ABSTRACT

YEOM, CHUN HO. Statistical and Simulation ModelsFmeeway Work Zones. (Under the
direction of Dr. Nagui Rouphail and Dr. William Risf).

Freeways have only three percent of the total haibeage in the U.S., but account for
33 percent of annual vehicle miles of travel acoaydo the FHWA. As such, freeways are
the backbone of the U.S. transportation infrastngtcontributing significantly to the
nation’s economy through enabling the work commingeght connectivity, the tourism
industry, etc. At the same time, much of the matlonterstate system was built in the 1960s
and 70s, resulting in significant and ongoing ndedsnaintenance, repairs, and other
construction activities. As such, freeway work geare responsible for 24 percent of
congestion and delay. To predict or analyze thngestion and delay resulting from these
work zones, their capacity needs to be estimatedrately, as it represents a maximum
capability of flow for each freeway. For this reasagencies and researchers have tried for a
long time to estimate and model the freeway workezcapacity, as well as understand and
predict the impacts from freeway construction atés.

However, current available work zone capacity meaedre developed from limited
local data, and have not been calibrated to a celngmsive national work zone performance
data set. Additionally, most previous studies fmmion capacity estimation only, and thus
often fail to give guidance for estimating work ednee-flow speed (FFS), even if the FFS is
a critical operating characteristic of a work zone.

This research provides both capacity and FFS makatsvere developed and
validated using three sources: field, sensor, aehture archives. A total of 102 work zone

sites from 12 States provided nationwide field hiedature archives data for the



development of the capacity model. The FFS moa@el eeveloped using data collected
from three sensor databases covering 14 work zorses/eral states.

The developed capacity model is intended to berparated into the next release of
the HCM and provides important insights on thetretaeffects of work zone configuration
and other variables on the expected capacity efifay work zones. The research also
presents guidance for estimating the differencevéen pre-breakdown capacity and queue
discharge rate at work zones, and evaluates arthtes different speed-flow models for
work zone application through sensor data.

The research further provides a methodology fabrating freeway work zone
capacity in a microsimulation environment, and jules guidance for replicating field-
observed work zone capacity through simulationid€di by an in-depth literature review,
key car following and lane changing parameterganposed for the VISSIM simulation
tool, as a result of the calibration effort andesmsive sensitivity tests.

Finally, the study provides methodologies for maugfreeway work zones in
proximity of interchanges in a microscopic simwatenvironment. Using calibrated
modeling parameters, the research presents sionlasults regarding the capacity
available for mainline flow under various operatesanditions. The result of the study
indicates that the presence of a work zone witina tlosure considerably decreases the
proportion of mainline flow.

As a result of the research, comprehensive anabtelfreeway work zone lane
closure capacity and FFS models are provided. Whkkgssist other researchers as well as
transportation engineers who seek to find and tesaviay work zone capacity and free-flow

speed in the multiple lane closure scenarios feir ttesearch, operation, maintenance, or



analysis. In addition, extensive microsimulatiandgnce regarding work zones in proximity
to interchanges will provide an opportunity for ages and researchers to further apply and

analyze work zone operational performance for tbein purposes.
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1. INTRODUCTION

Freeways comprise only three percent of the tated Imileage in the U.S., but account for 33
percent of annual vehicle miles of travel accordmthe FHWA (2013). As such, freeways
are the backbone of the U.S. transportation infuasiire, contributing significantly to the
nation’s economy through enabling the work commingeght connectivity, tourism

industry, etc. Among various road types, freewagsranked as the highest functional class
since they are expected to provide consistent @libte service. The expectation of
“consistent and reliable service” is often assedawith the highest speed or the shortest
travel time from the user’s perspective, or thehbgj capacity from the perspective of a
transportation agency. In either case, freewaystifon as major transportation facilities in
providing statewide and nationwide seamless movewfanaffic.

At the same time, much of the national interstgiesn was built in the 1960s and 70s,
resulting in significant and ongoing needs for nemance, repairs, and other construction
activities. All roads need be maintained to kdeprtfunctionality at a proper level
throughout their life cycle. The associated maiatece efforts sometimes represent minor
work, but could also rise to the level of major wopntinuing for several months with
significant negative impacts to the traveling pablrhe FHWA estimates that freeway work
zones are responsible for approximately 24 perakall congestion and delay nationally
(FHWA 2014b). That is one of the reasons why tH®/A mandates that each state follow
work zone analysis and monitoring activities asfeeh in the work zone Safety and
Mobility Rule, which requires agencies to assessraanage work zone impacts

systematically for all federal-aid freeway proje@iWA 2004). The FHWA promotes the



same policy for non-federal-aid projects as wélhe Moving Ahead for Progress in the 21st
century (MAP-21) also requires States to prioritiggair of freeways on the National
Highway System (FHWA 2015). In a separate FHWArffthe third round of the Every
Day Counts (EDC-3) initiative includes a ‘smartesrtvzones’ program to manage queues
and speeds efficiently with the help of technolagepplications (FHWA 2014a). All these
regulations and efforts indicate that road agenmiest manage freeways efficiently and
reliably to minimize congestion and delays duepresence of work zones. To predict or
analyze the congestion and delay resulting froreetveork zones, capacity must be
estimated accurately, as it represents a maximwicsdlow capability for each freeway.
For this reason, agencies and researchers hasgddria long time to estimate and model the
freeway work zone capacity, as well as understadpaedict the impacts from various
freeway construction activities.

Each work zone has its own unique configuratiodegscted in Figure 1.1. The work zone
on the left has a 3 to 2 (total lanes to open [pla@® configuration, concrete barrier, small
lateral clearance, and is located in an urban aBathe other hand, the work zone feature
on the right has a 2 to 1 lane configuration, baftier, wide shoulder, and is located in a
rural area. These two work zones are intuitivedgeeted to have different levels of
congestion and delay; not only because the work zondition itself is different, but also
because drivers may behave differently in the tiwasons. Unfortunately, current work
zone capacity methods in the U.S. Highway Capaddpual are not sensitive to these

different characteristics (Transportaion Researcaré 2010).



Figure 1.1 Freeway work zones (left: I-5, CA, rightl-40, AR)

It is thus essential for operating agencies to lsaneethodology to estimate the capacity
value of different work zone configurations, whillows analysts to estimate congestion,
gueueing, or delay resulting from the constructotivities.
Accordingly, over the years, there have been nuosestudies to estimate freeway work
zone capacity. Since drivers in work zones areegaly more likely to keep greater time
and space headways between vehicles than undevorizone conditions, the expected
capacity is lower than in the non-work zone comwditi The current HCM also provides work
zone capacity models by work zone type, eithertsteom or long-term (Transportaion
Research Board 2010). The short-term work zonaagpmodel is based on a single study
conducted in Texas in 1970s and is shown in Equdtia.

