynamic Traffic Assignment Results and Field Data

The results from DTA are compared with field data using video surveillance provided by
TxDOT that shows traffic in the work zone area. Volumeson Link 1, 2, and 5 from 9 p.m. to 11
p.m. on 3 days under regular conditions and the first 2 days under work zone conditions were
provided. Link volumes over 2 days with work zone conditions and 1 day with regular conditions
are shown in Tables 4.7 and 4.8. Diversion rates on both days are described in Table 4.9.

Table 4.7 Link Volumes under Work Zone Conditions.

First day of work zone Second day of work zone
Time Link 1 Link 2 Link 5 Link 1 Link 2 Link 5
9:00-10:00 2353 2053 300 2087 1966 121
10:00-11:00 1113 1001 112 2077 1956 121
Table 4.8 Link Volumes under Regular Conditions.
Time Link1 | Link 2 Link 5
9:00-10:00 | 4000 3725 275
10:00-11:00 | 3109 2883 226
Table 4.9 Field Measured Diversion Rates on Both Days.
First day of work zone Second day of work zone
Network level Local level Network level Local level
Time Link 1 Link 2 Link 1 Link 2
9:00-10:00 41% 6% 37% -1%
10:00-11:00 64% 3% 33% -1%
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According to the results, diversion rates on both levels of the first day are higher than on the
second day. People overreact on the first day of awork zone project. When drivers see the work
zone signs, they think the work zone area will be congested. So people are more likely to choose
alternative routes to avoid the congestion. On the second day, travelers tend to revert to their
usua paths even though they may know that the work zone is present. The volume on Link 2
does not exceed the capacity of this link, so people return to their original routes and the
diversion rate on Link 2 isvery closeto zero.

The diversion behavior on the second day is the same as a long-term work zone project, so we
compare the result of the second day with the DTA results. The link volume from 9 p.m. to 11
p.m. and diversion rate provided by DTA are shown in Tables4.10 and 4.11.

Table 4.10 Link Volumes from 9 p.m. to 11 p.m. Using DTA.

Regular condition Work zone condition
Time Link 1 Link 2 Link 5 Link1 | Link2 | Link5
9:00-10:00 5738 5378 360 4655 3071 1584
10:00-11:00 5419 5147 272 4672 3093 1579

Table 4.11 Diversion Rates from 9 p.m. to 11 p.m. Using DTA.

Network level | Local level
Time Link 1 Link 2
9:00-10:00 19% 28%
10:00-11:00 14% 29%

According to the tables, the diversion rate trends by DTA are similar to the real data. Along with
decreasing demand, the network-level diversion rate is also lower. Fewer people want to pass
through the work zone area and the level of congestion in the work zone area is less. So more
people want to keep their original routes and the diversion rate on the network level is smaller.
The route choice behavior of the DTA model involves choosing the shortest time path from the
origin to the destination. If travel times on an alternate route are less than travel time through the
work zone link, people will choose alternative routes rather than pass through the work zone
link. Additionally, people will accept alittle longer travel time and will keep their original routes
when the work zone link presents little or no congestion. These reasons explain why the local-
level diversion rates from DTA and field observations do not match exactly.

4.3.3 Diversion Rate Sensitivity Analysis

The diversion rate can be affected by many factors. Demand in work zone areas is one of the
most important factors and is easy to quantify. When network demand increases in the work zone
area, congestion increases and travelers are then more likely to use alternative routes.
Alternately, if the work zone area becomes less congested, more travelers will return to their
original routes. This study uses VISTA to simulate traffic conditions on the network under
different demand levels to explore the relationship between diversion rate and demand changes.

The simulation process has three steps:
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1. Simulate traffic conditions in the work zone area under regular and work zone
conditions with the same demand level.

2. Find the total volume on Link 1 and 2 during the simulation period under both
conditions and calculate diversion rates based on Equations 4.1 and 4.2.

3. Repeats step 1 and 2 for each demand level.

Diversion behavior is different under different demand levels. Therefore, the traffic conditions
from uncongested to congested levels are analyzed. The network reaches the most congested
condition during the peak period. Demand in the morning period is considered as the 100% level.
The traffic conditions under demand levels from 10% to 90% will also be considered. The
diversion rates on both levels under different demand levels are shown in Table 4.12. Scatter
diagrams of the diversion rate at the network and local levels are shown in Figures 4.6 and 4.7.
Note on Figures 4.6 and 4.7 that the demand Level isthe ratio of demand to capacity.

Table 4.12 Diversion Rates with Varying Demand Level.

Demand level Network level Local level
Link 1 Link 2
10% 3.89% 23.51%
20% 5.14% 23.06%
30% 7.15% 27.48%
40% 19.00% 25.25%
50% 27.40% 11.30%
60% 32.80% 10.46%
70% 22.23% 13.69%
80% 20.66% 14.70%
90% 18.17% 13.13%
100% 50.87% 7.04%
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Figure 4.6 Network-Level Diversion Rate versus Demand Level.

Figure 4.7 Local-Level Diversion Rate versus Demand Level.

According to these results, when demand increases, more people are likely to choose alternative
network-level routes. The work zone area becomes more congested as the number of drivers who
enter the work zone areaincreases and a queue may occur. When people see a queue has formed,
they will think that the travel time delay may surpass their tolerance and may decide to use
alternate routes. In addition, if this work zone is a long-term project, travelers already believe
there will be congestion in this area during this period. A different local level diversion rate trend
shows a decrease when demand increases. More people do not enter the work zone area, so
volume on work zone links and travel time delay will decrease. People are more likely to accept
the delay and to return to their original routes. Figure 4.8 shows the scatter diagram of network-
level versusthe local-level diversion rates.
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Figure 4.8 Scatter Diagram of Network-Level vs. Local Level Diversion Rate.

Equation 4.4 represents the relationship between network-level diversion rate and demand level.
Table 4.13 shows the summary of this model’ s characteristics and Figure 4.9 shows the model on

a scatter diagram.
Dietwork tever = 0.362x 4+ 0.008 (Equation 4.4)

where x isthe demand level expressed as aratio of demand to capacity.

Table 4.13 The Summary of Equation 4.4 Characteristics.

R R Square | Adjusted R Square Std. Error of the Estimate
0.77 0.592 0.541 0.0963367

Figure 4.9 Equation 4.4 on a Scatter Diagram.



Equation 4.5 represents a relationship between local level diversion rate and demand level. Table
4.14 shows the summary of this model and Figure 4.10 shows the model on a scatter diagram.

= —0.192x + 0.275 (Equation 4.5)

Dlocal level

where x isthe demand level expressed as aratio of demand to capacity.

Table 4.14 The Summary of Equation 4.5 Characteristics

R R Sguare | Adjusted R Square Std. Error of the Estimate
0.812 0.659 0.616 0.0444138

Figure 4.10 Equation 4.5 on a Scatter Diagram.

Equation 4.6 represents the relationship between diversion rate on network and local levels.
Table 4.15 shows the summary of this model and Figure 4.11 shows the model on a scatter

diagram.
Dlocal level — _04’24x + 0258 (Equa“on 46)

where x isthe network-level diversion rate.

Table 4.15 The Summary of the Model 4.6 (Equation 4.6)

R R Square | Adjusted R Square Std. Error of the Estimate
0.842 0.709 0.672 0.0410428
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Figure4.11 The Line of Model 4.6 on a Scatter Diagram.

Based on the results, the R-values of all models are close to or greater than 0.8, the slope of
model 4.4 is positive, and the slopes of models 4.5 and 4.6 are negative. A strong linear
relationship is established between diversion rates of the network, local, and demand levels.

4.4 Microsimulation

The section focuses on the microsimulation modeling efforts to evaluate innovative control
measures such as late merge and Fixed-Cycle Signal Merge Control (FCSMC), which have
shown to be more effective for congested corridors. The FCSMC is based on the late merge
strategy and was simulated for a work zone using VISSIM and CORSIM software, using a
variety of traffic demands. The VISSIM results suggest that FCSMC significantly increases flow
throughput at work zones and overall improves traffic operations under saturated conditions. It is
important to note, however, that the model is not based on or calibrated to any actua site.
Therefore, measures of effectiveness like delay and travel time are deemed appropriate only for
the purpose of comparison across scenarios.

4.4.1 Description of Network Configuration

Traditional traffic control included in the Manual on Uniform Traffic Control Devices (MUTCD)
includes advance warning signs that guide drivers to merge into open lanes when suitable. Signs
are placed on both sides of the roadway 1 mile and ¥2 mile ahead of the merge taper and inform
travelers of lane closures. Closer to the work zone and about 1,500 feet in advance of the taper,
lane reduction signs are placed on both sides of the roadway. A flashing arrow panel is usually
placed at the beginning of the taper to instruct drivers in the closed lane to merge into the open
lane. This traffic control concept works adequately for under-saturated corridors. However, in
congested conditions when long queues extend beyond warning signs, it may result in aggressive
maneuvers of driversin closed lanes attempting to merge into the open lanes and, consequently,
afurther reduction in capacity.
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The Fixed Cycle work zone traffic control strategy is embedded in the late merge traffic control.
In the late merge concept, travelers are encouraged to use al lanes up to the merge point at the
lane closure taper, instead of merging as soon as possible, which is encouraged by traditional and
early merge controls. A late merge configuration was developed by the Pennsylvania Department
of Transportation (Penn DOT). In this traffic control strategy, approximately 1.5 miles in
advance of the lane closure, USE BOTH LANES TO MERGE POINT signs are placed on both
sides of the roadway. These signs are followed by conventiona ROAD WORK AHEAD and
advance lane closed signs. Finally, MERGE HERE TAKE YOUR TURN signs are placed on
both sides of the roadway near the beginning of the taper. The primary intent of the late merge
configuration developed by Penn DOT is to reduce road rage between early and late mergers by
informing drivers that it is permissible for traffic to travel in both lanes to the merge point. The
network used in this analysis is similar to that of Penn DOT as shown in Figure 4.12. The
beginning section, however, was extended in length to accommodate potential long queues that
could form under high traffic demands.

Figure 4.12 Late Merge Traffic Control Plan from Pennsylvania DOT.

The fixed cycle merge metering strategy consists of fixed cycle lengths, including 30, 60, or 120
seconds. These cycle lengths consist of green, amber, and red intervals just like a signal at any
intersection. For evaluation purposes, in this study the green interval is equally divided between
both lanes as the traffic volumes have been coded as equal in both lanes. However, in actual
conditions the traffic volume distribution is not always equal on all lanes. Therefore, the green
interval duration could possibly be divided in the same ratio as the lane distribution. The travel
speed was assumed 55 mph throughout the study corridor.

4.4.2 Modeling Procedure

Microsimulation analysis was conducted using both CORSIM and VISSIM software. Since this
analysisis not based on any actua site, no calibration was involved. However, by adjusting some
driving behavior parameters, the models were enhanced to ensure that the simulators mimic
realistic driver behaviors observed as a result of late merge and traffic signal implementation. A
brief discussion of modeling effortsis presented below.

4.4.2.1 CORIM
To mode signal merge in CORSIM, input flows of 1800, 2000, 2200, and 2400 vehicles per
hour per open lane (VPHPL) were used. These parameters were used in 2-to-1, 3-to-1, and 3-to-2
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lane configurations. In each scenario the left lane(s) were dropped, leaving the right-most lanes
accessible in the work zones. A “base case” simulation was first smulated using late merge
control concepts without signalized operations. Lanes were then separated with signals placed
one per lane to control merging. Signals ran one at atime for the 2-to-1 and 3-to-1 configurations
in 30, 60, 90, 120, 150, and 180-second cycle lengths, divided evenly among the lanes with 4-
second ambers. For the 3-to-2 configuration, signalization was maintained with two lanes
operating at atime, staggered from each other with equal distribution of green times followed by
4-second ambers. An example of the 3-to-2 signal times are illustrated in Figure 4.13 with a 30-
second cycle length. Cycle lengths for the 3-to-2 configuration were also 30- to 180-second
cycles in 30-second increments. Desired speeds of 65 mph were maintained for al segments
except the work zone segment, which was reduced to 55 mph. Results are the averages of three
simulations.

Cycle Time (Seconds)
tane| 1| 2| 3| 4| s| 6| 7] 8| 9| 10[11]12]13[14] 15| 16] 17| 18] 19| 20| 21| 22| 23] 24] 25| 26| 27| 28] 29| 30
1

§ | —

Figure 4.13 Sgnal Time Allocation for 3-to-2 Lane Configuration with 30-Second Cycle.

44.2.2VISSM

VISSIM simulation efforts were focused on 2-to-1, 3-to-1, and 3-to-2 configurations, with fixed
cycle lengths 30, 60, 90, and 120. In VISSIM, using lane configuration and driving behavior
parameters, vehicles are forced to drive up to the merge signal and thus obey the late merge
concept. On green, the vehicles can freely move into the open lane as vehicles in the other lane
will be stopped for the red signal. The cycle length is split equally between al lanes. For the 3-
to-2 configuration, split signal timing was used since traffic in two lanes moves concurrently.
Replicate runs of simulation were performed for volumes 1800, 2000, 2200, and 2400 VPHPL.

4.4.3 Results from CORSIM and VISSIM

Results of these analyses for CORSIM and VISSIM simulations are presented below.
4.4.3.1 CORSIM
Several measures of effectiveness were monitored during trial runs, including total travel time,

total delay, ratio of input to output flow, and driver behavior. The results gathered for the 3-to-1
lane reduction case are shown in Figures 4.14, 4.15, and 4.16.
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3-to-1 Configuration Ratio Comparison
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Figure 4.14 Ratios of Flow to Traffic Demand versus Cycle Length for 3-to-1 Lane Reduction.

3-to-1 Configuration Travel Time Comparison
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Figure 4.15 Travel Time versus Cycle Length for 3-to-1 Lane Reduction.
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3-to-1 Configuration Delay Comparison
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Figure 4.16 Delay versus Cycle Length for 3-to-1 Lane Reduction.

The 3-to-1 lane reduction case showed an optimal cycle length of 150 seconds for inputs of
2000, 2200, and 2400 VPHPL. This cycle allowed the highest throughput, least delay, and least
travel time. Optimal results may vary by only a marginal amount. For example, the ratio of flow
to demand for 2400 VPHPL varied only 4% between cycles of 60 seconds and 180 seconds.
Optimum cycles were determined based upon the best of all three criteria with equal weighting.
For example, if an input volume for a configuration had the lowest travel time and lowest delay,
but did not have the highest ratio, it would still be considered optimum as it meets two of the best
criteria out of three. Table 4.16 outlines the differences among lane reduction cases.

Table 4.16 Signalized Merge Results.

1800 VPHPL | 2000 VPHPL | 2200 VPHPL | 2400 VPHPL
2to1 90 Sec 180 Sec 150 Sec 150 Sec
3tol 90 Sec 150 Sec 150 Sec 150 Sec
3to2 90 Sec 180 Sec 180 Sec 180 Sec

Tables 4.17 and 4.18 represent the differences in ratios and vehicular delay, respectively. In all
setups, throughput was reduced regardless of cycle length. Non-signalized merge control can
handle larger through flows, but has areas of significant merge conflict between drivers. While
the signalized control has less support for larger volumes, once queuing developed, zero conflicts
were noted where passengers were trying to out-merge other drivers, even at the tails of the
queue.
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Table 4.17 Ratio of Flow Throughput to Demand Flow CORSIM.

1800 vplph 2000 vplph
30Sec 60 Sec 90 Sec 120 Sec 150 Sec 180 Sec 30Sec 60 Sec 90Sec | 120Sec | 150Sec | 180Sec
Configuration | Baseline Cycle Cycle Cycle Cycle Cycle Cycle Baseline Cycle Cycle Cycle Cycle Cycle Cycle
Length Length Length Length Length Length Length Length [ Length | Length | Length | Length
2-to-1 0.97| 0.93] 0.96) 0.96) 0.96) 0.96 0.96 0.99 0.85] 0.89 0.91 0.91 0.92 0.92]
3-to-1 0.97, 0.86) 0.94] 0.95] 0.95] 0.95 0.95 0.98 0.79] 0.88| 0.90] 0.92 0.92 0.92]
3-to-2 0.99 0.96) 0.98] 0.98] 0.98] 0.98 0.98 0.99 0.87| 0.91 0.93 0.93 0.95 0.97|
2200 vplph 2400 v vplph
30 Sec 60 Sec 90 Sec 120 Sec 150 Sec 180 Sec 30Sec 60 Sec 90Sec | 120Sec | 150Sec | 180Sec
Configuration | Baseline Cycle Cycle Cycle Cycle Cycle Cycle Baseline Cycle Cycle Cycle Cycle Cycle Cycle
Length Length Length Length Length Length Length Length | Length | Length | Length [ Length
2-to-1 0.99 0.72] 0.82] 0.84] 0.84] 0.85] 0.84] 0.99 0.71 0.75 0.77 0.77 0.78 0.77|
3-to-1 0.99 0.72, 0.80] 0.82, 0.83, 0.84] 0.84] 0.99 0.62 0.74 0.76 0.77 0.77 0.78
3-to-2 0.99 0.79 0.83 0.84] 0.85 0.86) 0.90| 0.99 0.73] 0.76) 0.77| 0.77 0.79] 0.83]
Table 4.18 Delay (seconds per vehicle) CORSIM.
1800 vplph 2000 vplph
30Sec 60 Sec 90 Sec 120 Sec 150 Sec 180 Sec 30Sec 60 Sec 90Sec | 120Sec | 150Sec | 180 Sec
Configuration | Baseline Cycle Cycle Cycle Cycle Cycle Cycle Baseline Cycle Cycle Cycle Cycle Cycle Cycle
Length Length Length Length Length Length Length Length [ Length | Length | Length | Length
2-to-1 45.3] 117.7 77.3 69.3 69.3 76.00] 82.70) 46.8| 276.5] 204.0 166.8 163.8 156.00 148.20
3-to-1 44.7, 220.7| 89.3 88.0| 89.3 91.30] 97.30] 46.8] 372.6] 227.4 194.4 176.4] 166.80 180.60
3-to-2 37.0] 99.0} 64.0| 58.7 60.0} 64.70) 69.00] 40.8] 242.4] 186.6) 151.8 141.0 116.70 92.40]
2200 vplph 2400 v vplph
30 Sec 60 Sec 90 Sec 120 Sec 150 Sec 180 Sec 30Sec 60 Sec 90Sec | 120Sec | 150Sec | 180Sec
Configuration | Baseline Cycle Cycle Cycle Cycle Cycle Cycle Baseline Cycle Cycle Cycle Cycle Cycle Cycle
Length Length Length Length Length Length Length Length | Length | Length | Length [ Length
2-to-1 49.1 398.6 327.8 304.9 297.8 292.40 299.50] 50.5) 494.5 423.5 407.5] 400.5| 389.00] 396.50
3-to-1 48.5 481.6| 361.1] 327.8] 315.8] 299.50) 306.00)] 50.5] 561.0) 471.5 441.0 424.0 418.00 421.00]
3-to-2 44.5] 365.2] 319.6] 294.3] 278.7| 276.00) 216.30| 49.5] 428.5] 401.3 390.5] 390.8 375.50) 320.50)

4.43.2VISSM

4.4.3.2.1 Selection of Merge Concepts

In order to model and simulate the merge concepts that would be best applied depending on lane
configuration and demand, microsimulation analysis was conducted using VISSIM software to
assess performance. VISSIM is a microscopic, time-step, and behavior-based simulation model,
developed to model urban traffic. This software can anayze traffic operations under various
constraints, including lane configuration, traffic composition, and traffic signals. Due to the
variations between the three sites in Austin and Houston, however, this analysis is not based on
any specific site and assumes no truck volume. Instead, using the MUTCD from Texas and other
states, the 2-to-1, 3-to-2, and 3-to-1 lane configurations were designed with volumes of 1800,
2000, 2200, 2400, and 2600 passenger cars per hour per lane (pcphpl). Specifically, assuming a
12-foot offset and a posted speed of 55 mph, the Texas MUTCD suggests using a minimum
desirable taper length of 660 feet (Texas MUTCD, 2012). In a work zone with a 3-to-1 lane
closure configuration, the minimum distance between the taper from 3-to-2 lanes and 2-to-1 lane
is 1560 feet for speeds less than or equal to 65 mph, as established in various state work zone
traffic control guidelines (IDOT, 2013). Thus, these minimum values were used in the ssmulation
to devel op thresholds between different merge techniques.