Ca={[(1,600 + 1) x fuy] x N} - R (1-1)
where,

Ca = adjusted mainline capacity (veh/h),

| = adjustment factor for work intensity (+160 poihy



fuv = heavy vehicle adjustment factor,

N = number of open lanes, and

R = manual adjustment for on-ramp vehicle (veh/h).
While the model provides suggested ranges for dhiables, there is no additional guidance
on how the work intensity impacts capacity. Astsutis hard to predict exact capacity
values for various work zones. For a long termeviray work zone capacity, the HCM
provides tabulated values (Exhibit 10-14) of averagpacity for several lane configurations

as presented in Figure 1.2.

Normal Lanes to Reduced Lanes

State 2-1 3-2 3-1 4-3 4-2 41 Source
TX 1,340 1,170 (9
NC 1,690 1,640 (5
CcT 1,500-1,800 1,500-1,800 (6)
MO 1,240 1,430 960 1,480 1,420 (7
NV 1,375-1,400 1,375-1,400 (6)
OR 1,400-1,600 1,400-1,500 (6)
scC 950 950 (6)
WA 1,350 1,450 (6)
WI 1,560-1,900 1,600-2,000 1,800-2,100 (6 8)
FL 1,800 1,800 (9)
VA 1,300 1,300 1,300 1,300 1,300 1,300 (10)
IA 1,400-1,600 1,400-1,600 1,400-1,600 1,400-1,600 1,400-1,600 1,400-1,600 {23}
MA 1,340 1,490 1,170 1,520 1,480 1,170 (12)

Default | 1,400 1,450 1,450 1,500 1,450 1,350

Figure 1.2 HCM capacity of long-term work zones (vie/h/In)

Interestingly the capacity values in Figure 1.2nMay only 150 veh/h/In between the
maximum and minimum values. More importantly, liveg-term work zone guidance is
only sensitive to the lane closure configuratiam, ignores other factors such as lane width,

barrier type, area type, lighting effects, or tharkvintensity.



Currently, other available work zone capacity medwelve similar limitations in the source
of data used to develop the models (Al-Kaisy antd 2303a; Al-kaisy et al. 2000; Bham

and Khazraee 2011; Dixon 1995; Dixon et al. 1996d&k and Richards 1978; Hicks et al.
2009a; b; Jiang 1999a; b; Kim et al. 2001; Mazal.€2000; Notbohm et al. 2009; Ramezani
et al. 2011; Venugopal and Tarko 2001). First,tnstsdies developed models based on
local data only; at most, data was collected statewSecond, the studies collected data only
from the field.

To overcome these limitations, this research éfiesteloped statistical capacity models using
data collected nationwide to produce more reliaiole representative results in estimating
freeway work zone capacity under various lane c¢saenarios. Next, extensive datasets
including literature database archives (shown ipé&mlix A and B), sensors databases, and
field data collection were combined to develop aalidate comprehensive freeway work
zone capacity models.

In addition, while most studies have focused omeging capacity, research on free-flow
speed (FFS) at work zones is lacking. Driverseaqected to react differently in different
work zones depending on various conditions sudareswidth, lateral clearance, pavement
or geographical condition, and so on, which imp#utswork zone capacity. Furthermore,
drivers are also likely to reduce their free-flomeed due to either regulatory enforcement
(lower speed limit) or physical conditions, whicttliude narrow lane width or lateral
clearance as is shown in the analysis resultsrdsedata in Appendix D. In work zones,
the FFS can also be a proxy measure for safetguseanany safety related considerations

depend on the different FFS conditions. Espegialhyenever necessary merges or diverges



are expected from the on- or off-ramps, it is im@ot to reliably predict FFS in order to
provide safe operations in the work zone.

Finally, with many freeway systems and freeway warkes becoming increasingly
complex, microsimulation offers an increasingly plap analysis option, which allows more
customized representation of the work zone thagterohinistic or macroscopic method.
Considering the reduced per-lane capacity, sppai@meter calibration methods for work
zones in microsimulation environments are needexssore that the frictional impacts of a
work zone are captured and considered appropriatéfywing guidance for the use of a
microsimulation program for work zones, based ath @nsistent with field study results, is
very valuable to analyze work zones, and thus teld@ appropriate operating and
managing strategies for the work zone, especialthe vicinity of on- and off-ramps at

interchanges.

1.1 Research Objective and Key Tasks
The primary research objective of this effort iglevelop predictive methodologies at the
macroscopic and microscopic levels to assess freawek zone operational performance.
To meet the objective, several key tasks were ftataed:
To provide a clear and unambiguous definition eéfray work zone capacity and its
estimation;
To propose a freeway work zone free-flow speed rihode
To provide guidance on how to calibrate specifickumone parameters in a

microsimulation environment; and,



To provide an extensive simulation analysis of wookes in the proximity of

freeway interchanges.
Figure 1.3 illustrates some of key tasks planndaetexecuted throughout the research. The
figure depicts a speed vs. flow rate relationsbipaf non-work zone case (in blue). To
properly describe the work zone characteristics fthmework estimates a reduced free-flow
speed, reduced queue discharge rate, a relationstigen queue discharge rate, and pre-
breakdown flow, and a speed-flow relationship torerct these various points on the graph.

This relationship is shown in the figure in red.

Freeway WZ FFS model Freeway WZ speed-flow relationship

Non-work zone FFS |/
Work zone FFS L S

Capacity reduction
factor (o) model

Speed (mph)

|
: : Freeway WZ capacity model
|

N,
Flow Rate (pcphpl) Worg zo,,eo:""vofk 20ne
apaqty Capac,'ty

Figure 1.3 Speed-flow diagram for key tasks

All tasks are executed based on data collected fitemature archives, three sensor

databases, and several field studies. Table g&depts some of the key tasks with



corresponding data sources presented in ordeiaritgifor developing and validating

models. Data sources printed in bold letter mélaeg were the primary sources of data for

developing and validating models in the study.