Different lane control techniques like early merge, late merge, and signal merge can help the
merging process, while also affecting queue jumping, delay, capacity, and user stress. Both early
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merge and late merge can be implemented as either static or dynamic. A static merge uses
signage that displays a single message in the same location at al times, regardless of traffic
conditions. Dynamic merge concepts involve real-time control measures to determine which
signage should be used upstream to inform approaching drivers of the upcoming conditions.

4.4.3.2.2 Introduction to Early Merge

The early merge control technique is used to warn drivers in advance of a work zone of an
upcoming closed lane(s). The typical layout of the early merge strategy involves lane closure
signage 1.5 miles in advance of the transition area, which is depicted in Figure 4.17. The signs
are followed by a lane reduction sign about 1,500 feet from the entrance to the transition area
(Idewu, 2011).

Figure 4.17 Depiction of the Components Parts of a Temporary Work Zone (MUTCD, n.d.).

The early merge technique was modeled in VISSIM using various closure lengths prior to the
work zone, up to one-quarter mile. One-quarter mile is assumed to be ample distance for an early
merge because the distance should be long enough to prevent the visual distraction of the
upstream work zone. If the distance is long enough that users cannot perceive the work zone,
then distractions as a result of the work zone are minimized and the merging process can
function efficiently. This closure prior to the work zone allows time for the user to find a gap to
merge and complete this merging process prior to the lane closure(s). Thus, early merge reduces
the capacity of the roadway, but if used properly in conditions with low demand, can minimize
gueue jumping and user stress. In agreement with this hypothesisis research completed by Y ang,
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which suggests that this technique is very effective if traffic demand is low compared to
capacity. However, the system breaks down when the demand is high and vehicles have fewer
gaps to merge (Yang, 2009). Therefore, VISSIM is applied to determine the lower demand
thresholds that can use the early merge technique for various lane configurations.

4.4.3.2.3 Differing Applications of Early Merge

In order to determine which merge concepts can best be applied based on highway configuration
and demand, it is aso important to determine the most useful application of the early merge
concept. The early merge concept was tested at various closure lengths, including one link, two
links, and three links closed prior to the late merge or work zone area. The first two links are
each approximately one-sixteenth mile long. Therefore, in the case of early merge with two links
closed, the closure length was about one-eighth of a mile or half of the distance of early merge
with three links closed. From the VISSIM outputs, as fewer links prior to the work zone are
closed, the highway system behaves more like the late merge technique. Thus, three links closed
prior to the work zone yields results unlike the late merge technique. In Table 4.19, the ideal
merge concept for the 3-to-2 configuration with 2000 pcphpl is the early merge with three links
closed technique. Specifically, the average delay time per vehicle, average number of stops per
vehicle, average stopped delay per vehicle, average queue length, maximum gueue length, and
number of stops within the queue are the smallest for early merge with three links closed, when
compared to the various early merge closure lengths and late merge. Additionally, the average
overall speed and average speed on the link prior to the lane closure is largest for early merge
with three links closed, when compared to the various early merge closure lengths and late
merge. It is less important that early merge with three links closed is idea in this situation;
rather, these outputs show the trend that early merge with a smaller number of links closed
behaves more like the late merge technique. Therefore, early merge with three links closed,
referred to in future tables as just early merge, provides a representation that is unique from the
late merge concept.

Table 4.19 VISSIM Outputs of Varying Lengths of the Early Merge for 3-to-2
Configuration and 2000 pcphpl.

3 to 2 Configuration: 2000

- g Speed on Link
Aug Delay Time per | Awg # of Stops per Frior ko Closure

Wehicle 5] Wehicle (mph]

Early Merge (3 links closed. 114 mile 3463 0000333 62534 0.003 B2.739 L1} 35667 3
Early lerge (2 links clased) 3.553 0.001 E251 0.007 E1.031 0333 43 4. 667
Early Merge [1link slased] 4.323 0.0037 6232 0.0z 51903 2 114.667 25
Late Merge 16656 0.033 5.7 0,253 37.643 18.667 203.667 131667

Aug Stopped Delay
per Wehicle (5]

Aug Gueue Length | Mak Glueue Length | # of Stops within
[Ft] [fr] Clusue

Aug Speed (mph]

4.4.3.2.4 Introduction to Late Merge

Unlike early merge, late merge is a technique that encourages al lanes to be used until a
specified merging point. Once vehicles reach this point, users in the closed lane(s) merge with
those in the open lane(s) in an alternating pattern (Idewu, 2009). Thus, late merge tries to take
advantage of the full capacity of the highway approaching the work zone to minimize the queue
length. VISSIM is used to test the application of the late merge technique, as one that can be
used in cases with low to moderate traffic demand and, therefore, can be used more efficiently
than early merge in cases with higher demand. In VISSIM, the late merge technique is applied by
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keeping all lanes open up until the work zone area and measuring various criteria that show the
effectiveness of thistechnique.

4.4.3.2.5 Introduction to Joint Merge

Although not extensively used or explored, joint merge could present an interesting technique to
bridge early and late merge. The joint merge technique uses signage in the advance warning area
and channeling devices in the transition zone to help create a balanced distribution of vehiclesin
each lane (Idewu, 2009). Thus, using various warning signs and a “funnel-shaped” configuration,
the joint merge can simultaneously merge two lanes into one more naturally than late merge.

4.4.3.2.6 Introduction to Signalized Merge

Aside from early merge, late merge, and possible future applications of joint merge, the signal
merge technique can be used at work zones to facilitate safe, orderly traffic movement.
Essentially, signalized control on highways was developed to manage merging when the work
zone areais heavily congested. Much like early and late merge, VISSIM is used to determine the
threshold for this merge concept and try to numerically assign a value to the term “heavily
congested.” Fixed cycle lengths of 30, 60, 90, and 120 seconds are used on 2-to-1, 3-to-2, and 3-
to-1 lane configurations. In the case of the 2-to-1 configuration, the cycle lengths were split
equally between both lanes. For the 3-to-2 and 3-to-1 configurations, however, equal fractions of
green time are provided to the closed lane and the through lanes. Assuming the lane closures
occur on the left side of the highway section, the far left lane would close for both the 3-to-1 and
3-to-2 configuration, with an additional lane closure in the 3-to-1 case at a minimum distance
between tapers of 1560 feet. In both configurations, split signal timing is used since traffic in two
lanes can move concurrently, with green provided to the far left lane to merge, followed by equal
green time for the other two through lanes. Thus, the signal merge technique has the capability to
minimize queue jumping because of the equal green times for all lanes. Equal green times
provided for al lanes, assuming essentialy equal queues in all lanes, would likely deter users
from queue jumping because there would be minimal space for queue jumping and no benefit to
moving into another lane. This equal green time for all lanes is depicted in Figure 4.18. Lanes 1
and 2 are the through lanes that will remain open when merging from 3-to-2 lanes, prior to the
merge from 2-to-1 lane. Thus, these two through lanes have the same amount of green time as
Lane 3, which is the lane that is merging into the two through lanes before the second lane
closure.

Cycle Time {Seconds)
Lane 1 2 3 45 06 7 8 9 101112131415 1617 18 19 20 21 22 23 24 25 26 27 28 29 30
land2

Figure 4.18 Sgnal Time Allocation for 3-to-1 Lane Configuration with 30-Second Cycle.

4.4.3.2.7 VISSIM Outputs for 2-to-1 Lane Configuration

The first case that was modeled is the 2-to-1 lane configuration with a vehicle demand of 1800
pcphpl (shown in Table 4.20). From the VISSIM outputs, the early merge and late merge
techniques were initially compared, using various measures of delay, stops, speed, and queue.




The comparison between these two techniques on al measures shows favorable results for using
the early merge technique, as highlighted in yellow. The outputs of four different signalized
merge applications of 30-, 60-, 90-, and 120-second cycle lengths were then compared, using
measures similar to the early and late merge comparison. However, average speed on the link
prior to the closure, average queue length, maximum queue length, and number of stops within
the queue did not provide any applicable evidence that is not aready shown in the previous
measures. Of the four different cycle lengths, 60 seconds is ideal because it minimizes the
average delay time per vehicle and average stopped delay per vehicle, while maximizing the
average speed. Thus, the ideal signal merge technique is the 60-second cycle length and is
highlighted in blue. However, after comparing the early merge outputs to signal merge with 60-
second cycle length, early merge would be the ideal approach when comparing al types of
merge concepts.

Table 4.20 VISSIM Outputs for 2-to-1 Lane Configuration and 1800 pcphpl.

2 to 1 Configuration: 1800

fwg Speed on Link

Awg Oelay Time per | Auvg # of Stops per Avg Stopped Dela . Aug Cueue Length | Mazx Guegue Length | # of Stops within
g\!'ehigle (=) d : \tehiclep P g Speed (mph) Eer'\.l':rﬁcle (2] ! P”‘:"[‘:_lpi']“”'e i ] * i) * Quzue
Early Merge 4752 0.013 61.517 0.183 44 447 3.333 103.333 24

Late Merge 5.766 0.036 E1.232 0.46 37.567 14 268.333 T1.EGT
Signal Merge-30 = 135.952 2236 34.973 9.24z2
Signal fMerge-60 = 25,782 0.672 S6.926 g.224
Signal Merge-50= 27.466 0616 26,584 1.382
Signal Merge-120s 32.743 0.645 55.543 16167

The second VISSIM simulation involves a 2-to-1 lane configuration and 2000 pcphpl. The
comparisons between early merge and late merge showed that for all measures except maximum
gueue length, early merge would be ideal for this configuration and user demand. As shown in
Table 4.21, the maximum queue length for early merge is 382.7 ft, which is slightly higher than
the maximum queue length for late merge of 335 ft. This difference is relatively insignificant
because the average queue length for early merge is significantly less than for late merge.
Additionally, the average delay time per vehicle for early merge is more than four times less than
late merge. Although the optimal signal merge cycle time for three of the four measures is 120
seconds, the output of the fourth measure is an issue. The differences between the 90-second and
120-second cycle lengths in the first three measures are less significant than the difference in the
average stopped delay per vehicle. Specifically, the outputs show that vehicles are stopping
approximately 5.2 times with 90-second cycles, compared to 1.1 times with 120-second cycles.
However, the average stopped delay per vehicleisless for the 90-second cycle length, suggesting
that although vehicles stop more with a 90-second cycle length, users are being delayed much
less. Thus, the optimal cycle length of those tested for signa merge should be 90 seconds,
however, early merge should be preferred to the signal merge with a 90-second cycle length.

Table 4.21 VISSIM Outputs for 2-to-1 Configuration and 2000 pcphpl.

2 to 1 Configuration: 2000

Aug Delay Time per
Wehicle []

Aug # of Stops per
Wehicle

Aug Speed [mph)

Aug Stopped Delay
per Wehicle [£]

Aug Speed on Link

Friar to Closure

(mph)

Aug Gueus Length

()

lax Gueus Length
L]

# of Stops within

Glueue

Early Merge

9,463

Late Merge

42731

0.058
0.4E6

60402
S4.87

1134
4.64

23.958
21.84

30.333
K=

38267
335

10
233

Signal Merge-20 s
Signal Merge-60 =
Signal Merge-90=
Signal Merge-120s

375,207
7941
53.565
57.336

3.034
1535
5.159
1063

24658

45,348

50.733
5116

.45
15.269
21.033
27.732

55




The VISSIM outputs for the 2-to-1 lane configuration with 2200 pcphpl provided different
results from the previous two demands and are shown in Table 4.22. The early merge technique
yields less average delay time per vehicle, average number of stops per vehicle, and average
stopped delay per vehicle, when compared to late merge. Early merge also provides a greater
average speed than late merge, but the concern with early merge is queue development. Since
these merge concepts are applied just prior to the work zone, average speed on the link prior to
the closure is significant because this represents the level of congestion as a result of the merge.
For this reason and the queue development when using the early merge concept, late merge is
more applicable in this case. The signal merge concept with a 90-second cycle length is optimum
for signal merge because it maximizes the average speed, while minimizing the average delay
time per vehicle. While the average stopped delay per vehicle is as important as the average
delay time per vehicle, the average speed difference between 33.7 mph for a 90-second cycle
length and 17.9 mph for a 30 second cycle length is the key reason to use the 90-second cycle
length. In this scenario, signa merge with a 90-second cycle length could be selected as the
optimum merge concept. However, since late merge significantly minimizes the queue, while
essentially having the same average speed and average delay time per vehicle, the late merge
concept is optimal. Like the outputs for a 2-to-1 lane configuration and 2200 pcphpl, the 2-to-1
lane configuration and 2400 pcphpl has values that could lead to varying conclusions.

Much like the 2200 pcphpl demand case, the 2400 pcphpl outputs in Table 4.23 lead to the
conclusion that late merge isideal when compared to early merge because of late merge’s ability
to minimize the queue by taking advantage of all available highway capacity. Although late
merge could be interpreted as more appropriate than signal merge with a 90-second cycle length,
most of the output values are comparable except for one. The average stopped delay per vehicle
for late merge of 223.9 seconds is more than six times greater than the 90-second cycle length
signal merge value of 36.6 seconds. For this reason, the ideal merge concept for this case is
signal merge with a 90-second cycle length. A similar conclusion can be drawn from Table 4.24
for a demand of 2600 pcphpl. Late merge and signal merge with a 90-second cycle length are
also comparable; however, the one distinct difference is the average stopped delay per vehicleis
294.3 seconds for late merge and 38.6 for the signal merge case. Thus, the 2-to-1 lane
configuration with a user demand of 2600 pcphpl should ideally use a signal merge with a 90-
second cycle length, like the 2400 pcphpl case, because both the outputs show significant
differences among measures.

Table 4.22 VISSIM Outputs for 2-to-1 Configuration and 2200 pcphpl.

2 to 1 Configuration: 2200

Ao Dielay Time per | Avg # of Stops per fiug Speed an Link

Ang Stopped Oelay Friar to Clasure Aug Glueue Length | Man Gueue Length | # of Stops within
Wehicle (5] Wehicle

per Wehicle (=] {miph] [Ft) [Ft] Cueue

Early Merge 224.967 3.102 33056 BZ.051 12,205 333,333 515 530,333
Late Merge 268.383 4.137 30,038 £3.313 13.704 249667 365 411.333
Signal Merge-30 = 263,251 3867 17.922 12,7713
Signal Merge-£0 = 240116 3377 31.345 13.483
Signal IMerge-30= 214.942 4.021 33.728 32,966
Signal Merge-120z 223.153 . 456 33,138 47713

Aug Speed (mph)
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Table 4.23 VISSIM Outputs for 2-to-1 Configuration and 2400 pcphpl.

2 to 1 Configuration: 2400
X Auwg Speed on Link L
Ayg Delay Time per | &ueg # of Stops per Aug Stopped Delay " Aug Quene Length | Max Gugue Length | # of Stops within
Wehicle [5) Vehicle favgSpeed (mphl |0y ohicte () | TN ['I:S:;’s”'e [F) ft) Queue
Early Merge 353,345 4.732 25.132 195.522 20,687 471,333 =15 202
Late Merge 418.524 4.538 22 768 233,908 21.623 316.333 365 142.333
Signal Merge-30 = 79135 S5.278 14045 15.425
Signal Merge-60 s 4317 5103 22166 21122
Signal Merge-90s 333.09 6.435 23.683 36.564
Signal Merge-120s 403, 1 T.602 23214 56.055
Table 4.24 VISSIM Outputs for 2-to-1 Configuration and 2600 pcphpl.
2 to 1 Configuration: 2600
Aug Delay Time per | Avg # of Stops per £ Speed fmph) Aug Stopped Delay A;ﬁ;ﬂ?g;‘;b:zk Aug Gueue Length | Mak Gueue Length | # of Stope within
Wehicle [s) Vehicle 3 speedime per Vehicle (] ragh] i#) ") Queus
Early Merge 484 35 5.TE 20,195 206.06 21182 485 515 15E.E7
Late Merge SE0.7T 5.662 15.004 294.33 29.852 354.33 365 31.667
Signial Merge-30 = G52.07 5.425 12,345 18.233
Signal Merge-60 = 594,34 6.3593 17175 21821
Signal Merge-90= 572,85 3105 17.686 358.584
Signal Merge-120s 57383 3175 17 655 56.876

4.4.3.2.8 VISSIM Outputs for 3-to-2 Lane Configuration

The VISSIM outputs for the 3-to-2 lane configuration and 1800 pcphpl provide support for early
merge as the ideal merge concept technique. For each measure, early merge is more efficient in
managing the traffic flow than late merge and all forms of signal merge. As shown in Table 4.25,
the four measures for signa merge are distributed equally to each of the four cycle lengths.
However, the 60-second cycle length would be the optimal signal merge approach of the four
cycle lengths—even when it is not the most efficient for a specific measure, no significant
increases in delay occur. For example, although the 90-second signal merge has the optimum
average delay time per vehicle, the 60-second cycle length is relatively close to the minimum,
unlike the 30-second cycle length. Additionally, the average stopped delay per vehicle reaches a
minimum value of 20.4 seconds for the 30-second cycle length, but the 60-second cycle length is
nearly the same, unlike the 90- and 120-second cycle lengths. Regardless, from the anaysis of
each measure, early merge would be the most efficient merge technique for this configuration
and user demand. The general trends from the VISSIM outputs in the 1800 pcphpl case are
applicable to the 2000 pcphpl simulation. In Table 4.26, all measures suggest that early merge is
more efficient than late merge. Similar to the approach taken with the 1800 pcphpl demand, even
though signal merge with a 60-second cycle length is not the most efficient technique for all
measures, it does not deviate far from those values. For instance, even though 15.8 mph is not
the optimum average speed, it is close to that ideal value of 16.4 mph for 120-second cycle
length. However, the average stopped delay per vehicle for the 120-second cycle length deviates
far from the optimum value for the 60-second cycle length. Aside from dlight variations, the
trends for the 2200 pcphpl demand shown in Table 4.27 correspond directly to the 2000 pcphpl
trends. Thus, early merge is overall the most efficient merge concept technique and the 60-
second cycle length is the optimum signal merge concept.
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Table 4.25 VISSIM Outputs for 3-to-2 Configuration and 1800 pcphpl.