Table 1.1 Study objectives and priority of data sorces

Key Tasks

Priority of Data Sources

Capacity model

wn e

Field data
Literature
Sensor data

Models

Free-flow speed model

wN e

Sensor data
Field data
Literature

(Capacity reduction rate)

N

Literature
Sensor data

Validation Exercises

Speed-flow curve

wn e

Sensor data
Literature
Field data

1.2 Research Scope

Most data used in this research were gathered W@EIRP 3-107 study, Work Zone

Capacity Methods for the Highway Capacity Manuajfdbaie et al. 2015; Yeom et al.

2015). Literature archives data from 90 work zsites and field data from 12 work zone

sites were obtained for the research. For theosamalysis, data was obtained through the

Regional Integrated Transportation Information 8ys(RITIS) operated by the University

of Maryland CATT Lab, the Performance Measuremest&n (PeMS) operated by



California Department of Transportation, and thaffic.com database (California
Department of Transportation 2014; CATT Lab 201éffic.com 2014).

The mainline freeway work zone capacity and fresvfspeed models were developed and
validated using analytical regression methods.th@rother hand, the influences from the
special work zone configurations were explored gisimicroscopic simulation program,
VISSIM (PTV AG 2013).

The results and recommendations of this researitibewalid for many areas. However it
should be noted that both public agencies and relsei@ should clarify and understand their
own unique characteristics of freeway work zonesmtonsidering estimating capacity.
Barring considerable changes in vehicles and traffierations, the framework of this

research should be applicable for many years.

1.3 Research Needs and Contributions
The research will provide a comprehensive undedatgrof freeway work zone capacity to
researchers or agencies who are interested inanglireeway work zone traffic behavior.
The main theme of this research, estimating freemak zone capacity under various lane
closure scenario, is not new; however, this re$egranique from other studies in several
ways:
Previous studies used a single source of data ynfsth the field; however, in this
study, multiple extensive datasets including lil@ra database archives, sensors
database, and national scale field data collecti@n used to develop and validate

comprehensive freeway work zone capacity models.



Most previous studies focused on locally colleaath, this research develops models
using data collected nationwide to produce morialvkd and representative results in
estimating freeway work zone capacity under théwuarlane closure scenarios.
There is little comprehensive research on freewaskvzone capacity in proximity of
interchange areas. This research explores apfdioadthods to estimate freeway work
zone capacity in the ramp influence area.
This research tries to develop a freeway work Zane closure capacity model not
only at the macroscopic but also at a microscagiell and provides specific modeling
guidance at that modeling resolution.

Table 1.2 summarizes the difference between prewstudies and the research proposed

comparing data source, study site, subject freearay,study methodology.

Table 1.2 Comparison with previous studies
Comparisons Previous Studies Research Proposed

Data Source Site specific data (mostly field data) Field data collection
- Sensors database
- Literature archives

Study Site -Local (statewide) Nationwide

o Field: 12 work zone sites

0 Sensor: 14 work zone sites

o Literature: 90 work zone dataset

Subject Freeway Mainline - Mainline
- Limited ramp influence study On-ramp merging area
- Off-ramp diverging area

- Weave area
Study - Mostly regression - Both regression and a microscc
Methodology |- Limited simulation based study simulation program

10



Results from this research apply directly to ergtivork zone analysis guidance (and its
limitations) by FHWA. Figure 1.4 shows how to apfie research outcomes to the lane
closure analysis process provided in the Traffialfksis Toolbox-Volume IX from FHWA
(FHWA 2009). In the chart, newly developed proessare shown with dotted lines to
supplement research gaps in the whole processingtance, a microsimulation program
analysis for the proximity of interchanges will pide a capacity of work zone more reliably.
Similarly, the FFS model will also provide an opjmity for agencies to review the safety
condition of work zones under the new process. eMban anything, the work zone capacity
will be estimated using the new proposed model ecihg accuracy and reliability of the

overall analysis.
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1.4 Organization of the Thesis

The thesis is presented in seven chapters. Chapieposes a freeway work zone capacity
model developed using nationwide data. The maimcsoof data was literature archives and
field data collected from 102 freeway work zonesin 12 states. The chapter also provides
a clear and unambiguous definition of freeway wawke capacity and its estimation.
Chapter 3 proposes a freeway work zone free-flosedpnodel developed using data
collected from three sensor databases. The chalgstedemonstrates how to synthesize
various freeway work zone traffic operational cle#gastics using proposed and adopted
models. Chapter 4 provides microsimulation guigame how to calibrate specific
parameters under the proposed capacity model &c bl@eway segments not impacted by
ramps. Chapter 5 presents the results of an exéemscrosimulation experiment of work
zones in the proximity of interchanges such asamprmerges, off-ramp diverges, or
weaves. Chapter 6 provides overall conclusionsracommendations. References used in

this research are provided in Chapter 7.
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2. INNOVATIVE WORK ZONE CAPACITY MODELS FROM NATIONWID E

FIELD AND ARCHIVAL SOURCES
2.1 Introduction
The capacity of a freeway segment and freewaydyatk is critical in assessing and
predicting the operational performance of a freevaaility. From prior research, it is
evident that work zones have a significant impacthe capacity of a freeway segment. As
such, work zones often act as key bottleneckseswiays, and it is vital for agencies to be
able to predict freeway capacity in the presencawbrk zone accurately.
The 2010 Highway Capacity Manual (HCM) provides kvbone capacity models separated
by work zone types, defined as either short-tertong-term (Transportaion Research Board
2010). The short-term work zone capacity modekised on a study conducted in Texas in
the 1970s which does not provide numerical gui@slion many of the variables associated
with work zone operations. For long term work zeapacity, the HCM provides a table
with average capacity values under several lanégroations, as well as results of
individual studies by state. However, the rangtheffreeway work zone capacity is limited
to only 150 (veh/hr/In) across 6 different work eaonfigurations, and the model offers no
sensitivity to key variables such as work intendigrrier type, or day vs. nighttime
operations. Most recent studies on work zone caphave focused more on limited,
localized field data. To date, no national dat&seUS work zones has been available to
develop a generalized nationwide estimation of wake capacity.
In an effort to develop capacity models under tiigpaces of NCHRP 3-107 project, the

authors combined two nationwide databases for worle capacity estimation: (1) a
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database of archived work zone capacity estimabes the literature and (2) a nationwide
study of work zone capacity from field data attewn sites in six states. This chapter
presents the detailed modeling process and rdsuléstimating freeway work zone capacity
based on both data sources.