3 to 2 Configuration: 1800
Aug Delgg Time per | Awg # of Stops per fwg Speed [mph] HAug Stopped Dielay A;ﬁ;ﬂ?g;‘;b:zk Auwg Queue Length | Max Quewe Length | # of Stops within
Yehicle [5] Wehicle per Vehicle [5] (mph) [Ft] ] Clueue
Early Merge 3.018 0.0003 62.669 0.002 63.423 1] 26667 1333
Late Merge 3.296 0.002 52531 0.0117 53,9344 0.667 76 1L.667
Signal Merge-30 5 509.45 5.9934 13222 20,37
Signal Merge-£0 = ddd. 15 53N 21728 21642
Signal Merge-a0s 416,65 5853 22786 38,557
Signal Merge-120s 416. 76 T.557 22735 57.435
Table 4.26 VISSIM Outputs for 3-to-2 Configuration and 2000 pcphpl.
3 to 2 Configuration: 2000
HAwg Delay Time per | Awg # of Stops per fug Speed " Awg Stopped Delay F\;g Spteecd:lon Link Auwg Gueue Length - Mag Gueue Length | # of Stops within
Yehicle [2) Wehicle vaspeedimeh] | o aticle () e i) i#) Busus
Early Merge 3.463 0.0003 62.534 0.003 62.739 1] 35.667 3
Late Merge 16.656 0.033 53.711 0.285 37.649 18.667 203,667 131667
Signal Merge-30 = 358.77 8605 1153 25.027
Signal Merge-60 s GEE.5 T.363 19.737 £3.935
Signal Merge-30= 541.3 3.51 16. 284 43.075
Signal Merge-120z E39.63 10.624 16.358 E4.043
Table 4.27 VISSIM Outputs for 3-to-2 Configuration and 2200 pcphpl.
3 to I Configuration: 2200
y Furg Speed on Link -
Aug Delay Time per | Awg # of Stops per Aug Stopped Delay " Aug Queue Length | Max Queue Length | # of Stops within
Yehicle [5) Vehicle AugSpeedimph] | obicte (2] P"D’;;;:?s”’e [F) [#) Queus
Early Merge 4.07 0001 62362 0.008 61.756 0667 50333 3.667
Late Merge 139.048 0.343 43,713 E.415 25,753 47,333 273 216.667
Signal Merge-30 s 1043.67 3.602 10.707 2671
Signal Merge-£0 = TEE.523 8.436 13.913 25.545
Signal Merge-30= T70.464 .003 14,166 45,937
Signal Merge-120z 77045 1234 14,183 T0.382

The VISSIM outputs for 3-to-2 configuration and 2400 pcphpl demand in Table 4.28 suggests
continuation of a trend that was not expected. Although early merge is the optimal merge
concept for 1800, 2000, and 2000 pcphpl for the same configuration, the expectation was that
early merge is best applied if traffic demand is low compared to capacity. While the VISSIM
software does not provide capacity values or the option to explicitly change the lane capacities,
the Highway Capacity Manual typically suggests that highway lane capacities range from 1800
to around 2300 pcphpl (MUTCD, n.d.). With awork zone on the highway, it should suggest that
the capacity will decrease from the ideal conditions and early merge would be optimal for the
lower range of capacity values. However, the VISSIM output suggests that early merge is still
optimal when compared to late merge because it moves the traffic more efficiently than late
merge in all measures, aside from maximum queue length. One possible reason for this
discrepancy is that with higher demand, lanes are more congested. In reality, this congestion
increases the likelihood for queue jumping, driving in the closed lane(s), and other dangerous
actions. However, VISSIM cannot simulate these actions and could cause discrepancies from
previous assumptions. Using similar reasoning to the previous user demands, the 60-second
cycle length is the optimal signal merge technique. After comparing the early merge outputs to
the signal merge with 60-second cyle lengths, early merge is the ideal merge concept.
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Table 4.28 VISSIM Outputs for 3-to-2 Configuration and 2400 pcphpl.

3 to 2 Configuration: 2400

Aug Delég Time per | Aug # of Stops per fuug Speed [mph] Aug Stopped Dielay A;ﬁiﬂ?gﬁ;b::k Aug Queus Length | Mak Gueue Length | # of Stops within
Wehiche [£] Wehicle per Vehicle [] mph) [F] [kt Cueus
Early Merge 222 628 0481 35.578 1.452 17.078 53.667 =13 252
Late Merge 313723 0.623 26.975 5573 13.751 55 364.667 233.333

Signal Merge-30 s 1023 3631 10.273 26.031
Signal Merge-60 s 560.056 3.212 12.363 26.623
Signal Merge-30= §33.852 11.935 13.234 438 346
Signal Merge-120s 536.561 13.054 13.235 72507

The VISSIM outputs for the 3-to-2 lane configuration with 2600 pcphpl, as shown in Table 4.29,
have similar trends to the outputs from the 2400 pcphpl case, at least in the first four measures.
One key change is that the values for these four measures are not significantly different. The
average delay time per vehicle, average number of stops per vehicle, and average speed are
comparable. In addition, the average speed on the link prior to the closure is greater for late
merge at 14.7 mph, compared to 13.8 mph for early merge. Furthermore, the maximum queue
length is significantly greater for early merge than late merge. For these reasons, late merge is
seems more efficient in managing traffic when compared to late merge. Signal merge with a 120-
second cycle length is the optimal merge concept because of the ability to keep traffic moving.
While the average stopped delay and average delay time per vehicle are not the smallest for
signal merge with a 120-second cycle length, the average speed is more than double the speed
for any other technique, by maintaining a speed of 49.5 mph.

Table 4.29 VISSIM Outputs for 3-to-2 Configuration and 2600 pcphpl.

3 to 2 Configuration: 2600

Aug Dela_g Time per Awg # of Stops per £ Speed [mph) Aug Stopp:ed Dielay A;ﬁiﬁ?g;‘;b:zk FAug Gueue Length - Mak Quene Length - # of Stops within

Wehicle (=] Wehiche per Wehicle (5] {mph] [Ft] 4] Clueue

Early Merge 433.994 0901 22 062 4.373 13.871 BO.BE6T 515 273

Late Merge 455.967 1.354 21522 22.734 M. 727 94.333 365 260
Sigial Merge-30 = 143,25 10,335 3961 28,867
Signal Merge-80 = 302657 3.66 12.476 2735
Signal ferge-Als 5586.213 12,357 12 687 35.584
Signal Merge-120= G52.516 13.506 43.554 4. 703

4.4.3.2.9 VISSIM Outputs for 3-to-1 Lane Configuration

The VISSIM outputs for a 3-to-1 lane configuration with user demands of 1800, 2000, 2200
pcphpl, as shown in Tables 4.30, 4.31, and 4.32 respectively, provide similar results to each
other. In al three smulations, early merge and 60-second cycle length signa merge are the
optimum merge techniques because both minimize delay and maximize speed in amost all
measures. By comparing early merge to the 60-second cycle length signal merge, early merge
provides optimum travel conditions in al measures. Additionally, the 2200 pcphpl user demand
provides evidence for early merge because it not only minimizes delay and maximizes speed, but
also minimizes queue. Initially, it was concerning that early merge minimized queue better than
late merge because late merge typically takes full advantage of roadway capacity. While the
gueue was minimized in through lanes at the merge, the delay was experienced primarily by the
merging lane. This also suggests that the demand is small enough that users were able to find
enough gaps at the early merge to prevent queuing. From all the outputs though, early merge and
the 60-second cycle length signal merge are ideal and early merge is optimum overall merge
concept.
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Table 4.30 VISSIM Outputs for 3-to-1 Configuration and 1800 pcphpl.

3 to 1 Configuration: 1800
N Aug Speed on Link .
Aug Delay Time per | Awg # of Stops per Aug Stopped Delay " Aug Queue Length | Max Queue Length | # of Stops within
Yehicle 5] Wehicle AugSpeedImph] | © 7 hicle (2] P”‘"[‘;S:]‘:‘S”'e #t] f) Queus
Early Merge 2175 0.0047 65.457 0.0303 66.449 0 1] 0
Late Merge 2246 0.0053 55.445 0.03 B6.272 1] a 1]
Signal Merge-30 = 31122 1052 58 663 8.133
Signal Merge-60 = 24 041 0.633 60228 6225
Signal Merge-90= 24,052 0.41 60,203 §.062
Signal Merge-120s 29.69 0,442 558,973 11.621
Table 4.31 VISSIM Outputs for 3-to-1 Configuration and 2000 pcphpl.
3 to 1 Configuration: 2000
X Aug Speed on Link L
Aug Delay Time per | Awg # of Stops per Aug Stopped Delay . Auwg Gueue Length | Max Gueue Length  # of Stops within
Yehicle (5] Wehicle Fug Spredimeh] | * " icte [5) P"“’Eﬁﬁfs”'e [#t] [#) Gueus
Early Merge 3.022 0.003 65.223 0,224 66.411 ] a 1]
Late Merge 3.364 0.01 ES. 14 0.206 BE. 253 1] 1] 0
Signal Merge-20 5 £3.0d 1912 52 E7d 12.852
Signal Merge-80 5 24.234 0.484 B0.133 T.035
Signal IMerge-30z 28.16 047 533 313
Signal Merge-120s 55.515 0.76 53,345 13.132
Table 4.32 VISSIM Outputs for 3-to-1 Configuration and 2200 pcphpl.
3 to 1 Configuration: 2200
N Aug Speed on Link .
Aug Eelaluy Tirmee per | Awg # of ﬁtops peEr Bwg Speed imph) Aug Stopp!ed Dialay Frior ta Closure Aug Gueus Length | Max GQueue Length | # of Stops within
ehicle [s] Wehicle per Wehicle (=] gk (3] [Ft] Clueue
Early Merge T AT 0.033 64.08 1983 BE_336 n 1} o
Late Merge ES.804 0.823 55244 15,213 33321 183.67 TOS.E7 m
Signal Merge-30 5 21357 3.435 35.02 13.304
Signal Merge-60 = T4.872 134 52 363 13632
Signal Merge-30= 13581 3166 36.327 SE.033
Signal Merge-120s 133.3 3116 36.661 51456

The 3-to-1 lane configuration with 2400 pcphpl demand, shown in Table 4.33, yields outputs that
could support early or late merge. Although the average speed is greater for early merge, the
average stopped delay per vehicle and queue lengths support late merge as the idea merge
concept between early and late merge. Signal merge with 60-second cycle lengths is the optimal
signal merge concept because it minimizes the traffic of the work zone in three of the four
measures. Additionally, signal merge is ideal when compared to late merge because average
delay time per vehicle and average stopped delay per vehicle are minimized and the average
speed is essentialy the same as late merge. With a user demand of 2600 pcphpl, Table 4.34
shows similar trends to the 2400 pcphpl trends. In addition to minimizing delay, signal merge
with a 60-second cycle length in the 2600 pcphpl case allows for a higher average speed of 23.2
mph, when compared to the average speed of late merge of 22.5 mph. For these reasons, signal
merge with 60-second cycle lengths is the optimal merge concept for a 3-to-1 lane configuration
and 2600 pcphpl.

Table 4.33 VISSIM Outputs for 3-to-1 Configuration and 2400 pcphpl.

3 to 1 Configuration: 2400
. Aug Speed on Link -
Aug 59@9 Time per | Aug # of Stops per fug Spesd [mph) Aug Stopp!ed Dlelay Frior to Clasure Aug Gueue Length | Mak Gueoe Length | # of Stops within
ehicle (=] Wehicle per Vehicle [£] mph] [Ft) [Ft] Clueue
Early Merge 189.59 2.6487 38.047 52105 20.539 1136 2305 4057.3
Late Merge 233.23 391 23.505 42534 2.633 1036 1158 46333
Signal Merge-30 5 413.307 5.343 23714 24 031
Signal Merge-60 5 262,841 4.315 353N 43.91
Signal Merge-90= 364.355 6.705 25.86 7543
Signal Merge-120s 596,875 T.418 24.501 58,987
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Table 4.34 VISSIM Outputs for 3-to-1 Configuration and 2600 pcphpl.

3 to 1 Configuration: 2600

Aug Celay Time per | Awg # of Stops per £iwg Speed [mph] Ayg Stopped Delay A;ﬁ;ﬁ?g;‘;t:zk Aug Hueus Length | Mak Gueue Length | # of Stops within
Wehicle (=) Wehicle per Wehicle (=] fmph) [Ft] [Ft] Queue
Early Merge 433,891 5445 20,38 151.356 6.121 1136 2305 4057.33

Late Merge 436.434 6.481 22.504 558.755 4.934 1092 1163 4543
Signal Merge-30 = 551583 T.32 15.526 30.683
Signal Merge-E0 s 424.405 T.d46 23.229 57.206
Signal flerge-ais 22815 3609 18.731 Gd.382
Signal Merge-120= SE3.83 10.052 15 Edd 97.938

4.4.3.2.10 VISSIM Merge Concept Conclusion

The decision tree serves as a step-by-step process for construction-related activity at a highway
work zone. The merge concepts that provide for ideal management of traffic are supported by the
various VISSIM outputs. In general, assumptions about merge concept trends were accurate in
that lower demand is best managed by early merge, low to moderate demand by late merge, and
high demand by signal merge. Early merge is beneficial in lower demand situations and allows
for highway users to merge into gaps prior to the distraction of the work zone. Late merge allows
users to utilize all roadway capacity until the actual work zone, while fixed signal merge is best
for high demand situations and can significantly reduce lane-change conflicts at work zone
closures. Signal merge should also reduce rear-end conflicts for work zones with more than one
lane closed. For both safety and minimizing delay in highway work zone situations, short cycle
length like 30 seconds should not be used. Thus, Table 4.35 shows the overall optima merge
concept by lane configuration and VISSIM input demands, while Table 4.36 shows the overall
optimal merge concept using volume and capacity. Table 4.37 shows the optimal cycle lengths
by lane configuration and VISSIM input demands, while Table 4.38 shows the optimal cycle
lengths using volume and capacity.

Table 4.35 Overall Optimal Merge Concept Using VISSIM Inputs.

User Demand

1800 pcphpl | 2000 pcphpl | 2200 pcphpl | 2400 pcphp1| 2600 pcphpl
2-to-1 EM EM LM SM-90s  SM-90s
3-to-2 EM EM EM EM SM-120s
3-to-1 EM EM EM SM-60s  SM-60s

Table 4.36 Overall Optimal Merge Concept.

User Demand
vec | vec | v=c | v>c | vscC
2-to-1 EM EM LM SM-90s SM-90s
3-to-2 EM EM EM EM SM-120s
3-to-1 EM EM EM SM-60s  SM-60s
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Table 4.37 Optimal Cycle Lengths for Signal Merge using VISSIM Inputs.

User Demand

1300 pcphpl | 2000 pcphpl |22EHZ+ pcphpl | 2400 pcphp1| 2600 pcphpl
2-to-1 60 sec 90 sec 90 sec 90 sec 90 sec
3-to-2 60 sec 60 sec 60 sec 60 sec 120 sec
3-to-1 60 sec 60 sec 60 sec 60 sec 60 sec

Table 4.38 Optimal Cycle Lengths for Signal Merge.

User Demand
v<c | ve<c | v=c | vsc | w>cC
2-to-1 60 sec 90 sec 90 sec o0 sec o0 sec
I-to-2 60 sec 60 sec 60 sec 60 sec 120 sec
3-to-1 60 sec 60 sec 60 sec 60 sec 60 sec

Based on Greenshield’s Traffic Flow Model and traditional belief among practitioners, it is
anticipated that longer cycle lengths would maximize throughput flow and reduce delay the
most. Therefore, the results presented in this analysis are somewhat inconsistent with the
anticipated results. Greenshield' s Traffic Flow Model assumes that in each cycle, time headways
between consecutive vehicles decrease after the first five vehicles have been served into the
green time, due to the phase-change lost time diminishing as a percentage of the cycle. Thus, the
common practice is to use longer cycle lengths to increase capacity based on the assumption that
saturation flow remains constant once the initial lost time has been accommodated.

In 2008, the FHWA conducted a study to provide guidance on effective strategies to alleviate the
traffic congestion at signalized intersections and results were published in a Richard W. Denney
Jr. article by the Transportation Research Board. Denney conducted a study to investigate the
impacts of long green times and cycles at congested traffic signals. The tested hypothesis was
whether headways increase with long green times and whether throughput increases as cycle
length increases. The results showed that headways increased with long green times as a result of
departing turning vehicles and that this effect could cause a significant increase in overall
average approach headways (Denney, 2009). The results also showed that maximum throughput
did not increase with longer cycles. With values derived from the field data, increasing the cycle
did not increase throughput. In simulation, increasing the cycle length caused a reduction in
throughput as aresult of increasing the effect of departing turning traffic on the average headway
(Denney, 2009).

Two reasons to explain these observations were hypothesized. First, it may be that during the red
phase interval, vehicles who intend to turn at the intersection are trapped in along queue in the
through lanes. These vehicles would maneuver from through lanes to the appropriate lanes to
turn during the through movement green interval, thus lessening the flow on the through lanes
(Denney, 2009). Second, it may be that drivers respond to brake lights of the vehicle in front
rather than the green light because their position in the queue is too far to clearly see the signal
(Denney, 2009). In such cases, their perception—reaction time may no longer overlap with that of
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vehiclesin front of them as characterized originally by Greenshield's Model. After analyzing the
field data, the authors show that headways in lanes adjacent to turning lanes significantly
increased and stop line flow reduced when the queue cleared to the upstream end of the turning
lane. This finding suggests that maximum throughput is served when green times use the ability
to feed the stop line with maximum flow. The simulation results of this study also indicate that
larger percentages of green that can be used by flows unaffected by turning traffic causes higher
throughput. The paper concluded by suggesting that by keeping the green time down to the point
where only the queue to the upstream end of a 500-ft turn lane was served in each cycle, flow at
the stop line is maintained close to ideal saturation and the overall throughput does not decrease.
It is concluded, therefore, that the common belief that longer cycle lengths can be assumed to
result in greater capacity cannot be supported by the behavior at this intersection (Denney, 2009).

The results of this study, although contrary to the traditional belief that throughput increases with
longer cycles, can be explained and related to interesting findings of literature review presented
above. The two mechanisms that seem to result in traffic behavior inconsistent with
Greenshield’s Model assumption are connected to the results of this study and are described
next.

Although the departing turning vehicles concept does not directly seem relevant to this analysis,
it can be trandated to movements that cause friction in traffic stream, mainly the numbers of lane
changes throughout the network. A major difference between this study network and a traditional
intersection is that the conflicting approaches are lanes that run parallel to each other. Therefore,
if lane change is not prohibited, drivers are likely to change lanes when they see an emptying
gueue in the other lane. Since the base FCSMC strategy mandates that drivers stay within their
lanes about a mile ahead of the merge point, |ane change maneuvers are limited, making it aless
effective factor on throughput. Thus, in this case it would be reasonable to assume that while
lane change movements have an impact, headways increase with increasing vehicle position
primarily due to the lack of clarity with signal lights for some drivers and their considerations of
safety distance with front vehicles. Figure 4.19 shows the VISSIM results of headway
distribution with respect to vehicle position in queues for the 2-to-1 configuration with a 90-
second cycle length at an input demand of 2200 VPHPL and a safety distance reduction factor
(SDRF) of 0.4. Figure 4.20 shows the VISSIM results of headway distribution with respect to
vehicle position in queues for the 2-to-1 configuration with a 120-second cycle length at an input
demand of 2200 pcphpl and a SDRF of 0.4. This parameter means that in lane changing
behavior, the safety distance of adriver to change to another lane is 40% of the original distance.
This would mean that by reducing this factor, more aggressive lane changing behavior is
triggered in the simulation. To evaluate the impact of this parameter on simulation results,
sengitivity tests for SDRFs of 0.1 and 0.8 were conducted and headway distributions were
analyzed. The results of this evaluation will be presented later in this report. It is also appropriate
to perform a sensitivity test of car following behavior parameters in order to evauate their
impact on headway distributions.
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Figure 4.19 Time Headway versus Vehicle Position in Queue for 90-Second Cycle Length.
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Figure 4.20 Time Headway versus Vehicle Position in Queue for 120-Second Cycle Length.

As shown in Figures 4.19 and 4.20, after the first five vehicles are served for both cycle lengths,
headways decrease to about 1.5 seconds for vehicles up to 15th position in the queue and then
increase to approximately 1.75. This mechanism can explain our observations for the 2-to-1, 3-
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to-1, and 3-to-2 configurations. In the 2-to-1 and 3-to-1 configurations, the lane volume
distributions are more uneven compared with the 3-to-2 configuration, meaning that the queue
lengths can grow large with long cycle lengths and would thus result in reduced throughput and
increased delays.

Allowing lane changes can be expected to both improve and worsen traffic conditions,
depending on the start point of lane change prohibition. Allowing lane changing provides drivers
with the opportunity to use available capacity, but can also increase traffic stream friction.
Additionally, traffic flow throughput can be optimized with managing queue lengths through
appropriate selection of the lane change start point. These tests were performed for the 2-to-1
configuration. First, a set of runs were conducted and lane change was allowed throughout the
network. In the second set of runs, lane change was prohibited about half a mile from the merge
point compared with the base scenario of prohibiting lane change one-mile ahead of merge point.
The results of this analysis are presented in Tables 4.39 and 4.40. Table 4.40 shows the
relationship between queue length, ratio of throughput flow and demand flow, and total number
of lane changes for the half mile start point of the lane change.

Table 4.39 Sensitivity Test for Start of Lane Change Prohibition—Ratio of Throughput
Flow to Demand Flow.

1800 vplph 2000 vplph
30 Sec 60 Sec 90 Sec 120 Sec 30 Sec 60 Sec 90 Sec | 120Sec
Configuration Baseline | Cycle Baseline| Cycle Cycle Cycle Cycle

Cycle Length | Cycle Length | Cycle Length

Length Length | Length | Length | Length
Lane change prohibition at
ane mile prior to merge 0.91 1.01 1.00 1.00 1.00 0.89 0.95 1.00 1.01 1.00
point
Lane change prohibition at
half a mile prior to merge 0.85 1.00 1.00 1.00 0.95 1.00 1.01 1.00
point
No lane change prohibition 0.36 0.89 0.89 0.91 0.78 0.30 0.80 0.82
2200 vplph 2400 vplph
30 Sec 60 Sec 90 Sec 120 Sec 30 Sec 60 Sec 90 Sec | 120Sec
Configuration Baseline Cycle Length | Cycle Length | cycle Length Cycle |Baseline| Cycle Cycle Cycle Cycle
Length Length | Length | Length | Length
Lane change prohibition at
ane mile prior to merge 0.83 0.87 0.96 0.95 0.96 0.88 0.88 0.88
point
Lane change prohibition at
half a mile prior to merge 0.87 0.96 0.96 0.96 0.88 0.87 0.88
point
Mo lane change prohibition 0.70 0.73 0.73 0.74 0.67 0.66 0.68

Note: Pink, green, and purple highlights indicate optimal cycles for each scenario.
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Table 4.40 Sensitivity Test for Start of Lane Change Prohibition—Delay (Seconds per

Vehicle).
1800 vplph 2000 vplph
30 S5ec 60 Sec | 90 Sec | 120 Sec| 30 Sec | 60 Sec| 90 S5ec | 120 Sec
Configuration Cycle Cycle | Cycle | Cycle | Cycle | Cycle | Cycle | Cycle

Length Length|Length| Length | Length| Length| Length | Length

Lane change prohibition at

one mile prior to merge 33.0 21.5 26.1 31.4 242.8 31.5 40.9 44.6
point
Lane change prohibition at
half a mile prior to merge 574.1 21.6 26.4 31.9 246.4 33.9 41.5 45.5
point
No lane change prohibition 511.2 443.2 | 443.0 | 363.0 | 749.8 | 602.2 | 685.4 | 582.1
2200 vplph 2400 vplph
30 5ec 60 Sec | 90 Sec | 120 Sec| 30 Sec | 60 Sec| 90 5ec | 120 Sec
Configuration Cycle Cycle | Cycle | Cycle | Cycle | Cycle | Cycle | Cycle

Length Length| Length| Length | Length| Length | Length ] Length

Lane change prohibition at

one mile prior to merge 414.0 214.6 | 236.9 229.3 355.7 | 204.4 362.0
point
Lane change prohibition at
half a mile prior to merge 502.6 214.3 | 233.4 | 236.5 443.8 | 470.8 | 458.4
point
Mo lane change prohibition B45.8 780.1 | 770.7 | 754.3 836.6 | 839.9 | B18.7

Note: Pink, green, and purple highlights indicate optimal cycles for each scenario.

As shown in Tables 4.39 and 4.40, the results of moving the lane change start point to a half mile
from the merge point is similar to the base case where this point was a mile from the merge
point. These results can be interpreted to indicate that the queue downstream of the lane change
point ismore likely to clear within the green time of the 60-second cycle.

After analyzing the impact of a work zone on network performance and determining the
appropriate lane control technique for various situations, it is paramount to consider safety in the
analysis and merge concept decisions that were made. Ultimately, the major operational concerns
with work zone lane closures are delay and minimizing delay in a way that provides safe travel
conditions.
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Chapter 5. Analysis

5.1 Introduction to Safety Analysis

The purpose of this section is to analyze traffic safety performance in highway work zone areas,
with and without Fixed-Cycle Signa Merge Control (FCSMC), under various traffic and
geometric conditions. For this task, a two-stage, simulation-based approach was used. In the first
stage, micro-simulation models were developed and calibrated based on field data to generate
vehicle trgjectories. In the second stage, the FHWA'’s Surrogate Safety Assessment Model
(SSAM) was employed to identify potential conflicts under different conditions. In this task, two
types of work zone scenarios were tested: 1) a set of hypothesized work zone scenarios and 2) a
set of real-world work zone scenarios in Houston where we conducted field studies. The results
of this study showed that, in most cases, the Fixed Cycle Work Zone Traffic Signal Control
(FCWZTSC) strategy can significantly reduce conflicts caused by work zone construction,
especialy lane-change conflicts. However, FCWZTSC is not suggested when the traffic volume
is relatively light and the use of very short signal cycle lengths (30 seconds or less) is also not
recommended.

The MUTCD provides basic guidelines for traffic control devices in work zone areas, including
placing “Road Work Ahead” signs, flash yellow arrows, etc. It also suggests the location where
these signs should be placed. Although MUTCD traffic control strategies work well in most
work zone areas, in some conditions, especially when the traffic volume is high, traditional work
zone traffic control strategies cannot effectively control work zone congestion and result in
extremely long queues and problematic driving behaviors, such as queue jumping. As a resullt,
innovative traffic control strategies were developed to reduce congestion and crash potential in
work zones. The FCWZTSC is an example of an innovative strategy. In the following sections,
the FCWZTSC strategy is compared to traditional traffic control strategies like early and late
merge to evaluate the safety impacts of FCWZTSC.

5.1.1 Introduction to Concepts in SSAM

To supplement the existing studies, simulation studies were performed by the researchers using
VISSIM in conjunction with Siemens SSAM, which was developed by the FHWA.

A traffic conflict modification factor (TCMF) was developed in this study. Similar to the CMF
presented in the American Association of State Highway and Transportation Officials Highway
Safety Manual (AASHTO HSM), TCMF factors were provided for estimating the expected
changes of traffic conflict frequency after implementing specific geometric changes associated
with an auxiliary lane. The TCMF was calcul ated as follows:

Traffic Conflict Frequency after Treatment %100%
Traffic Conflict Frequency before Treatment (Equation 5.1)

TCMF=

A TCMF with avalue less than 1.0 means the treatment can potentially reduce the occurrence of
traffic conflicts and improve the safety performance; a TCMF with a value greater than 1.0
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indicates the treatment can potentially increase the occurrence of traffic conflicts and
compromise safety performance.

The traditional way of assessing safety impacts is to analyze historical crash data at the study
sites. Recognizing the fact that crashes are rare events and subject to randomness inherent to
small numbers, the crashes are normally observed over a relatively long period, such as 1-6
years. This process is relatively slow to reveal the need for remediation, and also not applicable
to conduct safety assessment for design of roadways that have not been built or operational
strategies that have not been applied in the field.

An available alternative to assess safety impacts of roadway designs is to use microscopic traffic
simulation models to obtain useful safety surrogate measures that can reflect their safety impacts.
A typical procedure for applying such methods begins with development of microscopic traffic
simulation scenarios characterizing the roadway designs to be examined. Then, together with
operational measures, safety surrogate measures, which can be derived from the results of the
microscopic traffic simulation, are computed, extracted, and analyzed to estimate the conflict
frequency and the safety risk. This process is depicted in Figure 5.1. In this task, the SSAM
developed by Siemens was used for assessing the safety impacts of various design options.
Directly processing vehicle trgjectory data obtained from the results of microscopic traffic
simulation enabl es researchers to estimate traffic conflict frequency.

Microscopic Traffic
Simulation Models

Vehicle Trajectory Data

o Acceleration
o Deceleration
* Velocity
o Position
o Time to Collision
e ctc.

Safety Performance
o Number of conflicts TCMF
o Type of conflicts
Model
Outputs

Test Scenarios
Before and After

Model [nputs

Model (SSAM)

Surrogate Safety Assessment }7

Figure 5.1 Method of Estimating Traffic Conflict Frequency.

5.2 Scenario Design and Experimental Results—Stage One: VISSIM Model

Various scenarios were designed to calculate TCMF under different conditions, including traffic
volume, number of lanes, number of closed lane(s), and cycle lengths. The scenarios included
two parts: 1) a set of hypothesized work zone scenarios, and 2) a set of real-world field-studied
work zone scenarios in Houston.

5.2.1 Hypothesized Work Zone Scenarios

According to the VISSIM simulation experiments conducted in Task 5, four different levels of
traffic demand were tested: 1800 vehicles per hour per lane (VPHPL), 2000 VPHPL, 2200
VPHPL, and 2400 VPHPL. Four different cycle lengths were selected: 30 seconds, 60 seconds,
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90 seconds, and 120 seconds. In addition, three different types of roadway closure were
designed:

e Two-lane highway, one lane closed,

e Three-lane highway, one lane closed,

e Three-lane highway, two lanes closed.
Therefore, for scenarios with FCWZTSC, 48 scenarios (4 volume levels x 4 cycle lengths x 3
roadway closure types) were created; for the baseline scenarios without FCWZTSC, 12 scenarios

(4 volume levels x 3 roadway closure types) were created. Please refer to Figure 5.2 for the
layouts of hypothesized work zone scenarios.

7

/i %
.f t .tt

Figure 5.2 Layouts of Hypothesized Work Zone Scenarios.

5.2.2 Real-World Work Zone Scenarios

The second part of the ssmulation experiment is based on a real-world work zone in Houston.
The data collected, including volumes and average travel times, were used to build and calibrate
the model. Figure 5.3 shows the work zone layout.
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Figure 5.3 Work Zone Layout of Selected Houston Site.

The authors selected a real Houston work zone scenario to simulate different traffic conditions.
The five-lane highway had one lane closure and four different traffic volume levels: 1500, 1600,
1800, and 2000 VPHPL. Note that 1500 VPHPL is the actual average hourly traffic volume at
this location from 5:00 p.m. to 6:30 p.m., and 1800 VPHPL is the peak 5-minute traffic flow at
this work zone multiplied 12. In addition, the four signal cycle lengths are the same as the
hypothesized model, which are 30 seconds, 60 seconds, 90 seconds, and 120 seconds. Besides
the real-world work zone layout (five lanes with one lane closed), another work zone layout was
also tested, which is four lanes with one lane closed. For this case, three different levels of traffic
volume were tested, which are 1600, 1800, and 2000 VPHPL. Finaly, two different types of
roadway closure were designed:

e Five-lane highway, one lane closed,

e Four-lane highway, one lane closed.

Therefore, 28 scenarios (4 volume levels x 4 cycle lengths + 3 volume levels x 4 cycle lengths)
were created for scenarios with FCWZTSC,; for the baseline scenarios without FCWZTSC, 7
scenarios (4 volume levels + 3 volume levels) were created.
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5.3 Stage Two: SSAM Model Traffic Conflicts

In all experiments, the ssmulation of each sub-scenario covered 90 simulation minutes, and was
conducted with 10 or 20 different random seeds. Each run generated one vehicle trgectory file,
which was then input to SSAM for processing. SSAM produced estimates of traffic conflicts for
each scenario.

5.3.1 Conflicts Related to Work Zone Closure

Two types of conflicts are highly related to work zone closure: “rear-end conflicts’ and “lane-
change conflicts.” Figure 5.4 (a) illustrates two instances of rear-end conflicts, and (b) shows a
typical lane-change conflict.

(b)
Figure 5.4 Conflicts Related to Work Zone Closure.

5.4 SSAM Outputs

5.4.1 Outputs for 2-to-1 Lane Configuration

The first modeled geometric design was the 2-to-1 lane configuration with four different volume
levels, including 1800 pcphpl or VPHPL, 2000, 2200, and 2400 VPHPL. For the signalized lane
control strategy, four different cycle lengths were tested, including 30, 60, 90, and 120 seconds.
Figures 5.5 and 5.6 are the lane-change and rear-end conflicts comparison results.

Figure 5.5 demonstrates that in all conditions except 1800 VPHPL, implementing the FCWZTSC
strategy could significantly reduce lane-change conflicts. Since there is minimal traffic
congestion at the work zone merge point, vehicles can easily pass the merge point without
conflict. Thus, the traditional traffic control strategy works adequately. Under light traffic
demands, use of the FCWZTSC strategy will increase vehicle stops and cause more traffic
conflicts. In addition, the 30-second cycle length causes the most conflicts and is not
recommended.

Figure 5.6 shows that implementation of the signalized merge control strategy (FCWZSC)
increases rear-end conflicts for all volume conditions, especially for shorter cycle lengths. This

71



finding is reasonable because use of FCWZSC will cause more vehicle stops when the cycle
length is short, which increases the chance of rear-end conflicts. See Appendix B.1 and B.2 for
lane-change and rear-end conflict look-up tables for a 2-to-1 lane configuration, showing before
and after implementation of FCWZSC and the TCMF.

Two-lane to One-lane Lane-change Conflicts Comparison
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Figure 5.5 Lane-change Conflicts versus Cycle Length for 2-to-1 Lane Configuration.
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Figure 5.6 Rear-end Conflicts versus Cycle Length for 2-to-1 Lane Configuration.

5.4.2 Outputs for 3-to-2 Lane Configuration

Figures 5.7 and 5.8 show the lane-change and rear-end conflict comparison results for the 3-to-2
lane configuration. For light traffic demands like 1800 or 2000 VPHPL, the MUTCD lane
control strategy works well because it has the least lane-change and rear-end conflicts. With the
increase of volume, more traffic conflicts occur due to the congested traffic condition, thus
highlighting the benefits of FCWZSC. See Appendix B.3 and B.4 for lane-change and rear-end
conflict look-up tables for a 3-to-2 lane configuration, showing before and after implementation
of FCWZSC and the TCMF.
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Figure 5.7 Lane-change Conflicts versus Cycle Length for 3-to-2 Lane Configuration.
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Figure 5.8 Rear-end Conflicts versus Cycle Length for 3-to-2 Lane Configuration.
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5.4.3 Outputs for 3-to-1 Lane Configuration

Figures 5.9 and 5.10 show the lane-change and rear-end conflicts comparison results for the 3-to-
1 lane configuration. Figure 5.9 demonstrates that FCWZTSC can significantly reduce lane-

change conflicts, especially when the traffic demand is high.

Similar to the other two lane configurations, Figure 5.10 shows that when traffic demand is
lighter (as represented here by cases of 1800, 2000, or 2200 VPHPL), the FCWZTSC does not
reduce rear-end conflicts. When traffic demand reaches 2400 VPHPL, FCWZTSC starts to work
well and reduces rear-end conflicts. See Appendix B.5 and B.6 for lane-change and rear-end
conflict look-up tables for a 3-to-1 lane configuration, showing before and after implementation

of FCWZSC and the TCMF.
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Figure 5.9 Lane-change Conflicts versus Cycle Length for 3-to-1 Lane Configuration.

Figure 5.10 Rear-end Conflicts versus Cycle Length for 3-to-1 Lane Configuration.
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Chapter 6. Recommendations and Conclusions

The first section of this chapter describes the recommended procedure to evaluate and select a
traffic management plans for long-term work zones. The process is presented as a decision tree,
and was developed based on the analysis of field data, literature, and simulation experiments.
Additionally, Section 6.1.7 presents a simple Excel-based tool that may be used to estimate the
length of the queues formed upstream from a work zone. Section 6.2 summarizes the pilot
training workshop that was performed for TXDOT to explain and provide examples for the steps
represented in the decision tree or procedure. The slides presented at this pilot training workshop
are shown in Appendix E. Section 6.3 summarizes the main outcomes of the work conducted for
this project and suggests further research directions.

6.1 Work-Zone Traffic Management Plan Evaluation Process

The proposed decision tree provides a step-by-step procedure to evaluate traffic management
plans for long-term work zones. The approach takes into account the number of lanes that must
be closed, evaluates the suggested times of day to close work zone lanes based on historical
demand data, and provides guidance regarding the best type of lane management or merge
concept that can be applied. The decision tree also considers the diversion of traffic to alternative
roads, which is highly dependent on location-specific factors such as traffic demand, roadway
capacity, traffic composition, traffic variability, physical roadway configuration, and available
alternative network paths. A flow chart representation of the procedure developed for this project
is presented in Appendix C. The following sections describe each of the steps included in the
decision tree, as well as the suggested approach to estimate queue lengths.