This chapter further distinguishes the work zone@uDischarge Rate (QDR) from the
work zone Pre-Breakdown Capacity (PBC) the lateandp the one traditionally used in the
HCM. Oftentimes, the average QDR was consistdatier than the PBC after breakdown
occurred. The QDR definition of freeway work zomess consistent with the method of data
collection employed, which typically measures QD&hf a queue at an active work zone
bottleneck. The paper proposes a conversion fr@R @ PBC after analyzing various
sources in the literature archives data.

In summary, the primary objective was to develquedictive model for work zone QDR
based on nationwide data. The model created istsen® the work zone lane closure
configuration, barrier type, area type, lateratahse, and day or night condition. As a
secondary objective, the authors sought to forraalizelationship between QDR and PBC
on freeway work zones. While the PBC is traditibnaksociated with an HCM analysis, the
QDR was the metric factor that was consistent withmethod of field data collection at
most freeway work zone studies.

In the remainder of this paper, a review of reléva@rature is presented followed by the
methodology, model development, results, and alaatn of the model developed for a
freeway work zone capacity prediction. We conclwité findings and recommendations for

further research.
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2.2 Literature Review

Freeway capacity has been studied for several ésaattl various models for predicting
work zone capacity have been proposed over timéhedse sections, the researchers have
focused on capacity estimation methods and vaappsoaches for analyzing and
understanding freeway work zone capacity.

The 2010 HCM defined capacity as the “maximum snatde hourly flow rate”, which is
differentiated from the maximum flow rate that mighry on a daily basis (Transportaion
Research Board 2010). However, the manual dogsravide a clear measureable definition
for what themaximum sustainabkerm represents. Furthermore, the manual doeslaxafty
how to estimate freeway work zone capacity whicesisential for having a consistent
measurement and analysis methodology.

The review of literature indicates that there gide range of definitions for work zone
capacity. Capacity was usually separated by QDRB®Z; however, some studies adopted a
single capacity concept not accepting two capgignomenon. Depending on each
definition for the capacity, the exactly same dailhproduce different capacity values and
the difference is not negligible. Table 2.1 summesiprevious studies with different

definitions for freeway work zone capacity.
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Table 2.1 Various capacity estimation in the litesture

Capacity
estimatior Variables collected
method
() ©
C C S
i) Q o
> |9 lnl® e 3]
Study 2125|222 g |5 |3 |8
g|e|5/5|2e8| |2 3| |&2|lolclS
o8 535 2lclalol g |Tlo|RElD
o c|2|>= ol gl o o|8|=|[=|E
OOU>‘CUCHh CUOGJEO
Llolo|p|SR2E 5 oEl=2 > 0l
O|x| oG NN MR Q2
D O[S 8N SORNNNZ NN S
ool an2IT|3ZZ22 o I=2T 223

(Kim et al. 2001) -
(Al-kaisy et al. 2000) - - - - - - - -1-
(Al-Kaisy and Hall 2003b) - - - - - - -1 -
(Sarasua et al. 2004) - |- - - - - SN I U I I R I
(Racha et al. 2008) S - - - - SN I U I I R I
(Sarasua et al. 2006) - |- - - - - N I U I I S I
(Sarasua et al. 2003) - - - - - - SN I U I I U I
(Ramezani et al. 2011) - -] -1 -T-T-1-1-1-1-
(Hicks et al. 2009a) . - -l -1-1-]- - o1 -T-
(Hicks et al. 2009Db) . - -l -1-1-]- - o1 -T-
(Benekohal et al. 2003) e - -
(Benekohal et al. 2004) ok -] - -1 ---
(Dudek and Richards 1978) - -] - N I D
(Dixon et al. 1996) - - -l--- oA ST
(Dixon 1995) - - -l -1-1- -1 -- - T-
(Maze et al. 2000) - |- - -] - -] -l
(Jiang 1999b) - - - - - -1-]- - -
(Jiang 1999a) - |- - - -l-1-1-]- - -
(Bham and Khazraee 2011) -] - - |- IR N I I -
(Venugopal and Tarko 2001) - R I R U U I I
(Notbohm et al. 2009) - - - - - - - - -

In Table 2.1, some studies collected traffic voluane speed data simultaneously and others
collected only traffic volume data to estimate aatyadepending on the methodology
adopted. Using the data collected, the capacitgnason then was separated into either two

or single capacity. While not adopted in the curteé@M, the “two capacity phenomenon,”
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that distinguished PBC and QDR, was well represktiteoughout the literature.
Specifically, an average of 5% to 7% decrease oR@Dmpared to PBC under non-work
zone condition was reported in a previous metayasbf various sources (Hu et al. 2012).
When volume and speed data were collected togetbire studies used existing speed-flow
models to calculate a single capacity value (Behaket al. 2003, 2004; Racha et al. 2008;
Sarasua et al. 2004, 2003, 2006). There werestsites investigating both ‘pre-breakdown’
and ‘queue discharge rate’ to find capacity intkaidy (Bham and Khazraee 2011; Dixon
1995; Dixon et al. 1996; Notbohm et al. 2009).
A wide range of metrics such as the mean, maxinaur@3" percentile values were used in
the literature for QDR. Additionally, the time a@mval in aggregating raw traffic data was
another concern in defining capacity for freewaykvzones. Based on a detailed review of
the literature, the authors used the following migtn for the capacity of freeway work
zones:

Freeway work zone capacity, for the purpose of datbection and model

development, is defined as the average sustaimpliae discharge rate measured

over a 5-minute or 15-minute sampling interval.

2.3 Methodology

The authors developed a freeway work zone cappogyiction model based on data
collected in literature archives and field dataoratide. Using the data obtained, the
authors fit regression models, both additive anttiplicative types, to choose the best one

based on statistical analyses. The data colleetempresented followed by a capacity
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conversion analysis for literature archives, indef@nt variable analysis, and model

development process explanation.