6.1.1 Obtain Traffic Control Plan Data

The first input to the procedure is the proposed traffic control plan data. In the traffic control
plan, the lane configuration of the work zone should be determined. In addition, the hours that
work can be completed at the work zone should be negotiated with the contractor. Lastly, the
per-lane capacity through the work zone should be estimated, in an effort to determine which
hours have a minimum volume-to-capacity (V/C) ratio, such that the ratio is less than one. The
capacity of the work zone section can be determined using a general rule of thumb of 1,800
passenger cars per hour per lane (pcphpl). Although the 2000 Highway Capacity Manual (HCM)
suggests that under ideal conditions a multi-lane freeway may have a capacity of more than
2,000 pcphpl, the use of 1,800 pcphpl is a reasonable approximation of capacity loss due to
typical work zone changes to driver behavior (Texas MUTCD, 2012). As a result of merging
between lanes and the likelihood of drivers being distracted by work zone signage, equipment,
and workers, lane capacities through work zones are typically less than ideal values. Thus, the
presence of the work zone constitutes a condition that is not “ideal” and should reduce the per-
lane capacity to a value less than the HCM ideal capacity. However, since the 1800 number
should be considered a very liberal “rule of thumb,” experience or empirically measured values
for specific locations and situations should be used instead, if available.
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6.1.2 Assess “Before” Conditions

The next step in the procedure is to assess traffic conditions before the work zoneisin place. The
first step required to assess the before-work-zone conditions is to collect data. Ideally, data
should be collected 24 hours per day, 7 days a week, during a representative week of the year.
Obtaining a complete set of data is often difficult and it may be necessary to work from
information obtained for a single day of the week, or even to extrapolate peak-hour data. Further,
in some cases, data collection may not be feasible; under such circumstances, TxDOT can
contact the corresponding metropolitan planning organization (MPO) and request an estimation
of traffic volumes at the desired location based on the corresponding regional model. The
collected or synthetized data is used to generate a plot such as the one depicted in Figure 6.1 that
displays volume in vehicles per hour, as opposed to hours of the day. This plot is useful to
understand the nature of the travel demand through the work zone area. For example, Figure 6.1
shows similar volume counts on Monday through Thursday as on Friday, although some data
points are dightly higher on Friday. The Saturday and Sunday data shows a greater volume in
the early morning hours than during the week, but after 4 a.m., the traffic counts are significantly
less on weekends.

Figure 6.1 Example Count Data from |-35E near Dallas, Texas.
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The second step in the process of assessing “before” conditions involves analyzing hourly V/C
conditions. A table such as the one shown in Table 6.1 may be used to determine which hours of
the day would be best for highway work zone construction. In Table 6.1, period A represents
weekday peak conditions, when the full capacity of the corridor is needed. Therefore, between
the hours of 6 am. and 8 p.m. on Monday through Friday, work zone lane closure(s) cannot take
place because the full roadway capacity is needed. Periods B, C, and D are weekend peak, off-
peak, and night respectively, and require less than full capacity. Thus, these times would be the
only options for highway work zone lane closure(s), but TXDOT would have to determine which
of these hours would be best for roadway operations and for the contractor.

Table 6.1 Hourly Volume-to-Capacity Conditions for 1-35E Example Site near Dallas,
Texas.
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6.1.3 Assess “After” Conditions

The third step in the procedure is assessing the highway conditions after the work zone is in
place. With the presence of the work zone on the highway, some amount of diversion is expected
based on the availability of alternative routes and the congestion level on such roads. To estimate
the highway conditions and volumes after the work zone is in place, diversion estimation is
necessary as long as at least one aternative route is available. Prediction of the change in traffic
demand at a work zone site due to work zone capacity changes is a network issue. If the network
surrounding the work zone provides feasible alternative paths, diversion to those paths is
reasonable. The best procedure for estimating traffic diversion from a work zone to alternative
paths is using a network model. If available, a straightforward before-work-zone to after-work-
zone comparison of link volumes can provide an estimate of diversion. Two rather different
traffic assignment tools are available for this process.

MPOs in urban areas maintain a network model that could be a handy tool for assessing
diversion. Traditionally, MPOs have used a static traffic assignment (STA) procedure as the
fourth step in the four-step demand estimating process. STA models require minimal detail to
describe the subject network and minima computational resources to produce assigned link
volumes. However, they frequently predict link traffic demands that are greater than link
capacity (demand > capacity); since all highways are not actually included in the typical coded
network, STA models may not be able to provide detailed evaluations of specific links or routes.

A few MPOs are now implementing dynamic traffic assignment (DTA) tools to replace the
traditional STA processes. The DTA process generally requires a detailed network description
and never predicts link volumes that exceed capacity. The DTA process can be expected to yield
link traffic volumes as opposed to link demands produced by a STA process.

The most accurate method to determine work zone traffic diversion rates is the application of a
DTA to produce the before-work-zone and after-work-zone link volumes. Refer to Chapter 4.2
for more on the DTA modeling approach and scenarios. DTA analysis results can be used to
evauate individual travel time and cost measures, as well as system-wide network measures
(Chiu et al., 2010). For these reasons, DTA is increasingly being adopted by planning
organizations across the United States because it is better suited for use in forecasting. The DTA
approach in this case involves running the model, ideally a 24-hour model, with and without the
planned work zone to compare before and after traffic volumes. If the 24-hour model is not
available, a model for the proposed period of analysis will be developed. While the DTA
approach uses iterative algorithmic procedures to describe individual routes, traditional STA uses
volumes on a link directly from the loading of the origin-destination matrix (Chiu et al., 2010).
Using STA, the travel times on each link are summed together to determine the route travel time.
Thus, STA has serious limitations as far as redlisticaly representing the process that leads to
congestion and increased travel time (Chiu et al., 2010).

While application of DTA would provide the best possible assessment of diversion around a
work zone, a before-after comparison of link volumes from a static assignment process would
likely be the next best procedure. A STA tool is generally available in every Texas metropolitan
area.
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If neither DTA nor STA are available, research about urban freeway short-term lane closures
from South Dakota State University suggests that up to 15% of traffic will divert without
advanced user information during time intervals when 1,000 pcphpl is exceeded, which is called
natural diversion (Qin et al., 2010). Examples of observed diversion rates and are shown in
Appendix D.

6.1.4 Approve Traffic Control Plan

In order to determine whether to approve the traffic control plan, the hours and days requested by
the contractor should be compared to the hours that are deemed useful with a V/C ratio less than
one. If the needs cannot be met, the traffic control plan—and the work zone lane configuration in
particular—must be adjusted.

If STA is used for the diversion computation, the final value of demand/capacity (D/C) may be
greater than one. If D/C is less than one (thus, the demand is less than capacity) for fewer daily
hours than requested by the contractor, the lane configuration of the work zone section and the
number of hours requested by the contractor must be readdressed before continuing through the
rest of the decision tree. If D/C is less than one for more hours than the number of hours
requested by the contractor, the contractor could be provided the number of hours requested for
work zone activity.

If DTA isused to compute diversion, the final volume through the work zone will not exceed the
capacity. However, the time for drivers to traverse the work zone may become longer compared
to the before case. In order to generate a V/C ratio consistent with the rest of this analysis, it is
proposed to compute V/C as the total demand through the work zone during the entire simulation
period and the corresponding capacity for the number of hours during which demand is loaded
into the network.

6.1.5 Choose Merge Concept

Asfirst introduced in Chapter 2.1, early merge, late merge, and signal merge all provide benefits
in certain scenarios. Early merge is hypothesized as preferred with conditions where the V/C
ratio is less than one and thus can yield less queuing and lower user costs. If demand approaches
capacity and queuing is expected, late merge is hypothesized to be preferred. Both early and late
merge can be implemented as static or dynamic, such that dynamic early merge can switch to
early merge based on traffic conditions. A merge concept that is set up static uses signage that
displays a single message in the same location at all times, regardliess of traffic conditions.
Conversely, a dynamic merge concept refers to real-time control measures that are used to
determine which signage should be used upstream to inform drivers of upcoming conditions.

In order to determine the appropriate merge concept in the decision tree or procedure, various
conclusions were made after using VISSIM (described in Section 4.4.3.2). The early merge
concept works best with low volume conditions and becomes highly problematic when traffic
demand approaches or exceeds work zone capacity. Under these conditions with higher demand,
incidents of queue jumping, excessive lane changing and crashes tend to escalate. In cases where
hours and days of work zone activity must include times when the demand exceeds capacity, late
merge and signal merge are the best options. Late merge schemes generally are designed to use
all available lane space prior to the work zone for queue storage; therefore, they provide the best
available procedure if traffic demand approaches or exceeds work zone capacity. In addition, for
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times in which demand exceeds capacity of the work zone, use of the signal-controlled merge
offers the potential to reduce queue jumping, lane changing, and associated crashes.

6.1.6 Select Sign Placement

Using the Texas MUTCD or the TxDOT standards sheet, determine the placement of signage
and variable message signs in the work zone depending on the merge concept that is selected.
Once the sign placement is finished, the decision-making process is complete. However,
depending on the ratio of demand to capacity at the work zone area, queues may form. Further, if
the number of vehicles exiting the freeway upstream from the work zone increases, additional
weaving conflicts may lead to longer queues than expected. The following section describes a
simple Excel-based tool that can be used to estimate queue lengths under a variety of scenarios.
While queue length estimation is beyond the scope of this project, the proposed tool is described
in order to showcase the importance of considering traffic conditions realistically in order to
effectively deploy variable message signs (VMS).

6.1.7 Perform Excel-Based Queue Length Estimation Procedure

An Excel-based methodology has been developed to estimate queue length based on expected
flow through the work zone area and nearby exit ramps, and proposed capacity reductions. The
methodology may be used to estimate appropriate location of VMS, if these are to be used. It can
also be used to reassess VM S deployment decisions based on traffic data obtained after the work
zone is in place, such as exit ramp volumes. Further, if real-time data becomes available, the
framework could be extended to support real-time traffic management.

The following sections briefly describe the theory underlying the proposed methodology,
describe its utilization, and present some examples of its results.

6.1.7.1 Methodol ogy

This work uses Yperman's Link Transmission Model (LTM) to estimate the length of queues
due to freeway closures based on prevailing conditions (Y perman, 2007). In an LTM model,
homogenous roadway segments are represented by links connected by nodes. The solution of an
LTM model involves computing a number of state variables at every timestep At. Every link a is
characterized by its length L,, free flow speed uf, capacity q@%, jam density kX', and
backwards wave speed w,. Cumulative counts, or the number of vehicles that have passed a
point at any time t, are tracked at the upstream and downstream ends of link as N} (t) and N (t),
respectively. Receiving flow, R,(t), the maximum flow that could enter a link in the timestep
starting at time t, is limited by capacity when uncongested, and by density when congestion
propagates to the upstream end of the link:

Rq(t) = min {q™ At k™ Ly + NJ (t =22+ At) = Ni(t)}  (Equation 6.1)

Similarly, sending flow, S, (t), the maximum flow that could exit alink in the timestep starting at
t, islimited by capacity and by the number of vehicles that reach the downstream end of the link:

S,(t) = min {q{{‘“"At, N} (t Loy At) — Ni(t)} (Equation 6.2)

ug
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Flow per timestep is generaly the minimum of sending and receiving flows, with additional
restrictions placed at intersections. Simple intersection models include diverges, where one
incoming link is connected to several outgoing links, and merges, where several incoming links
are connected to one outgoing link. Freeway models of exit ramps and on-ramps map directly to
LTM diverge and merge concepts.

The simplest diverges model in LTM involves using fixed proportions to define the desired flow
split at a node, and defining the final sending volumes by taking into account the downstream
links' maximum receiving flows R,(t). Such a model is implemented in the software tool
described below, which computes the position of the queue tail in a freeway segment using the
outputs of the LTM model and Kinematic Waves theory. Further technical details are available
from the authors of this report.

6.1.7.2 Excel Implementation

The freeway segment in LTM is represented as a series of links and diverge nodes. Aside from
link length, free flow speed, and capacity, each segment is characterized by the backward
propagation wave speed and the jam density.

The software tool developed by the researchers allows the user to define link characteristics for a
freeway segment with up to three exit ramps. Further extensions will incorporate entry ramps as
well. Figure 6.2 exemplifies the input spreadsheet, which aside from the freeway segment
characteristics includes travel demand. The latter is specified by defining the input flows at any
desired aggregation interval (15 minutes in this example) as well as the fraction of vehicles that
exits in each available ramp. When the values in yellow are changed by the user, the plot on the
right changes to reflect the position of the queue tail with respect to the work zone location as a
function of time.
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Figure 6.2 Excel-based Queue Estimation Tool.

6.1.7.3 Experimental Results

In order to assess the effectiveness of LTM as aqueue tail position prediction tool, a hypothetical
freeway section is modeled in both a Microsoft Excel-based LTM experimental platform and the
PTV-Vision VISSIM microsimulator (Fellendorf, 1994). Microsimulation results are used as a
substitute for field data, which are not readily available. Although further research will be
conducted in order to contrast LTM queue length predictions to real data, the use of
microsimulation in the present work allows for a variety of sensitivity tests that would not be
otherwise possible.

Figure 6.3 presents our considered freeway segment, consisting of four continuous mainline
roadway segments, referred to as mainline links, that are intersected by one-lane exit ramps.
While the upstream freeway links have three lanes, Link 7 is reduced to two lanes.
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Figure 6.3 Freeway Corridor Network (a) and Corresponding Node/Link Model (b).

In our freeway model, Link 1 is 1.0 mi long, and the remaining links are 0.5 mi long. The free
flow speed is assumed to be 60 mph in the mainline segments and 45 mph in exit ramps, which
are not preceded by deceleration lanes. We represent a lane closure in Link 7 by regarding the
entire length of Link 7 as having two lanes. Different scenarios involving various demand
patterns through the segment are considered (see Table 6.2). Further details about the numerical
experiments may be requested from authors of this report.

Table 6.2 Demand Scenarios.

Geometr

Type y Demand (qa/q2*)>1
Ula 10% 10% Closed M
Ul 5500 vph 10% 25% Closed
Ulc 10% 40% Closed A
U2a Simol 10% 10% Closed MZ

imple . .
u2 (no merge/diverge) 6000 vph 10% 25% Closed A M
U2c 10% 40% Closed AC
U3a 10% 10% Closed A MZ
U3 6500 vph | 10% 25% Closed A M
U3c 10% 40% Closed AC
Dla Closed 10% 10% M
D1 5500 vph Closed 10% 25%
Dlc Closed 10% 40% B
D2a c ded Closed 10% 10% MZ
ompounde . X

D2 (merge/diverge) 6000 vph Closed 10% 25% B M
D2c Closed 10% 40% B D
D3a Closed 10% 10% B MZ
D3 6500 vph Closed 10% 25% B M
D3c Closed 10% 40% BD

*A: Link 4 diverge influence area, B: Link 6 diverge influence area (solely Section 3.3.1 analysis), C: Link 4
diverge, D: Link 6 diverge, M: the lane closure merge influence area (solely Section 3.3.2 analysis), and Z: the
downstream mainline link.
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In scenarios with the “Simple” geometry type, Ramp 3 is closed, and no interaction occurs
between exiting vehicles and those merging into the two lanes that remain open on Link 7. The
“Compounded” cases include a 10% exit volume on Ramp 3 that causes merge and diverge
maneuvers to overlap in the same freeway region. This scenario is expected to lead to more
pronounced congestion.

Figure 6.4 presents the evolution of the queue tail position over time, as predicted by both of the
considered modeling approaches for the “Simple’ scenarios. For the purpose of this work, the
gueue position is measured in feet from the tail of Link 7.

As the demand and ramp exit fractions are varied, the evolution of the queue tail position and
corresponding estimation accuracy are largely dependent upon dominant bottleneck locations.

In the least congested cases (Scenarios Uland U1b), a single queue forms at the merge location.
The evolution of the queue tail position rarely extends beyond Ramp 3. For scenario U1lb, the
LTM approach does not predict a queue formation. The corresponding microsimulation results
present considerable “noise,” produced by very small queues that form and disappear erratically.
Such queues, observed across most |low-volume scenarios, are likely to be the result of random
vehicle interactions that cannot be captured by the mesoscopic model. Their impact in terms of
traffic operations is expected to be minimal, so this is not considered a serious limitation of the
proposed framework.

In the remaining scenarios (Ulc, U2b, U2c, U3a, U3b, and U3c), the queue formation
consistently begins at Ramp 2, given that q,/q>?* > 1 at such location. For scenario U3a, LTM
correctly captures the early formation of a queue at Ramp 2 followed by the arrival of a
shockwave originating on Ramp 3 due to the higher volume of vehicles that do not exit the
freeway. In Scenarios U2b, U3b, and Ulc, the LTM model overestimates the queue tail position
throughout the simulation. In these cases q,/q3?* > 1 due to heuristic adjustments to the value
of gmax that may require further research. A similar observation is valid for scenarios U2c and
U3c, where the queue build-up is reasonably estimated given that the flow is controlled by the
downstream capacity, but the queue dissipation is not tracked properly.



Figure 6.4 Queue Tail Position as a Function of Time for Scenarios with “ Smple” Geometry.

The results presented in this section are very encouraging; the queue formation and dissipation
patterns obtained from the L TM-based framework are remarkably similar to the ones observed in
the microsimulation experiments. The corresponding root mean squared errors values are below
0.1 miles in most cases. Further, the proposed LTM-based methodology requires a quarter-
second to run in a mainstream 3.30-GHz, 4-GB Pentium Core i3 desktop computer. This is a
sizeable improvement over the time of a microsimulation cycle, which is about 25 minutes for a
set of 12 runs.

6.2 Pilot Training Workshop

The concept of a decision tree or procedural framework is to provide a step-by-step procedure
for making decisions. Specifically, a decision tree is applied to assist with making choices
involving the number of lanes that will be closed in a work zone, acceptable times of day to have
work zone lane closures based on historical demand data, and the best type of lane management
or merge concept that can be applied. The purpose of this decision tree isto consider all variable
roadway factors to create an optimal procedure for construction-related work zone traffic control
plan decisions.

This decision tree developed through TxDOT Project 0-6704 was used by the research team to
conduct a pilot training workshop for TXxDOT personnel members who develop and review
traffic control plans. Thus, the main purpose of this workshop was to introduce these personnel
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members to the developed decision tree. The pilot training workshop was held on Tuesday,
August 6, at the TXDOT offices in Austin, Texas. The workshop consisted of two parts,
including a presentation of approximately 1 hour and an example worksheet with calculations.
The presentation introduced the decision tree and its component parts, while mentioning key
issues that need further discussion. The dlides are in the Appendix E. Among those key issues
discussed in the presentation were the 24-hour demand concept, merge concepts, networks and
diversion, and a queue length prediction tool. The worksheet example that composed the second
portion of the pilot training workshop consisted of five steps that are typically followed in the
decision tree or procedural framework. The first two steps addressed initial boxes within the
procedura framework, including assessing the current conditions by determining traffic volume
and roadway capacity, as well as assessing the work zone conditions by determining roadway
capacity through the work zone and the predicted traffic volume. The next determination made in
that example was whether the traffic control plans needed to be revisited, by adjusting the
number of lanes proposed for closure during each hour of the day and reassessing work zone
conditions until the traffic control plan was satisfactory. Once completed, the merge concept and
sign placement were selected by the personnel members as the final part of the pilot training
workshop. After completing this worksheet, a brief wrap-up was given.

6.3 Conclusions

Traffic modeling through simulation is a vital tool for transportation research. Simulators allow
for a window into the real world that can be calibrated to match field conditions. Studies
mentioned above (Yang, 2009;Wei, 2010; Lentzakis, 2008; Pesti, 2007) used simulators to
analyze variable lane configurations, divergence, and differing control methods. By using these
programs the programmer can maintain consistent parameters and gain accurate comparisons
through different scenarios.

VISSIM was the primary simulator of choice for the above evaluations. This behavior-based
traffic simulator can optimize complex technical systems while being calibrated to real-world
situations.

The data collected for this task provides interesting insights into drivers route choice
mechanism and lane-changing behavior around road closures. At the Houston site, drivers were
observed to react to work zone warning signs by merging early under relatively uncongested
conditions. However, under higher levels of congestion, more drivers adopted a late merge
strategy. The Austin site on IH 35 at 51st Street was used to analyze the evolution of driver's
route choice process around long-term work zones. Travelers were observed to initialy
overreact to the presence of the work zone, and eventually return to their original paths for the
considered scenario. A diversion rate of 25% was observed in the second day of road work. At
the Oltorf Road site, we found the detour guidance to be effective. The collected data will be
used to assess the performance of microsimulation and DTA models, and to inform the selection
of some modeling parameters.

In this study, we investigated the safety impacts of the use of the Fixed Cycle Work Zone Traffic
Signal Control (FCWZTSC) strategy at highway work zones under various traffic and geometric
conditions. Instead of actual crash rates, traffic conflicts derived from the microscopic traffic
simulation results were used as safety surrogates. Traffic ssimulation models were developed
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and calibrated based on the field data. Based on the results of the traffic conflict analysis, the
following conclusions can be drawn regarding FCWZTSC

(1) FCWZTSC can significantly reduce lane change conflicts at work zone closures.
(2) FCWZTSC may increase rear end conflicts at work zones with only one lane closed.

(3) FCWZTSC is not recommended for low traffic volumes (1800 vehicles per hour per lane
or less).

(4) FCWZTSC should only be attempted with cycle lengths longer than 40 seconds.

(5) For work zones with more than one lane closed, use of FCWZTSC will result in a
significant reduction of both lane-change and rear-end conflicts.

The decision tree frames a step-by-step process for construction-related activity at a highway
work zone. The merge concepts that provide for ideal management of traffic are supported by the
various VISSIM outputs. In general, assumptions about merge concept trends were accurate in
that lower demand is best managed by early merge, low to moderate demand by late merge, and
high demand by signal merge. Early merge is beneficia in lower demand situations and allows
highway users to merge into gaps prior to the distraction of the work zone. Late merge alows
users to utilize all roadway capacity until the actual work zone, while fixed signal merge is best
for situations where demand exceeds capacity and can significantly reduce lane-change conflicts
at work zone closures. Signal merge can also reduce rear-end conflicts for work zones with more
than one lane closed.
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Appendix A. Field Data

Appendix A.1 Houston Site (IH 610 at Clinton) Data from June 20 to June 22.

Duration Total Volume Closed Lane Distance Average | Sample Size | Average

Date Time (Minutes) Passenger Truck Passenger Truck|  (ft) Travel Time | for Average | Speed
Car Car (seconds) | Travel Time| (mph)

6/20/2012 |17:00-17:05| 5:00 460 49 63 1 1692.247 8.136 27 58.01
6/20/2012 |17:05-17:10| 5:00 490 29 50 1 |692.247 8.062 30 58.55
6/20/2012 |17:10-17:15| 5:00 565 34 83 3 1692.247 11.366 20 41.53
6/20/2012 |17:15-17:20| 5:00 556 44 110 3 |1692.247 15.030 16 31.40
6/20/2012 |17:20-17:25| 5:00 574 36 110 4 |692.247 16.465 11 28.67
6/20/2012 |17:25-17:30| 5:00 523 36 91 2 692247 17.681 15 26.70
6/20/2012 |17:30-17:35| 5:00 495 29 110 1 |692.247 19.377 14 24.36
6/20/2012 |17:35-17:40| 5:00 468 31 97 2 692247 18.056 15 26.14
6/20/2012 |17:40-17:45| 5:00 447 33 103 2 | 692247 18.320 14 25.76
6/20/2012 |17:45-17:50| 5:00 446 32 102 6 | 692.247 18.961 14 24.89
6/20/2012 |17:50-17:55| 5:00 456 27 102 2 692247 23.259 10 20.29
6/20/2012 |17:55-18:00| 5:00 427 25 119 2 | 692247 18.416 15 25.63
6/20/2012 |18:00-18:05| 5:00 458 32 106 1 1692.247 18.518 14 25.49
6/20/2012 |18:05-18:10| 5:00 404 38 102 3 1692.247 19.843 14 23.79
6/20/2012 |18:10-18:15| 5:00 437 38 84 1 |692.247 16.395 16 28.79
6/20/2012 |18:15-18:20| 5:00 452 33 44 5 692247 17.203 15 27.44
6/20/2012 |18:20-18:25| 5:00 432 26 40 2 | 692247 8.002 30 58.99
6/20/2012 |18:25-18:30| 5:00 410 27 33 2 |692.247 7.766 30 60.78
6/21/2012 |17:00-17:05| 5:00 493 32 50 0 |692.247 12.380 19 38.13
6/21/2012 |17:05-17:10| 5:00 509 37 39 0 |692.247 11.347 19 41.60
6/21/2012 |17:10-17:15| 5:00 549 28 85 0 |692.247 10.511 21 44.91
6/21/2012 |17:15-17:20| 5:00 476 35 106 0 |692.247 13.463 16 35.06
6/21/2012 |17:20-17:25| 5:00 527 20 110 0 |692.247 21.123 13 22.35
6/21/2012 |17:25-17:30| 5:00 530 31 94 2 692247 21.538 11 21.91
6/21/2012 [17:30-17:35| 5:00 635 38 107 0 692247 40.143 7 11.76
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Total Volume

Closed Lane

Average

Sample Size

. Duration Distance 4 Average
Date Time . Passenger Passenger Travel Time | for Average
(minutes) Car Truck Car Truck (ft) (seconds) | Travel Time Speed (mph)
6/21/2012 | 17:35-17:40 5:00 475 38 104 0 692.247 29.396 9 16.06
6/21/2012 | 17:40-17:45 5:00 394 23 100 0 692.247 36.197 8 13.04
6/21/2012 | 17:45-17:50 5:00 496 34 107 0 692.247 41.258 7 11.44
6/21/2012 | 17:50-17:55 5:00 547 24 112 0 692.247 29.136 7 16.20
6/21/2012 | 17:55-18:00 5:00 503 41 105 4 692.247 30.407 9 15.52
6/21/2012 | 18:00-18:05 5:00 407 23 85 2 692.247 25.887 10 18.23
6/21/2012 | 18:05-18:10 5:00 556 29 112 4 692.247 25.642 10 18.41
6/21/2012 |18:10-18:15 5:00 518 22 103 0 692.247 21.053 11 2242
6/21/2012 | 18:15-18:20 5:00 507 35 113 0 692.247 25.947 9 18.19
6/21/2012 | 18:20-18:25 5:00 432 35 79 1 692.247 25.636 10 18.41
6/21/2012 | 18:25-18:30 5:00 393 19 60 0 692.247 27.005 8 17.48
6/22/2012 | 17:00-17:05 5:00 446 29 72 1 692.247 7.881 30 59.89
6/22/2012 | 17:05-17:10 5:00 517 40 56 1 692.247 8.093 22 58.32
6/22/2012 | 17:10-17:15 5:00 494 27 93 3 692.247 12.476 22 37.83
6/22/2012 | 17:15-17:20 5:00 434 28 87 2 692.247 19.677 11 23.99
6/22/2012 | 17:20-17:25 5:00 435 36 117 1 692.247 22.233 11 21.23
6/22/2012 | 17:25-17:30 5:00 406 24 111 2 692.247 21.516 11 21.94
6/22/2012 | 17:30-17:35 5:00 370 15 9 3 692.247 20.014 12 23.58
6/22/2012 | 17:35-17:40 5:00 333 29 105 1 692.247 16.695 14 28.27
6/22/2012 | 17:40-17:45 5:00 408 24 95 0 692.247 19.966 12 23.64
6/22/2012 | 17:45-17:50 5:00 401 20 87 4 692.247 20.045 13 23.55
6/22/2012 | 17:50-17:55 5:00 436 31 96 3 692.247 20.778 12 22.72
6/22/2012 | 17:55-18:00 5:00 475 37 105 4 692.247 22.808 8 20.69
6/22/2012 | 18:00-18:05 5:00 369 30 84 0 692.247 19.019 12 24.82
6/22/2012 | 18:05-18:10 5:00 401 22 81 0 692.247 20.550 11 22.97
6/22/2012 | 18:10-18:15 5:00 409 28 61 1 692.247 23.124 10 20.41
6/22/2012 | 18:15-18:20 5:00 425 29 51 0 692.247 19.202 12 24.58
6/22/2012 | 18:20-18:25 5:00 392 29 49 0 692.247 13.007 17 36.29
6/22/2012 | 18:25-18:30 5:00 449 38 36 0 692.247 8.935 21 52.83
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Appendix A.2 Austin Site 1 (IH 35 near 51st street) Data from April 23to April 27.

_ Duration Inflow Outflow to Exit Distance A_Iyre;jge Sample Size for Average
Date Time . . Average Travel
(minutes) | Passenger Truck Passenger Truck (ft) Time Time Speed (mph)
Car Car (seconds)
4/23/2012 | 21:01:01-21:11:27 | 10:26 457 35 79 0 [964.884 | 14.074 29 46.75
4/23/2012 | 21:13:59-21:22:23 8:24 387 34 52 0 [964.884 | 13.665 27 48.14
4/23/2012 | 21:22:33-21:32:04 9:31 449 30 52 1 ]964.884| 14.841 28 44.33
4/23/2012 | 21:32:13-21:40:06 7:53 337 36 39 2 |964.884 | 12.886 29 51.06
4/23/2012 | 22:18:15-22:18:52 0:37 18 4 2 0 ]964.884 | 10.671 2 61.65
4/23/2012 | 22:19:27-22:29:52 | 10:25 412 33 47 0 ]964.884 | 13.101 30 50.22
4/23/2012 | 22:45:42-22:56:07 | 10:25 330 38 34 1 ]964.884| 12.994 30 50.63
4/23/2012 | 23:03:34-23:13:59 | 10:25 283 33 27 0 [964.884 | 13.185 30 49.90
4/23/2012 | 23:19:18-23:29:43 | 10:25 226 37 29 0 [964.884 | 12.308 29 53.45
4/23/2012 | 23:41:28-23:51:35 | 10:07 211 41 28 0 [964.884 | 12.060 30 54.55
4/24/2012 | 20:51:10-20:59:23 8:13 NA NA 32 0 |964.884| 13.264 27 49.60
4/24/2012 | 20:59:40-21:10:06 | 10:26 482 55 33 0 |964.884| 23.334 21 28.19
4/24/2012 | 21:10:17-21:20:30 | 10:13 463 41 28 0 ]964.884 | 38.996 13 16.87
4/24/2012 | 21:20:42-21:31:00 | 10:18 503 52 39 1 ]964.884| 36.308 14 18.12
4/24/2012 | 21:31:13-21:37:12 5:59 345 25 20 0 [964.884 | 33.480 9 19.65
4/24/2012 | 21:51:39-22:02:05 | 10:26 483 57 32 1 1964884 | 15.131 30 43.48
4/24/2012 | 22:07:35-22:18:00 | 10:25 460 52 31 0 ]964.884 | 15.508 30 42.42
4/24/2012 | 22:20:21-22:30:47 | 10:26 422 68 29 0 ]964.884 | 20.108 25 32.72
4/24/2012 | 22:41:03-22:50:51 9:48 366 48 27 1 ]964.884| 20.894 18 31.49
4/24/2012 | 22:51:10-23:01:07 9:57 213 38 34 0 [964.884 | 21.645 21 30.39
4/24/2012 | 23:01:21-23:10:32 9:11 263 41 23 0 [964.884 | 18.130 23 36.29
4/24/2012 | 23:10:47-23:21:13 | 10:26 266 48 25 0 |964.884 | 15.693 28 41.92
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Average

Sample Size for

. Duration Inflow Outflow to Exit |Distance| Travel Average
Date Time . . Average Travel
(minutes) (ft) Time Time Speed (mph)
Passenger | Truck |Passenger | Truck (seconds)
4/24/2012 | 23:28:03-23:38:29 | 10:26 213 48 23 0 [964.884| 14.197 30 46.34
4/25/2012 | 20:51:27-21:00:08 | 8:41 536 40 35 0 ]964.884| 10.923 30 60.23
4/25/2012 | 21:00:16-21:10:34 | 10:18 670 46 55 0 ]964.884| 10.718 30 61.38
4/25/2012 | 21:10:44-21:20:21 | 9:37 594 45 46 1 964.884 | 11.095 30 59.30
4/25/2012 | 21:20:32-21:30:36 | 10:04 594 46 51 0 ]964.884| 11.023 30 59.68
4/25/2012 | 21:30:46-21:39:32 | 8:46 523 41 39 1 |964.884| 10.813 30 60.84
4/25/2012 | 21:39:46-21:50:12 | 10:26 549 41 46 1 |964.884| 10.828 30 60.76
4/25/2012 | 21:52:20-22:00:46 | 8:26 450 44 32 0 ]964.884| 10.828 30 60.76
4/25/2012 | 22:00:58-22:10:38 | 9:40 469 42 41 1 ]964.884| 10.855 30 60.61
4/25/2012 | 22:10:50-22:20:29 | 9:39 447 47 47 0 ]964.884| 10.888 30 60.42
4/25/2012 | 22:20:39-22:30:39 | 10:00 460 50 34 0 ]964.884| 10.441 30 63.01
4/25/2012 | 22:30:51-22:40:22 | 9:31 372 55 37 1 |964.884 | 10.680 30 61.60
4/25/2012 | 22:40:32-22:50:22 | 9:50 390 57 33 0 ]964.884| 10.490 30 62.72
4/25/2012 | 22:50:32-23:00:58 | 10:26 367 61 34 0 ]964.884| 10.713 30 61.41
4/26/2012 | 20:50:40-21:01:04 | 10:20 661 50 58 0 |1087.65| 13.685 30 54.19
4/26/2012 | 21:01:19-21:11:39 | 10:20 639 52 47 0 ]1087.65| 13.802 30 53.73
4/26/2012 | 21:11:56-21:21:55 | 9:59 674 39 46 0 ]1087.65| 14.147 30 52.42
4/26/2012 | 21:22:06-21:32:28 | 10:22 693 37 56 0 ]1087.65| 13.387 30 55.40
4/26/2012 | 21:32:39-21:42:14 | 9:35 572 45 41 1 |1087.65| 12.064 30 61.47
4/26/2012 | 21:42:30-21:52:55 | 10:25 628 33 38 0 ]1087.65| 12.957 30 57.24
4/26/2012 | 21:58:08-22:08:33 | 10:25 588 36 41 0 |1087.65| 12.489 30 59.38
4/26/2012 | 22:09:32-22:19:57 | 10:25 571 42 47 0 |1087.65| 12.782 30 58.02
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Average

Sample Size

. Duration Inflow Outflow to Exit |Distance| Travel Average Speed
Date Time . . for Average
(minutes) (ft) Time Travel Time (mph)
Passenger | Truck | Passenger | Truck (seconds)

4/26/2012 | 22:22:05-22:29:49 | 7:44 374 43 35 0 1087.65 | 13.953 28 53.15
4/26/2012 | 22:29:59-22:40:50 | 10:25 533 47 44 0 1087.65 | 13.807 30 53.71
4/26/2012 | 22:41:14-22:49:50 | 8:36 379 41 33 0 1087.65 | 12.712 30 58.34
4/26/2012 | 22:49:59-23:00:10 | 10:11 403 51 33 1 1087.65 | 13.240 30 56.01
4/27/2012 | 20:11:29-20:13:00| 1:31 106 7 NA NA NA NA NA NA
4/27/2012 | 20:50:30-21:00:56 | 10:26 NA NA NA NA NA NA NA NA
4/27/2012 | 21:02:30-21:12:55| 10:25 NA NA NA NA NA NA NA NA
4/27/2012 | 21:15:34-21:25:51 | 10:17 NA NA NA NA NA NA NA NA
4/27/2012 | 21:26:04-21:36:29 | 10:25 NA NA NA NA NA NA NA NA
4/27/2012 | 21:36:41-21:47:07 | 10:26 841 37 58 1 964.884 | 11.414 30 57.64
4/27/2012 | 21:48:51-21:58:43 | 9:52 755 33 44 0 964.884 | 10.911 30 60.30
4/27/2012 | 21:58:52-22:09:18 | 10:26 739 36 58 0 964.884 | 10.910 30 60.30
4/27/2012 | 22:11:42-22:22:08 | 10:26 708 28 61 1 964.884 | 10.709 30 61.43
4/27/2012 | 22:24:24-22:34:38 | 10:14 682 36 39 0 964.884 | 11.213 30 58.67
4/27/2012 | 22:34:49-22:40:56 | 6:07 384 25 17 0 964.884 | 11.047 30 59.55
4/27/2012 | 22:41:09-22:51:35| 10:26 666 46 43 1 964.884 | 11.281 30 58.32
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Appendix A.3.1 Austin Site 2 (IH 35 near 51st street) Data from July 24 and 26, August 7

and 9 for Woodward at IH 35.