2.3.1 Data Collection

Two databases were gathered for freeway work zapaaty estimation, one from the
literature and the other from field data collectioh thorough review of previous studies on
freeway work zone capacity estimation models (Alsgand Hall 2003b; Al-kaisy et al.
2000; Benekohal et al. 2003, 2004; Bham and Khaz2@d 1; Chitturi and Benekohal 2005;
Dixon 1995; Dixon et al. 1996; Hicks et al. 200BaJiang 1999a; b; Maze et al. 2000;
Notbohm et al. 2009; Racha et al. 2008; Ramezaali €011; Sarasua et al. 2004, 2003,
2006) was conducted. A total of 90 valid data owere identified, each reporting a work
zone capacity and a set of independent variablesated to influence it (appendix A and B).
Hereatfter, this data set is called literature datacollect the independent variables, the final
project reports of the literature sources wereistlids it was expected to provide more
detailed information on work zone configurationsl &s characteristics, as presented in

Table 2.2.
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Table 2.2 Literature data in the development of freway WZ capacity model

Literature Data
Capacit Lane closure The number of
Source pacily : - Barrier type| valid capacity
definition configuration
data
(Al-Kaisy and Hall 2003b; Al !
kaisy et al. 2000) Average QDR 4t0 2,310 2, 2 to 2 Concrete 5
(Ramezani et al. 2011) Average QDR 2to 1 n/a 6
(Hicks et al. 2009a; b) Average QDR 3tol PE drum 14
(Bham and Khazraee 2011) Average QDR 2to1l PE drum 2
(Notbohm et al. 2009) Pre- 3t02,2t01 PE drum 4
breakdown
(Jiang 1999a; b) breZIr(((aj-own 2to1 nla 12
(Bham and Khazraee 2011 Pre- 2to 1 PE drum 4
breakdown
(Chitturi and Benekohal 200%; Maximum
Racha et al. 2008; Sarasua € 3to2,3to1,2t0 ] Cones 11
QDR
2004, 2003, 2006)
(Benekohal et al. 2003, 2004; Maximum 210 1 Cones/concte 11
Chitturi and Benekohal 2005) QDR te
(Notbohm et al. 2009) M"J‘QX'D”F‘Qum 3t02,2t01 PE drum 6
(Maze et al. 2000) M%(lljrr%um 2tol PE drum 4
(Bham and Khazraee 2011 ManllgrrF\zum 2t01 PE drum 2
(Dixon 1995; Dixon et al. 1996) The 951 2tol Cones 9
percentile

! The lane closure configuration is expressed asitimber of open lanes to the number of closed lanes

In addition, a nationwide data collection actiwtgs conducted and video data was collected
in twelve different work zone configurations acrgssdifferent states (Virginia, California,
Maryland, Nevada, Arkansas, and Arizona). Datéectbn equipment was installed on the
side of the freeway work zone with no interferendth travel lanes and the shoulders. Video

data was then processed to QDR observations asnsholable 2.3.
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Table 2.3 Field data in the development of freewayWZ capacity model

Field data
Variables Average

State| Freeway Lane closure o Barrier | Speed |yyeathe| W2 QDR

configurationt HV (%) type Areatype limit condition Ien'gth (pc/h/in)

(mph) (mile)
va | 195 3to1 11.4| CONes/| - ypan 50 Clear| 16| 1,376
South Concreteg
VA l\ll-c?r?h 3tol 9.0 Cones Urban 50 Clear 1.6 1,104
VA 1-95 3to1l 11.4 Cones Urban 50 Clear 1.6 1,215
VA 1-95 3to2 12.9| Coneg Urban 50 Clougy 2.5 1,556
VA 1-95 3to2 10.6| Coneg Urban 50 Clougy 2.5 1,810
CA I-5 3to2 5.2 | Concrete Urban 55 Clear 1.5 1,535
NC | 1-40 3t0 2 33| S| ypan | 55 | Clear| 28| 2,008
Concreteg
MD 1-895 210 2. 1.2 | Concrete Urban n/a Clear 0.5 1,470
(Lane shift)

NV I-15 4t0?2 8.8 | PE drum Urban 60 Clear 0.2 1,788
NV | 1-80°% 2to 1l 39.4| PE drum Rural n/a Clear 1.5 497
AR 1-40 2to 1l 440 PE drum Rural n/a Clear 2.5 1,095
AR I-10 4t03 8.0 Cones Urban 55 Clear 1.9 1,810

! The lane closure configuration is expressed asitimaber of total lanes to the number of open lanes.
2Extremely small lateral clearance observed

3Rolling terrain (All other sites are level terrajn.

4Low flow rate due to a lack of sufficient demand

In Table 2.3, the original 12 field datasets weqpamded using the first ten 5-min
observation available for each site, and they eckattotal of 81 observations. For three of
the work zone sites, no sustained queuing was wbdeand consequently, saturation
headway data was collected and converted to egi@BR. After including the converted
QDRs the field dataset included 100 observationsdpacity estimation model.

In addition to the video-based studies, sensorwatacollected at various work zones across

the country. However, most of the sensor sitesadidorovide a sufficient sample of
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capacity observations since lane closures werenptaduring off-peak hours (mostly late
night) with low demand levels.
In the literature dataset, various studies colbbdi@ta for different sets of independent
variables. As such, the assembled data set hadsadeoable amount of cells with no data
available. Several options to deal with this nmggiata were considered, as listed below
(Hair 2009):

Hot or cold deck imputation: to replace only migsitata with other representative

data,

Case substitution: to replace a whole case withhemalata set,

Mean substitution: to replace missing data withugranean values,

Regression imputation: to replace missing dataguaimegression method with other

variables in the data set, and

MCMC (Markov Chain Monte Carlo) method: a defaultthrod in SAS creating

pseudorandom draws through Markov chains (Yuan 2010
Every method in handling missing data has advastagd disadvantages. For example, the
mean substitution method is the most widely usethatg having an advantage of replacing
missing data easily, but this method is likely tmlarstate variance causing bias in the
analysis. For regression and MCMC methods, contipata assistance is critical in the
large number of variables and missing data. Hawimgof the most powered statistical
programs available—SAS9.3, the authors tried ttacgpmissing data using the MCMC
method for the study. Later in developing freewayk zone capacity models with the

MCMC method, the authors used multiple imputatiigh) technique that is regarded as a
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superior method to a single imputation. The MImoetanalyzes missing datasets after
combining several plausible single imputation resstd consider the true value of missing

data (Schwartz and Zeig-owens 2012).

2.3.2 Capacity Conversion Analysis for Literature Arclave

The studies that were used to assemble the literdataset had different units (vehicle per
hour and passenger car per hour) and definitioedpacity. Average QDR, PBC, maximum
QDR, and 9% percentile QDR were used as the capacity. TaBls@nmarizes these

differences and identifies average conversion fadtm unify the units and definitions.
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Table 2.4 Capacity unit and estimation method convsion

Original unit/method ) . Converted
Category Data analysis and conversion _
(number of dataset) unit/method
Vehicle |- Vehicle - Average HV = 18.4 (%) Passenger
unit - Passenger car - PCE=15 car

- Used directly (No conversion)
- Avg. QDR: 1,489 (pc/h/In)
- PBC: Avg.1719 (pc/h/In)

- Average QDR (27)

- PBC (20) - Avg. QDR: 1,489 (pc/h/In)
- Capacity reduction factor = 0.1338
Capacity - Max QDR: Avg.1,925 (pc/h/In)
.|+ Maximum QDR Average
estimation (34) - Avg. QDR: 1,489 (pc/h/In) QDR
method . Max QDR conversion factor }= 0.2265

- Used directly (No conversion)
- The 99" percentile QDR: Avg. 1,544
(pc/h/in)

- Statistically ‘No significant difference’ with

- The 99 percentile
QDR (9)

average QDR (The 95% confidence IeveIP

1 Used when there is no information about the HYhaliterature.

As presented in Table 2.4, all 90 observations werwerted to QDR, expressed in
passenger cars per hour per lane. Especiallytseeomparison between average QDR and
PBC, the authors identified an average of 13.4%c&preduction, due to breakdown found
in freeway work zones, based on literature date. Vidlue was twice as much as reported for

freeways without work zones (Hu et al. 2012).

24



2.3.3 Independent Variables

In both field and literature data, lane configusatseemed to show the most significant
impact on capacity. The lane closure configuratsomsually expressed as the total number
of lanes to the number of open lanes. For instaa@eto 1 lane configuration means that the
total number of lanes in normal condition was thaed it was reduced to only one open lane
during work zone conditions. The open ratio (itlee ratio of the number of open lanes to
the total number of lanes) and closed ratio (Le:,open ratio) were tested in model
development. These variables proved to be effeatighowing the influences of different
lane configurations on capacity; however, they dowdt distinguish a ‘4 to 2’ and ‘2to 1’
lane configurations (both have an open and cloagd of 0.5). Observations from field and
literature data both suggested that the capaci#y2fto 1 lane closure is significantly less
than a 4 to 2, due to a fewer number of open lafiesaccount for this effect, the authors

introduced a new variable called Lane Closure Sgvierdex (LCSI) as follows:

LCSI = 2-1)

LCSI gives a different value for lane closure cgafation, with a higher index

corresponding to a more severe lane closure sceagashown in Table 2.5.
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Table 2.5 LCSI (Lane Closure Severity Index) examgl

Total Lane(s)| Open Lanu(s) OPe" Ra0 | Closed Ratig  LCSI | cliecied Doy

3 3 1.00 0.00 0.33

2 2 1.00 0.00 0.50 2
4 3 0.75 0.25 0.44 1
3 2 0.67 0.33 0.75 14
4 2 0.50 0.50 1.00 2
2 1 0.50 0.50 2.00 63
3 1 0.33 0.67 3.00 17
4 1 0.25 0.75 4.00 :

Using the LCSI in the capacity prediction modelsggative coefficient is expected as the
LCSI values increased and as the condition of taméiguration becomes worse. Also, lane
configurations having the same ‘open ratio’ or &&d ratio’ can now be distinguished
depending on the number of open lane(s).

Other candidate independent variables are listemhbe

Barrier type (Br) = 0: concrete, 1: cone/PE drum
Area (A) = 0: urban, 1: rural
Lane width (Lw) = lane width — 12 (ft)

Lateral distance (La) = lateral distance — 12 (minimum -11.9, maximun(ft))
Lane closure side (LG 0: right lane closed, 1: left lane closed

Work intensity (Wi) = 0: low or medium, 1: high

Police (P) = 0: no police presence, 1: police presence

Heavy vehicle (Hv) = heavy vehicle percentage (%)

Day or night (DN) = 0: day, 1: night
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Speed limit (S) = posted work zone speed limit (mph)

WZ length (1) = work zone length (mile)

Ramp presence (R) = 0: no on-ramp presence, 1: on-ramp presence
All of the independent variables presented above weended to present a base capacity
and to then deduct capacity values whenever thasean unfavorable condition. For
instance, in theday or night (DN)variable, the day condition had ‘0O’ whereas tighi
condition had ‘1’, so the coefficient estimate veapected to be a negative value. This
factor will result in a model where the intercegtnt can be interpreted as the base work
zone capacity, with various adjustments reduciegctipacity further.
In the case of lane width.\{) and lateral distanc&.4) variables, a base condition is defined
as 12-feet (lane width or lateral clearance). Timssance results in a ‘0’ coefficient of the
variable, thus having no impact on capacity vatreaf“standard” configuration. But as the
lane width and lateral distance decreased, thablas also decreased and resulted in
negative values. Consequently, the coefficierthefestimates were expected to have
positive values.
In the case of the ‘barri€Br)’ variable, the team decided to focus on the pradant barrier
that separated the work zone and travel lane(sg tyfpe of barrier on the work zone side
opposite to the construction activity was not fotmdbe significant. For the ‘work intensity
(Wi)’ variable, the team used a binary type, eithépf01’, to minimize subjectivity in the
data collection. Most of the variables were avddan both field data and literature

archives.
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2.3.4 Model Development
Three different scenarios were explored for fittregression models based on using
literature or field data:
Scenario | : Uses literature data to fit modeld eld data to validate them,
Scenario Il : Uses field data to fit models andrbture data to validate them, and
Scenario lll: Uses 75% of combined field and litara data to fit models and the
remaining for validation.
Using the Markov Chain Monte Carlo method and défaissing data approach in SAS,
Statistical Analysis Software package (SAS Ingtitic. 2014), the literature database
resulted in a rich dataset of 90 valid data pdiotsScenario I, so it was validated against the
field data.
Field data was collected at 12 work zones withedéht configurations resulting in only 12
data points if an aggregated regression approacted. Furthermore, three of the sites
operated in undersaturated flow conditions. Feséhsites, the capacity was estimated based
on saturation headways of tightly-spaced platodthawever, this “headway data” may offer
a different capacity than the QDR observed at thercsites. Due to the low number of
consistent capacity observations in the site-aggeebdata set, a lower 5-minute aggregation
level was used. This approach provided severalreasens per site yielding a total sample
size of 81 observations for Scenario Il. Addingadjgregated headway data increased the
sample size to 100.
For Scenario 111, the literature and field datase¢se combined. Three different variations

of approach Il were employed, that were distingats by whether or not the headway data
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was used and whether or not the multiple obsematier site were allowed to enter the
model, or using only the site aggregated field data

To fit statistical models, the following steps wéaken. A correlation analysis was
performed to ensure no linear relationship exisketveen independent variables. Then,
adjusted R-square and Akaike Information Crite(i&rC) ranking methods were used to
provide information on which independent varialitebe included in the model.
Furthermore, forward selection, backward elimimatiand stepwise selection approaches
were examined to provide more information for vialgaselection. Based on these results,
engineering judgment, and validation results, fragwork zone capacity was fitted.
Lastly, the authors decided on the type of the hadiner additive or multiplicative. One of
the advantages of the multiplicative model was thatmodel form was consistent with the
saturation flow model (and corresponding work zadgistments) for urban streets in the
HCM. However, a clear advantage of the additivelehavas that the model parameters
were more readily interpreted, as simple deductioresipacity for the various variables. A

detailed capacity model development process wasdged in appendix C.