. |Southbound Right Turn|Westbound Through
Date Work Zone Time Du_ratlon
(Y or N) (minutes)| Passenger Truck Passenger Truck
Car Car
8/7/2012 N 07:00-07:05| 5:00 12 0 9 0
8/7/2012 N 07:05-07:10 5:00 7 1 15 2
8/7/2012 N 07:10-07:15 5:00 11 0 7 0
8/7/2012 N 07:15-07:20 | 5:00 10 0 13 0
8/7/2012 N 07:20-07:25 5:00 6 0 17 1
8/7/2012 N 07:25-07:30 5:00 13 0 15 1
8/7/2012 N 07:30-07:35 5:00 8 0 14 0
8/7/2012 N 07:35-07:40 5:00 12 0 17 0
8/7/2012 N 07:40-07:45 5:00 12 0 14 0
8/7/2012 N 07:45-07:50 5:00 2 1 9 0
8/7/2012 N 07:50-07:55 | 5:00 16 0 25 0
8/7/2012 N 07:55-08:00 5:00 10 0 9 0
8/7/2012 N 08:00-08:05 5:00 13 0 14 0
8/7/2012 N 08:05-08:10 5:00 12 0 27 0
8/7/2012 N 08:10-08:15 5:00 10 0 25 0
8/7/2012 N 08:15-08:20 5:00 19 0 5 0
8/7/2012 N 08:20-08:25 | 5:00 14 0 20 0
8/7/2012 N 08:25-08:30 5:00 8 0 8 0
8/7/2012 N 08:30-08:35 5:00 15 0 13 2
8/7/2012 N 08:35-08:40 5:00 12 0 11 0
8/7/2012 N 08:40-08:45 5:00 8 0 20 0
8/7/2012 N 08:45-08:50 5:00 21 0 15 0
8/7/2012 N 08:50-08:55 | 5:00 10 0 9 0
8/7/2012 N 08:55-09:00 5:00 14 0 13 0
8/9/2012 N 07:00-07:05 5:00 5 1 11 0
8/9/2012 N 07:05-07:10 5:00 16 0 7 0
8/9/2012 N 07:10-07:15 5:00 4 0 11 0
8/9/2012 N 07:15-07:20 5:00 8 0 13 1
8/9/2012 N 07:20-07:25 | 5:00 12 0 16 3
8/9/2012 N 07:25-07:30 5:00 8 0 23 1
8/9/2012 N 07:30-07:35 5:00 10 0 17 1
8/9/2012 N 07:35-07:40 5:00 13 0 13 0
8/9/2012 N 07:40-07:45 5:00 9 0 10 0
8/9/2012 N 07:45-07:50 | 5:00 8 0 11 0
8/9/2012 N 07:50-07:55 | 5:00 12 0 25 0
8/9/2012 N 07:55-08:00 5:00 15 0 20 0
8/9/2012 N 08:00-08:05 5:00 11 1 22 1
8/9/2012 N 08:05-08:10 5:00 11 0 13 1
8/9/2012 N 08:10-08:15 | 5:00 16 0 15 0
8/9/2012 N 08:15-08:20 5:00 10 0 8 1
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.| Southbound Right Turn| Westbound Through
Date il Zone Time Duration Passenger Passen-
(YorN) (minutes) c Truck Truck
ar ger Car
8/9/2012 N 08:20-08:25 | 5:00 17 0 14 1
8/9/2012 N 08:25-08:30 | 5:00 8 0 10 0
8/9/2012 N 08:30-08:35 | 5:00 9 0 16 1
8/9/2012 N 08:35-08:40 | 5:00 13 0 11 1
8/9/2012 N 08:40-08:45 | 5:00 13 1 11 0
8/9/2012 N 08:45-08:50 | 5:00 11 0 8 0
8/9/2012 N 08:50-08:55 | 5:00 13 0 10 0
8/9/2012 N 08:55-09:00 | 5:00 7 0 12 0
8/9/2012 N 16:00-16:05 | 5:00 11 0 9 0
8/9/2012 N 16:05-16:10 | 5:00 10 0 17 0
8/9/2012 N 16:10-16:15 | 5:00 4 0 11 0
8/9/2012 N 16:15-16:20 | 5:00 4 0 13 0
8/9/2012 N 16:20-16:25 | 5:00 6 0 14 0
8/9/2012 N 16:25-16:30 | 5:00 10 0 18 0
8/9/2012 N 16:30-16:35 | 5:00 11 0 10 0
8/9/2012 N 16:35-16:40 | 5:00 15 0 17 0
8/9/2012 N 16:40-16:45 | 5:00 11 0 18 0
8/9/2012 N 16:45-16:50 | 5:00 13 0 16 0
8/9/2012 N 16:50-16:55 | 5:00 2 0 11 0
8/9/2012 N 16:55-17:00 | 5:00 18 0 17 0
8/9/2012 N 17:00-17:05 | 5:00 9 0 21 1
8/9/2012 N 17.05-17:10 5:00 17 0 21 0
8/9/2012 N 17:10-17:15| 5:00 10 0 20 0
8/9/2012 N 17:15-17:20 | 5:00 9 0 15 0
8/9/2012 N 17:20-17:25 | 5:00 6 0 16 1
8/9/2012 N 17:25-17:30 5:00 11 0 16 1
8/9/2012 N 17:30-17:35 | 5:00 8 0 6 0
8/9/2012 N 17:35-17:40 | 5:00 16 0 18 0
8/9/2012 N 17:40-17:45 | 5:00 9 0 18 0
8/9/2012 N 17:45-17.50 | 5:00 7 0 19 0
8/9/2012 N 17:50-17:55 | 5:00 13 2 11 0
8/9/2012 N 17:55-18:00 | 5:00 8 0 18 0
7/24/2012 Y 07:00-07:05 | 5:00 20 0 15 0
7/24/2012 Y 07:05-07:10 | 5:00 18 1 10 1
7/24/2012 Y 07:10-07:15 | 5:00 24 2 7 0
7/24/2012 Y 07:15-07:20 | 5:00 23 2 17 3
7/24/2012 Y 07:20-07:25 | 5:00 22 2 21 1
7/24/2012 Y 07:25-07:30 | 5:00 32 0 20 0
7/24/2012 Y 07:30-07:35 | 5:00 20 0 20 0
7/24/2012 Y 07:35-07:40 | 5:00 18 3 18 0
7/24/2012 Y 07:40-07:45 | 5:00 21 1 6 1
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. Southbound Right | Westbound Through
Date WS AT Time Duration Passenger Passenger
(YorN) (minutes) C Truck Truck
ar Car
7/24/2012 Y 07:45-07:50 | 5:00 21 2 18 0
7/24/2012 Y 07:50-07:55 | 5:00 41 3 27 1
7/24/2012 Y 07:55-08:00 | 5:00 38 1 14 0
712412012 Y 08:00-08:05 | 5:00 21 3 16 3
712412012 Y 08:05-08:10 | 5:00 26 0 21 0
7/24/2012 Y 08:10-08:15 | 5:00 29 4 15 1
7/24/2012 Y 08:15-08:20 | 5:00 25 1 12 1
7/24/2012 Y 08:20-08:25 | 5:00 26 4 14 0
7/24/2012 Y 08:25-08:30 | 5:00 28 1 8 2
7/24/2012 Y 08:30-08:35 | 5:00 28 2 12 1
712412012 Y 08:35-08:40 | 5:00 27 1 11 1
712412012 Y 08:40-08:45 | 5:00 38 0 8 0
7/24/2012 Y 08:45-08:50 | 5:00 28 3 9 0
7/24/2012 Y 08:50-08:55 | 5:00 24 2 14 1
7/24/2012 Y 08:55-09:00 | 5:00 30 0 13 1
7/24/2012 Y 16:00-16:05 | 5:00 36 1 11 0
7/24/2012 Y 16:05-16:10 | 5:00 31 0 17 0
712412012 Y 16:10-16:15 | 5:00 27 1 21 0
712412012 Y 16:15-16:20 | 5:00 21 0 13 0
7/24/2012 Y 16:20-16:25 | 5:00 28 1 19 1
7/24/2012 Y 16:25-16:30 | 5:00 15 0 13 1
712412012 Y 16:30-16:35 | 5:00 21 1 15 0
712412012 Y 16:35-16:40 | 5:00 24 0 16 0
712412012 Y 16:40-16:45 | 5:00 25 0 15 1
712412012 Y 16:45-16:50 | 5:00 28 2 15 0
7/24/2012 Y 16:50-16:55 | 5:00 19 1 23 1
7/24/2012 Y 16:55-17:00 | 5:00 18 0 17 0
712412012 Y 17:00-17:.05 | 5:00 22 1 9 1
712412012 Y 17.05-17:10 | 5:00 28 1 21 1
7/24/2012 Y 17:10-17:15 | 5:00 35 0 24 0
712412012 Y 17:15-17:20 | 5:00 18 0 13 0
7/24/2012 Y 17:20-17:25 | 5:00 19 1 12 0
7/24/2012 Y 17:25-17:30 | 5:00 28 1 18 0
712412012 Y 17:30-17:35 | 5:00 29 1 11 0
712412012 Y 17:35-17:40 | 5:00 25 0 13 0
7/24/2012 Y 17:40-17:45 | 5:.00 21 0 17 0
7/24/2012 Y 17:45-17:50 | 5:00 24 0 17 0
7/24/2012 Y 17:50-17:55 5:00 25 1 13 0
7/24/2012 Y 17:55-18:00 5:00 27 1 17 1
7/26/2012 Y 07:00-07:05 | 5:00 19 0 11 0
7/26/2012 Y 07:05-07:10 | 5:00 12 3 14 0
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. |Southbound Right Turn|Westbound Through
Date WS AT Time Duration Passenger Passenger
(YorN) (minutes) C Truck Truck
ar Car
7/26/2012 Y 07:10-07:15 5:00 18 1 10 1
7/26/2012 Y 07:15-07:20 | 5:00 20 0 16 0
7/26/2012 Y 07:20-07:25 | 5:00 20 1 22 1
7/26/2012 Y 07:25-07:30 | 5:00 16 0 14 0
7/26/2012 Y 07:30-07:35 | 5:00 20 1 22 0
7/26/2012 Y 07:35-07:40 | 5:00 24 1 10 2
7/26/2012 Y 07:40-07:45 | 5:00 25 5 14 0
7/26/2012 Y 07:45-07:50 | 5:00 21 0 19 0
7/26/2012 Y 07:50-07:55 | 5:00 30 2 24 0
7/26/2012 Y 07:55-08:00 | 5:00 26 2 25 1
7/26/2012 Y 08:00-08:05 | 5:00 28 1 12 0
7/26/2012 Y 08:05-08:10 | 5:00 24 2 23 1
7/26/2012 Y 08:10-08:15 | 5:00 32 1 20 1
7/26/2012 Y 08:15-08:20 | 5:00 21 0 18 2
7/26/2012 Y 08:20-08:25 | 5:00 25 1 23 1
7/26/2012 Y 08:25-08:30 | 5:00 30 1 11 2
7/26/2012 Y 08:30-08:35 | 5:00 27 2 18 1
7/26/2012 Y 08:35-08:40 | 5:00 42 6 15 0
7/26/2012 Y 08:40-08:45 | 5:00 39 1 17 0
7/26/2012 Y 08:45-08:50 | 5:00 29 2 12 1
7/26/2012 Y 08:50-08:55 | 5:00 23 2 12 0
7/26/2012 Y 08:55-09:00 | 5:00 35 2 6 2
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Appendix A.3.2 Austin Site 2 Oltorf at IH 35 (Normal Conditions).

Westbound Left W Southbound Left Southbound Southbound Right
. Duration Turn e T Turn Through Turn
DEU Ulligls (minutes)| Passenger Passenger Passenger Passenger Passenger
Truck Truck Truck Truck Truck
Car Car Car Car Car
8/7/2012|07:00-07:05| 5:00 35 1 22 1 20 0 3 0 11 1
8/7/2012 |07:05-07:10| 5:00 44 0 24 0 25 0 7 0 20 1
8/7/2012|07:10-07:15| 5:00 41 0 17 0 16 0 10 0 17 0
8/7/2012 |07:15-07:20| 5:00 38 0 23 4 18 0 7 0 13 0
8/7/2012|07:20-07:25| 5:00 28 1 19 2 29 0 13 1 14 1
8/7/2012|07:25-07:30| 5:00 65 0 37 2 15 0 5 0 11 2
8/7/2012|07:30-07:35| 5:00 51 1 23 1 17 0 9 0 14 0
8/7/2012 |07:35-07:40| 5:00 37 1 24 1 31 0 17 2 19 0
8/7/2012|07:40-07:45| 5:00 52 2 37 0 14 1 12 0 14 0
8/7/2012|07:45-07:50| 5:00 56 1 31 0 18 0 5 1 15 2
8/7/2012|07:50-07:55| 5:00 44 0 37 2 39 0 19 0 14 0
8/7/2012|07:55-08:00| 5:00 55 0 35 1 23 0 12 0 29 1
8/7/2012|08:00-08:05| 5:00 62 0 44 0 22 0 7 0 18 0
8/7/2012|08:05-08:10| 5:00 35 1 26 1 18 0 15 0 10 0
8/7/2012|08:10-08:15| 5:00 47 0 33 3 26 0 7 0 25 0
8/7/2012|08:15-08:20| 5:00 42 0 34 2 30 0 11 0 13 0
8/7/2012|08:20-08:25| 5:00 35 1 21 1 21 0 11 0 16 2
8/7/2012|08:25-08:30| 5:00 45 0 23 0 15 0 11 0 22 1
8/7/2012|08:30-08:35| 5:00 46 0 41 1 19 0 6 1 18 3
8/7/2012|08:35-08:40| 5:00 41 0 28 0 16 0 10 2 25 1
8/7/2012|08:40-08:45| 5:00 44 0 28 0 29 0 12 0 23 1
8/7/2012|08:45-08:50| 5:00 61 0 28 1 20 0 13 0 19 0
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Westbound Left W Southbound Left Southbound Southbound Right
. Duration Turn SEIBUIe] VoL Turn Through Turn
BELE L (minutes)| Passenger Passenger Passenger Passenger Passenger
Truck Truck Truck Truck Truck
Car Car Car Car Car
8/7/2012|08:50-08:55| 5:00 48 0 43 2 17 0 10 0 21 1
8/7/2012|08:55-09:00| 5:00 53 0 30 0 23 0 12 2 25 0
8/7/2012|16:00-16:05| 5:00 37 0 28 1 24 0 11 0 15 0
8/7/2012|16:05-16:10| 5:00 44 2 28 1 21 1 22 0 15 0
8/7/2012|16:10-16:15| 5:00 38 0 45 0 22 0 32 0 24 0
8/7/2012|16:15-16:20| 5:00 43 0 27 2 20 0 20 0 22 1
8/7/2012|16:20-16:25| 5:00 43 0 30 0 23 0 27 0 16 0
8/7/2012|16:25-16:30| 5:00 30 0 37 0 17 0 22 1 11 0
8/7/2012|16:30-16:35| 5:00 37 1 22 0 37 0 27 0 14 0
8/7/2012|16:35-16:40| 5:00 43 0 28 1 25 0 27 0 12 0
8/7/2012|16:40-16:45| 5:00 36 0 35 1 17 0 38 0 11 0
8/7/2012|16:45-16:50| 5:00 48 0 30 0 20 0 30 0 15 0
8/7/2012|16:50-16:55| 5:00 40 0 22 1 20 0 34 0 13 0
8/7/2012|16:55-17:00| 5:00 49 1 29 1 24 0 19 0 22 0
8/7/2012|17:00-17:05| 5:00 52 0 32 1 23 0 19 0 13 0
8/7/2012|17:05-17:10| 5:00 47 0 35 0 39 1 35 1 12 0
8/7/2012|17:10-17:15| 5:00 39 0 23 0 6 0 13 0 16 1
8/7/2012|17:15-17:20| 5:00 46 0 31 1 30 0 29 1 10 0
8/7/2012|17:20-17:25| 5:00 53 3 34 0 16 1 21 0 9 0
8/7/2012|17:25-17:30| 5:00 42 0 25 0 26 0 38 0 13 1
8/7/2012|17:30-17:35| 5:00 37 1 25 0 24 0 25 1 15 0
8/7/2012|17:35-17:40| 5:00 39 0 31 3 27 0 20 1 13 1
8/7/2012|17:40-17:45| 5:00 44 0 44 0 15 0 38 0 12 0
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Westbound Left W Southbound Left Southbound Southbound Right
. Duration Turn gl e Turn Through Turn
Bl Ll (minutes)| Passenger Passenger Passenger Passenger Passenger
Truck Truck Truck Truck Truck
Car Car Car Car Car
8/7/2012|17:45-17:50| 5:00 43 1 38 0 17 0 21 0 19 0
8/7/2012|17:50-17:55| 5:00 44 0 36 0 28 0 28 0 17 0
8/7/2012|17:55-18:00| 5:00 35 0 35 0 18 0 26 0 15 0
8/9/2012|07:00-07:05| 5:00 41 0 17 0 19 0 6 0 15 1
8/9/2012|07:05-07:10| 5:00 41 1 22 2 29 1 8 0 9 0
8/9/2012|07:10-07:15| 5:00 50 0 23 0 24 0 4 0 15 1
8/9/2012|07:15-07:20| 5:00 46 0 15 1 15 1 3 0 20 2
8/9/2012|07:20-07:25| 5:00 31 1 24 1 22 0 13 0 9 1
8/9/2012|07:25-07:30| 5:00 52 1 40 0 21 0 8 0 11 0
8/9/2012|07:30-07:35| 5:00 39 1 29 0 24 0 8 0 17 1
8/9/2012|07:35-07:40| 5:00 41 2 30 1 26 0 16 0 22 1
8/9/2012 | 07:40-07:45| 5:00 54 0 36 2 22 0 8 0 24 0
8/9/2012|07:45-07:50| 5:00 61 1 45 0 19 0 12 0 14 0
8/9/2012 | 07:50-07:55| 5:00 51 2 34 2 31 0 8 1 21 2
8/9/2012 | 07:55-08:00| 5:00 52 2 40 0 25 1 11 1 22 2
8/9/2012|08:00-08:05| 5:00 47 1 44 0 21 1 11 0 18 0
8/9/2012|08:05-08:10| 5:00 35 1 44 3 25 1 5 0 17 1
8/9/2012|08:10-08:15| 5:00 49 0 29 0 33 0 15 1 32 0
8/9/2012|08:15-08:20| 5:00 57 2 30 1 17 0 12 0 10 1
8/9/2012|08:20-08:25| 5:00 34 0 27 0 15 0 9 0 22 1
8/9/2012|08:25-08:30| 5:00 46 1 31 3 37 0 15 0 18 2
8/9/2012|08:30-08:35| 5:00 54 0 35 2 23 1 10 1 15 1
8/9/2012|08:35-08:40| 5:00 31 3 48 0 20 0 15 0 15 0
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Westbound Left W Southbound Left Southbound Southbound Right
. Duration Turn sl e L Turn Through Turn
Bl Ll (minutes)| Passenger Passenger Passenger Passenger Passenger
Truck Truck Truck Truck Truck
Car Car Car Car Car
8/9/2012|08:40-08:45| 5:00 38 1 28 0 29 0 9 0 17 1
8/9/2012|08:45-08:50| 5:00 53 3 26 2 15 1 7 0 30 1
8/9/2012|08:50-08:55| 5:00 57 0 41 0 15 0 5 0 20 2
8/9/2012|08:55-09:00| 5:00 43 2 25 1 22 0 9 0 17 1
8/9/2012|04:00-04:05| 5:00 53 1 27 2 19 1 28 0 14 0
8/9/2012|04:05-04:10| 5:00 47 1 24 1 25 1 25 0 7 0
8/9/2012|04:10-04:15| 5:00 43 0 29 0 21 0 27 0 13 0
8/9/2012|04:15-04:20| 5:00 37 0 34 1 19 0 25 0 20 0
8/9/2012|04:20-04:25| 5:00 47 2 21 0 27 0 18 1 14 0
8/9/2012|04:25-04:30| 5:00 39 0 22 0 22 0 28 0 16 0
8/9/2012|04:30-04:35| 5:00 36 1 26 1 18 0 24 1 13 0
8/9/2012 | 04:35-04:40| 5:00 48 1 35 1 23 0 27 0 8 0
8/9/2012 | 04:40-04:45| 5:00 51 0 33 0 27 0 25 1 8 0
8/9/2012 | 04:45-04:50| 5:00 45 1 38 0 15 0 32 2 19 0
8/9/2012 | 04:50-04:55| 5:00 47 1 30 2 13 0 30 0 20 0
8/9/2012 | 04:55-05:00| 5:00 58 1 34 0 11 0 29 0 6 0
8/9/2012|17:00-17:05| 5:00 34 0 30 1 25 0 30 1 15 1
8/9/2012|17:05-17:10| 5:00 46 0 40 0 24 0 25 0 14 0
8/9/2012|17:10-17:15| 5:00 52 1 27 0 22 0 34 1 8 0
8/9/2012|17:15-17:20| 5:00 50 0 26 1 25 0 35 0 14 1
8/9/2012|17:20-17:25| 5:00 55 1 32 0 21 0 31 0 22 0
8/9/2012|17:25-17:30| 5:00 49 0 34 0 23 0 29 1 14 0
8/9/2012|17:30-17:35| 5:00 66 0 29 1 23 0 32 0 12 0
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Westbound Left Southbound Left Southbound Southbound Right
i Westbound Through
. Duration Turn Turn Through Turn
BELE Ll (minutes)| Passenger Passenger Passenger Passenger Passenger
9T | Truck g Truck g Truck g Truck g Truck
Car Car Car Car Car

8/9/2012|17:35-17:40| 5:00 52 0 34 0 22 0 30 1 14 0

8/9/2012|17:40-17:45| 5:00 53 0 25 0 16 1 32 2 12 0

8/9/2012|17:45-17:50| 5:00 42 1 31 2 27 0 30 1 11 0

8/9/2012|17:50-17:55| 5:00 48 2 43 0 23 1 29 0 15 0

8/9/2012 |17:55-18:00| 5:00 44 0 30 0 19 0 28 2 15 0
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Appendix A.3.3 Austin Site 2 Oltorf at IH 35 (Work Zone Conditions).