2.4 Results

From the three different modeling scenarios, vaimgression models were developed to
predict freeway work zone capacity. Scenarioittifig model using field data), models
without and with headway data, II-1 and II-2 respety, were further explored. For
Scenario 1l (combined data), models without antth\weadway data and with multiple

observations per field site, 11l-1 and 11I-2 respeely were also explored, as well as, an
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approach without headway data and only using ogesggted data point per site (llI-3).
Overall, 26 different models were analyzed.

Summary and highlights of the preferred model mteof the scenarios are shown in Table
2.6. As presented in the table, almost all modeharios predict freeway work zone
capacity with reasonable adjusted R-square and Reah Square (RMS) error values; he
only exception was scenario Il-1. The lack of vigria lane configurations in field data

contributed to a bad fit for this scenario.
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Table 2.6 Freeway work zone model summary

. |Model developmer Data used (sample size) Number| Selected Base_ Selected model variablAdjusted RFRMS error
Scenario I X capacity N
approach Model developmenModel validationjof models model (pe/h/in) square | (pc/h/n)
Eg:rgtﬂ?;azre;hfir\?erg Field-multiple pel LCSI*(-222,<0.001)
I for a comorehensi Literature (90) site (81) 1 Model 1 2,301 | barrier (-339, <0.001)] 0.5941 272.3
P area (-157, <0.001)

regression modeling

Using multiple dataField-multiple per
per site site (81)

-1 Literature (90) n/a n/a n/a n/a n/a n/a

. . . . LCSI2(-230, <0.001)
Using multiple data Field-multiple per barrier (-226, 0.001)

-2 per site + Including site + headway | Literature (90) 8 Model 4 2,179 area (123, 0.018) 0.6708 96.3
headway capacity capacity (100) on_ramp (-215, 0.001

LCSI2(-170, <0.001)
barrier (-148, 0.002)

. . 75% of Literaturel 25% of Literature
Using mixed datas

-1 |(Field: multiple dat (9[0L)it2:‘;;':_'%§8199&2‘?;;‘:_%81) 8 | Model6| 2,086 | area(-172,<0.001)| 0.6421 | 123.8
per site) Field: 6i] ' Field: 2(')] ' lateral_12(12, <0.001)
’ ’ day_night (-45, 0.394
Using mixed datas 75% of Literature 25% of Literature LCSI_Z(—168, <0.001)
(Field: multiple dat (90) and Field | (90) and Field barrier (-127, 0.003)
-2 per si.te + Including (100) (100) 1 Model 1 2,067 area (-178, <0.001) | 0.6341 119.9
headway capacity [Literature: 67, | [Literature: 23, lateral_12 (14, <0.001)
Field: 76] Field: 24] day_night (-42, 0.403
75% of Literature| : | LCSI?2(-154, <0.001)
Using mixed datas| (90) and Field-on eﬁg‘r’gg’;:dult:eié%u(g barrier (-194, 0.024)
-3 (Field: ONE data per site (9) [Literature: 23 8 Model 6 2,093 area (-179, <0.001) | 0.5835 109.4
per site) [Literature: 67, Field: 2'] ' lateral_12?(9, 0.065)
Field: 7] ' day_night (-59, 0.280

1 ( ): Parameter estimate in additive model fordsinvariables, p-value in the statistical test
2 The actual parameter of ‘LCSI’ and ‘lateral_12&gend on the value of those variables.
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2.4.1 Recommended Model

After fitting several models, the authors proposedse the model 11I-3 approach as the
recommended capacity model. The approach usedof 8#mbined literature and
disaggregated field data to fit the models and @lsedemaining 25% to validate.

The scenario I11-3 model was preferred becausad based on a large data set, in which
each work zone site contributed one observatidme model had consistent variables with
other models and showed reasonable RMS error a8duared values. Aggregation of the
observation at site level was expected to yieldehst bias compared to other aggregation
levels, and it upheld the assumption of indepenelémn different observations.

The proposed model retuned an adjusted R-squ&r®8&85 and RMS error of 109.4. The
model predicted queue discharge value based orclasere severity index, barrier type,
area type, lateral distance, and day or night ¢mmdas follows:

Average QDR = 2,093 154xf.csi— 194 xHharrier — 179%farea + 9Xflateral_12— 59%fday night (2-2)
where,

Average QDR= average queue discharge flow rate (pc/h/In),

fiesi = :

fharrie = 0: concrete, 1: cone or PE drum,

farea = 0: urban, 1: rural,

flateral_12 = lateral distance — 12 (minimum -11.9, maximun{f)) and
fday_night = 0: day, 1: night.
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As an example calculation, the capacity in a 3 kang closure configuration with a cone
barrier, in an urban area, with 6-ft of lateraltaisce, and with a night time condition was

estimated using the model proposed as follows:

Capacity = 2,093 — 154x+—) — 194x1 — 179x0 + 9x (6-12) — 59x1 = 1,324 (pojh/

2.4.2 Capacity Model Validation
The proposed model was validated against the renga?5% of the combined dataset (field
plus literature) that was not used in the fittimggess. The validation results according to

type of lane closure configuration are shown inlé&h?7.