Westbound Left Turn

Westbound Left Turn

Date Time éjr#;aut;gg (Left-Most Lane) (Right-Most Lane) Southbound Through | Southbound Left Turn
Passenger Car| Truck |Passenger Car| Truck |Passenger Car| Truck | Passenger Car | Truck
7/24/2012|07:00-07:05| 5:00 51 0 7 0 26 0 28 4
7/24/2012|07:05-07:10| 5:00 45 2 1 0 30 0 10 1
7/24/2012|07:10-07:15| 5:00 45 0 2 0 19 0 17 1
7/24/2012|07:15-07:20| 5:00 47 1 2 0 39 0 27 0
7/24/2012 | 07:20-07:25| 5:00 74 1 11 1 26 0 17 0
7/24/2012|07:25-07:30| 5:00 51 0 7 0 21 0 21 1
7/24/2012|07:30-07:35| 5:00 26 1 1 0 22 1 23 1
7/24/2012|07:35-07:40| 5:00 51 1 5 1 27 0 32 1
7/24/2012 | 07:40-07:45| 5:00 72 1 4 0 20 0 18 2
7/24/2012|07:45-07:50| 5:00 64 1 4 0 19 1 21 1
7/24/2012|07:50-07:55| 5:00 68 3 13 1 37 0 37 1
7/24/2012|07:55-08:00| 5:00 67 4 23 2 23 0 20 0
7/24/2012|08:00-08:05| 5:00 71 0 17 1 21 0 21 0
7/24/2012|08:05-08:10| 5:00 46 3 3 0 26 0 34 0
7/24/2012|08:10-08:15| 5:00 61 1 8 1 19 0 18 1
7/24/2012|08:15-08:20| 5:00 47 2 4 2 19 0 19 2
7/24/2012|08:20-08:25| 5:00 48 0 17 1 29 0 28 3
7/24/2012|08:25-08:30| 5:00 51 3 12 1 20 1 32 0
7/24/2012|08:30-08:35| 5:00 65 2 9 1 17 0 22 3
7/24/2012|08:35-08:40| 5:00 49 0 9 0 11 1 19 0
7/24/2012|08:40-08:45| 5:00 56 0 2 0 19 0 18 0
7/24/2012|08:45-08:50| 5:00 43 1 5 0 19 0 24 2
7/24/2012|08:50-08:55| 5:00 39 1 12 0 16 0 25 1
7/24/2012|08:55-09:00| 5:00 59 0 22 2 37 1 24 0
7/24/2012|16:00-16:05| 5:00 34 1 5 0 26 0 29 1
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Westbound Left Turn

Westbound Left Turn

Date Time {)r;;atjt;gsr; (Left-Most Lane) (Right-Most Lane) Southbound Through Southbound Left Turn
Passenger Car| Truck |Passenger Car| Truck |Passenger Car| Truck | Passenger Car | Truck
7/24/2012 | 16:05-16:10| 5:00 58 0 8 0 17 0 31 0
7/24/2012|16:10-16:15| 5:00 56 0 7 0 26 0 34 0
7/24/2012 | 16:15-16:20| 5:00 53 1 3 0 22 0 40 1
7/24/2012 | 16:20-16:25| 5:00 50 2 5 1 19 0 42 0
7/24/2012 | 16:25-16:30| 5:00 50 2 4 0 23 0 31 2
7/24/2012|16:30-16:35| 5:00 50 0 7 2 18 0 42 0
7/24/2012 | 16:35-16:40| 5:00 49 1 2 0 23 0 36 1
7/24/2012 | 16:40-16:45| 5:00 52 1 18 0 20 0 40 0
7/24/2012 | 16:45-16:50| 5:00 55 1 9 1 25 0 39 0
7/24/2012 | 16:50-16:55| 5:00 58 0 19 0 12 0 41 0
7/24/2012 | 16:55-17:00| 5:00 32 2 7 0 22 1 43 0
7/24/2012|17:00-17:05| 5:00 51 2 7 2 23 0 33 0
7/24/2012|17:05-17:10| 5:00 56 1 6 0 28 1 41 0
7/24/2012|17:10-17:15| 5:00 62 0 5 0 28 0 41 0
7/24/2012|17:15-17:20| 5:00 46 1 1 0 26 0 45 0
7/24/2012|17:20-17:25| 5:00 50 0 7 2 19 2 29 0
7/24/2012|17:25-17:30| 5:00 61 0 7 0 23 1 45 0
7/24/2012|17:30-17:35| 5:00 52 0 6 1 22 0 42 0
7/24/2012|17:35-17:40| 5:00 58 1 6 1 23 0 37 0
7/24/2012 | 17:40-17:45| 5:00 69 1 6 0 26 0 38 0
7/24/2012 | 17:45-17:50| 5:00 52 1 10 0 26 0 38 0
7/24/2012 | 17:50-17:55| 5:00 24 2 0 0 10 0 21 0
7/24/2012|17:55-18:00| 5:00 46 1 13 1 14 0 21 0
7/26/2012 | 07:00-07:05| 5:00 42 1 3 0 18 0 28 0
7/26/2012 | 07:05-07:10| 5:00 45 3 2 0 18 3 23 0
7/26/2012|07:10-07:15| 5:00 41 1 7 0 14 2 21 1
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Westbound Left Turn

Westbound Left Turn

Date Time Pnﬂﬁﬂgsr; (Left-Most Lane) (Right-Most Lane) Southbound Through Southbound Left Turn
Passenger Car| Truck |Passenger Car| Truck |Passenger Car| Truck | Passenger Car | Truck
7/26/2012 | 07:15-07:20| 5:00 52 1 13 0 22 0 18 0
7/26/2012 | 07:20-07:25| 5:00 54 0 5 1 14 0 28 3
7/26/2012 | 07:25-07:30| 5:00 55 1 0 0 17 2 20 0
7/26/2012 | 07:30-07:35| 5:00 38 1 3 0 16 0 22 0
7/26/2012 | 07:35-07:40| 5:00 51 0 6 1 28 1 34 1
7/26/2012 | 07:40-07:45| 5:00 68 1 11 0 13 2 18 0
7/26/2012 | 07:45-07:50| 5:00 65 0 4 1 14 2 10 0
7/26/2012 | 07:50-07:55| 5:00 51 2 9 0 31 1 32 0
7/26/2012 | 07:55-08:00| 5:00 78 1 17 0 24 0 23 0
7/26/2012 | 08:00-08:05| 5:00 62 2 9 0 19 2 17 0
7/26/2012 | 08:05-08:10| 5:00 59 1 9 1 23 2 23 0
7/26/2012|08:10-08:15| 5:00 61 1 10 0 27 0 21 2
7/26/2012 | 08:15-08:20| 5:00 59 3 7 1 24 0 23 0
7/26/2012 | 08:20-08:25| 5:00 46 0 8 0 20 2 22 0
7/26/2012 | 08:25-08:30| 5:00 45 0 9 0 33 0 0 1
7/26/2012 | 08:30-08:35| 5:00 51 0 12 1 24 0 26 1
7/26/2012 | 08:35-08:40| 5:00 47 0 9 0 28 1 16 0
7/26/2012 | 08:40-08:45| 5:00 51 0 1 0 32 3 19 1
7/26/2012 | 08:45-08:50| 5:00 58 1 2 0 16 1 23 0
7/26/2012 | 08:50-08:55| 5:00 54 1 9 0 25 1 16 0
7/26/2012 | 08:55-09:00| 5:00 50 2 8 0 32 0 18 2
7/26/2012 | 16:00-16:05| 5:00 45 1 8 0 36 0 22 0
7/26/2012|16:05-16:10| 5:00 52 0 7 0 32 0 21 0
7/26/2012|16:10-16:15| 5:00 59 0 8 0 28 2 19 0
7/26/2012 | 16:15-16:20| 5:00 45 0 7 0 31 0 20 1
7/26/2012 | 16:20-16:25| 5:00 55 0 12 1 43 0 20 1
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Westbound Left Turn

Westbound Left Turn

Date Time {)r;;atjt;gsr; (Left-Most Lane) (Right-Most Lane) Southbound Through Southbound Left Turn
Passenger Car| Truck |Passenger Car| Truck |Passenger Car| Truck | Passenger Car | Truck

7/26/2012 | 16:25-16:30| 5:00 51 8 27 17

7/26/2012|16:30-16:35| 5:00 47 3 14 1 33 0 20 0
7/26/2012 | 16:35-16:40| 5:00 42 0 7 0 33 0 20 0
7/26/2012 | 16:40-16:45| 5:00 48 0 3 0 42 0 20 0
7/26/2012 | 16:45-16:50| 5:00 48 0 7 1 38 2 23 0
7/26/2012 | 16:50-16:55| 5:00 51 1 5 0 42 0 22 0
7/26/2012| 16:55-17:00| 5:00 46 2 8 0 35 0 19 0
7/26/2012|17:00-17:05| 5:00 51 1 10 1 43 0 30 0
7/26/2012|17:05-17:10| 5:00 62 0 10 0 39 1 22 0
7/26/2012|17:10-17:15| 5:00 46 0 5 0 42 1 25 0
7/26/2012|17:15-17:20| 5:00 50 0 7 0 47 0 20 0
7/26/2012|17:20-17:25| 5:00 55 0 6 1 43 2 21 1
7/26/2012|17:25-17:30| 5:00 52 1 11 0 43 0 20 0
7/26/2012|17:30-17:35| 5:00 51 1 5 1 37 0 29 0
7/26/2012|17:35-17:40| 5:00 58 1 10 0 39 2 24 1
7/26/2012 | 17:40-17:45| 5:00 47 0 3 0 39 1 30 1
7/26/2012|17:45-17:50| 5:00 46 2 6 0 41 2 27 0
7/26/2012 | 17:50-17:55| 5:00 56 1 17 1 40 0 14 1
7/26/2012|17:55-18:00| 5:00 60 1 14 3 36 0 18 0
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Appendix B. Conflict Identification for Safety Analyses

Appendix B.1 Lane-Change Conflict Look-Up Table for Highway Work Zone Closures
(Two-Lane Highway with One Lane Closed)

Before After .
Implementation | Implementation CL:Zrileth(s) 52?3#; (BCe:)cr)]?Ieicts/h) '(Aggenrﬂicts/h) TCMF
of Signal(s) of Signal(s) g
1800 0.10 0.20 2.00
Ei;ore: 2000 0.27 0.07 0.26
N : After: 30 | 2200 0.20 0.17 0.85
8 %: 2400 0.33 0.10 0.30
: : 1800 0.10 0.00 0.00
: : Before: 5000 0.27 0.03 0.11
t ot t N/A
After: 60| 2200 0.20 0.03 0.15
2400 0.33 0.10 0.30
1800 0.10 0.00 0.00
ﬁ‘/"‘; ore: 2000 0.27 0.00 0.00
""" After- 90 | 2200 0.20 0.00 0.00
t 1 t t '
2400 0.33 0.00 0.00
1800 0.10 0.00 0.00
Eonre: 2000 0.27 0.00 0.00
After: 120 | 2200 0.20 0.00 0.00
2400 0.33 0.00 0.00
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Appendix B.2 Rear-End Conflict Look-Up Table for Highway Work Zone Closures (Two-
Lane Highway with One Lane Closed)

Before After .
Implementation | Implementation Ezr?:;h(s) \T/;?Lfr:fe (BC?Z%:‘(Iaicts/h) gf)enrflicts/h) TCMF
of Signal(s) of Signal(s)
1800 0.07 2.23 31.86
Before: N/A 2000 0.10 4.20 42.00
: : After: 30 2200 0.43 3.60 8.37
Zn % 2400 0.13 3.67 28.23
: { 1800 0.07 0.60 8.57
' | Before: NJ/A | 2000 0.10 0.60 6.00
| After: 60 2200 0.43 1.07 2.49
2400 0.13 1.17 9.00
1800 0.07 0.27 3.86
Before: N/A | 2000 0.10 0.47 4.70
""""" After: 90 2200 0.43 0.90 2.09
| 1 2400 0.13 0.63 4.85
1800 0.07 0.30 4.29
Before: N/A 2000 0.10 0.40 4.00
After: 120 2200 0.43 0.53 1.23
2400 0.13 0.57 4.38
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Appendix B.3 Lane-Change Conflict Look-Up Table for Highway Work Zone Closures
(Three-Lane Highway with Two Lanes Closed)

Before After .
Implementation | Implementation Ezr?:;h(s) \T/;?Lfr:fe (Bc?r)%l;‘?icts/h) é:fg%rﬂicts/h) TCMF
of Signal(s) of Signal(s)
1800 22.50 0.03 0.00
Before: N/A | 2000 3153 0.00 0.00
%% After: 30 2200 33.27 0.00 0.00
4 2400 24.93 0.10 0.00
' 1800 22.50 0.03 0.00
| A Before: NJA | 2000 3153 0.03 0.00
After: 60 2200 33.27 0.03 0.00
2400 24.93 0.10 0.00
1800 22.50 0.00 0.00
Before: N/A | 2000 3153 0.00 0.00
"""" After: 90 2200 33.27 0.07 0.00
N 1| 2400 | 24.93 0.03 0.00
1800 22.50 0.00 0.00
Before: N/A | 2000 3153 0.00 0.00
After: 120 2200 33.27 0.00 0.00
2400 24.93 0.03 0.00
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Appendix B.4 Rear-End Conflict Look-Up Table for Highway Work Zone Closures

(Three-Lane Highway with Two Lanes Closed)

Before After .
Implementation | Implementation Ezr?:;h(s) \T/;?Lfr:fe (Bc?r)%l;‘?icts/h) é:fg%rﬂicts/h) TCMF
of Signal(s) of Signal(s)
1800 32.10 3.03 0.09
Before: N/A | 2000 28.40 3.03 0.11
%% After: 30 2200 27.17 3.03 0.11
4 2400 19.03 3.80 0.20
' 1800 32.10 0.70 0.02
| A Before: NJ/A | 2000 28.40 2.17 0.08
After: 60 2200 27.17 3.20 0.12
2400 19.03 3.07 0.16
1800 32.10 0.13 0.00
Before: N/A | 2000 28.40 0.53 0.02
""""" After: 90 2200 27.17 0.97 0.04
N 1 2400  |19.03 137 0.07
1800 32.10 0.20 0.01
Before: N/A | 2000 28.40 0.13 0.00
After: 120 2200 27.17 1.17 0.04
2400 19.03 0.93 0.05
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Appendix B.5 Lane-Change Conflict Look-Up Table for Highway Work Zone Closures
(Three-Lane Highway with One Lane Closed)

Before After .
Implementation | Implementation CL:Zr:;h(s) ;r/(r)?l]jfrlr(l:e (Bém?icts/h) '(Ag:)enrflicts/h) TCMF
of Signal(s) of Signal(s)
1800 | 0.37 7.30 19.73
Before: N/A | 2000 0.80 4.60 575
: After: 30 [2200 [8.00 3.43 0.43
E % 2400 |10.07 3.07 0.30
%] i 1800 [037 10.03 27.11
: SN Before: NJA | 2000 |0.80 9.03 11.29
AN After: 60  [2200 |8.00 413 0.52
2400 |10.07 4.37 0.43
1800  |0.37 8.97 24.24
Before: NJA |2000 | 0.80 7.30 9.13
"""" After: 90 |2200 |8.00 457 0.57
N R 2400  |10.07 4.40 0.44
1800 | 0.37 6.83 18.46
Before: N/A | 2000 0.80 6.43 8.04
After: 120 (2200 |8.00 6.37 0.80
2400 |10.07 6.83 0.68
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Appendix B.6 Rear-End Conflict Look-Up Table for Highway work Zone Closures (Three-
Lane Highway with One Lane Closed)

Before After .
Implementation | Implementation CL:()e/r(ileth(s) \T/cr)?frfe (Bég?\ﬁicts/h) (Acf(t)%rﬂicts/h) TCMF
of Signal(s) of Signal(s) g
1800 0.27 3.30 12.22
. Eliore: 2000 0.10 6.30 63.00
o After- 30 | 2200 6.30 6.70 1.06
? i %; 2400 8.27 6.23 0.75
: | 1800 0.27 2.47 9.15
: : Before: 5000 0.10 2.80 28.00
totot i N/A
After- 60 2200 6.30 2.83 0.45
2400 8.27 3.07 0.37
1800 0.27 2.60 .63
El‘f/ffre: 2000 0.10 2.80 28.00
e 11 After- 90 | 2200 6.30 1.97 0.31
2400 8.27 2.10 0.25
1800 0.27 2.03 7.52
Eﬁfreﬁ 2000 0.10 1.70 17.00
After: 120 | 2200 6.30 1.53 0.24
2400 8.27 1.80 0.22
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Appendix C. Decision Tree or Procedure for Construction-Related
Activities at Highway Work Zones

Traffic Control Plan Data

Assess Before Condition Assess After Condition
(Capacity & Volume Profile) (Capacity & Volume Profile)

Approve

P Yes

Choose Merge Concept
-

Analyze VMS Placement

- .
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Appendix D. Examples of Actual Work Zone Traffic Diversion Rates
in the United States (Song et al., 2008)

Location Facility Work zone Diversion Information Diverted Source
ratio route
Nebraska 1-80 Two lanes 8-11% CMS One McCoy and
closed; Two- (peak alternative Pesti
lane, two-way period) route (2001)
operation on the
other side
Racine, 1-94 12miles 10% (peak CMS with Yes, known | Horowitz et
Wisconsin One lane period) travel time to all al. (2003)
closure on two estimation regular
lanes each drivers;
direction runs in
parallel
Rocky |1-95 1.25-2.5 miles 10.9- Smart Work One Bushman,
Mount, 20.2% Zone system alternative et al.
North (peak route (2004)
Carolina period)
Santa -5 1.3 miles, one 3-20% Automated One Chu et al.
Clarita, lane closure on (average) work zone alternative (2005)
California three lanes information route
each direction system
(AWIS)
San I-15 4.5 km, closed 17-18% AWIS coupled | [-10 and I- Lee and
Bernardino, half of eight (peak with multi- 215 Kim (2006)
California lanes; two by hour) faceted
three lane proactive
configuration on public
the left half outreach
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Appendix E. Pilot Training Workshop Slides

121



122



123



124



125



126



127



128



129



130



131



132



133



134



135



136



137



138



139



140



141



	Front Matter
	Technical Report Documentation Page
	Title Page
	Disclaimers
	Acknowledgements

	Table of Contents
	List of Figures
	List of Tables

	Chapter 1. Introduction
	Chapter 2. Literature Review
	Chapter 3. Methodologies
	Chapter 4. Experiments
	4.1 Application of Dynamic Traffic Assignment
	4.2 DTA Modeling Approach and Scenarios
	4.3 Analysis of Results
	4.4 Microsimulation

	Chapter 5. Analysis
	Chapter 6. Recommendations and Conclusions
	6.1 Work-Zone Traffic Management Plan Evaluation Process
	6.2 Pilot Training Workshop
	6.3 Conclusions

	References
	Appendices
	Appendix A. Field Data
	Appendix B. Conflict Identification for Safety Analyses
	Appendix C. Decision Tree or Procedure for Construction-Related Activities at Highway Work Zones
	Appendix D. Examples of Actual Work Zone Traffic Diversion Rates in the United States (Song et al., 2008)
	Appendix E. Pilot Training Workshop Slides