Table 2.7 Capacity model validation (scenario 111-3

_ 25% data Model

No 'Il'otal Open LCSI Barrier Area DgyO'Latera (pc/h/in) [HCM 2010 prediction

ane | lane type night|-12 (ft)| [sample| (pc/h/In)

size] (pc/h/in)

1 4 3 0.44 cones urban day 1 1,810([1] 1,579 1,777
2 4 2 1 | concreteurban| day 14 | 1,989[1] 1,526 2,065
3 3 2 0.75 | concretaurban| day 18 | 2,295[1] 1,526 2,139
4 0.75 | cones| urban day 0| 1,970][1] 1,526 1,784
5 0.75 cones| rural night 4 1,726 [1] 1,526 1,581
6 2 1 2 concreteurban| day 3 1,818 [1] 1,474 1,812
7 2 |concrete rural | day 3 15791 1,474 1,633
8 2 cones| urban day -7 1,411 [3] 1,474 1,528
9 2 cones| urban night -9 1,477 [2] 1,474 1,451
10 2 cones| rural| day 4 1,374 (7] 1,474 1,376
11 2 cones| rural| night -8 |1,488[2] 1,474 1,281
12 3 1 3 cones urban night-4 |1,247[3] 1,526 1,342
13 3 cones| rural night -6 | 1,145[1] 1,526 1,145

! Heavy vehicle adjustment using £ 0.95
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As shown in Table 2.7, the proposed model predmgtsaverage QDR with good accuracy
compared to the HCM2010 model (Lookup table of wawke capacities in Chapter 10).

The RMS errors for validation were 109.4 and 336r3he proposed and HCM model,
respectively.

Figure 2.1 shows a model validation plot for bdté &xisting HCM2010 long-term work
zone capacity table, and the proposed model. Tdpascrepresents observed average QDR
data and the y-axis represents model predictiding 1 to 1 ratio line (dashed) is also shown
as a reference. The figure shows that the HCM imedwt sensitive to work zone
configurations and prevailing conditions as expactehereas the proposed model estimated

different queue discharge value based on the intkgre: variables.

Scenario 1lI-3
1500 ———— A A

LIARATINT N
nuivisviv

1000

500
500 1000 1500 2000 2500

Field Average QDR (pcphpl)

Meodel Average QDR prediction (pcphpl)

Figure 2.1 Capacity model validation (scenario 1113 and HCM2010)
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The good validation results are also evident iufeg2.2. Following the field conditions
presented (Table 2.7), the proposed capacity nrédicted freeway work zone capacity

reasonably close to field data compared to the Haddel.

2500
/A
— /.‘/'
£ /R \
= / \
< 2000 P 559 Dat
N\ ==
2 // \\\ o Data
= : \%
g ¥ / \ HCM 2010
\\\
g{;o \
o 1500 \\ 5 3 Scenario I1I-3
k- N N \\\\
N
\
1000

1 2 3 4 5 6 7 8 9 10 11 12 13
No (in Table 2.7)

Figure 2.2 Capacity model validation for differentconditions (scenario I11-3)

2.5 Findings and Conclusions
This study developed new work zone capacity mooleéed on data collected at thirteen sites
in six U.S. states and from 90 cited sites extchfitem the literature. The key findings from
the study are:
The freeway work zone lane configuration is onéhefmost important factors in
predicting different work zone capacities. A Lanegtire Severity Index (LCSI)
introduced in this research provided good predécpewer across the various tested

models.
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Independent variables such as barrier type, apes tsteral distance, and day or

night condition also proved to be key predictorthi@ development of freeway work

zone capacity.

The proposed model produced a very good fit taltta in the regression analysis

when using the combined data from the field areddiiure archives.

The proposed freeway work zone model has been ssfatly validated using field

data that were not used for model calibration psego

An average 13.38% in capacity reduction was obsepetween the mean pre-

breakdown capacity and the average QDR in the sixtetiterature archives

analysis.

The existing HCM2010 freeway work zone models caiegd into long- and short-

term did not produce suitable capacity predictiwhen compared to the field data

collected in the study.

The proposed model is recommended for use for pigrand operational analysis

when managing freeway work zones with various ldasure configurations.
Future research should focus on developing a frgeveak zone capacity model in the
vicinity of on- and off-ramps. Microscopic simutat may be used in developing and
validating work zone capacity models under morengetoically-complex work zone
configurations. The current research further assuanixed pre-breakdown capacity for
work zones that is reduced to a fixed QDR afteakdewn. This definition is consistent with

the definition of capacity in the HCM, and is thfere appropriate for this context. However,
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recent research increasingly points to the stochaature of freeway capacity, and future
research should more carefully explore this phemame

Finally, the work zone capacity model presente@ eeonly one aspect of the models
needed to predict the operational performanceesway work zones. Such models need to
be supplemented with free-flow-speed prediction ei®duitable for work zone conditions,
and both capacity and free-flow speed models magtegrated in a work-zone specific
speed-flow relationship. Efforts to accomplish th&ster two objectives have been

documented in a companion paper to this work (Hmgheet al. 2015).
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3. EMPIRICAL MODELS FOR FREEWAY WORK ZONE FREE-FLOW SP EED
PREDICTION AND EXTENSIONS
3.1 Introduction
Freeway facilities with uninterrupted flow are egfel to provide seamless movement of
traffic resulting in reliable and safe travel camahs with a high level of service. In a time of
aging transportation infrastructure, repair andgmagnt rehabilitation work on freeways is
becoming increasingly frequent, causing congesiiothe affected facilities. While some
construction activities can be limited to nighttimeoff-peak hours, other activities require
lane closures and intense work activity even dupegk periods.
As such, agencies need tools and predictive madastimate the impacts of various work
zone configurations on freeway traffic operatiombetter evaluate and weigh the impacts of
different construction staging schemes. Theseocnbe achieved through a clear
understanding of freeway work zone traffic behadioaracteristics that includes free-flow
speed, capacity, and speed-flow relationships.
Although it is not uncommon to encounter studiesualireeway work zone capacity and
speed-flow relationships, there are a limited nundbetudies dealing with capacity
reduction comparing pre-breakdown capacity and guischarge flow rate capacity.
However, predicting free-flow speed has not beecoasmonly studied, nor has the
combination of all the above related concepts etgrated into one approach to better

understand freeway work zone traffic behavior.

38



Freeway WZ FFS model Freeway WZ speed-flow relationship

Non-work zone FFS

Work zone FFS

Capacity reduction
factor (a) model

Speed (mph)

: Freeway WZ capacity model

N
Flow Rate (pcphpl) Wori zofleo: Ok 20n
apacity Capac,'ty

Figure 3.1 Freeway work zone prediction models

As illustrated in Figure 3.1, the authors developdteeway work zone free-flow speed
model that accounts for parameters such as larfegacation, barrier type, and speed limit.
The capacity reduction factor)(model accounts for the difference between predaewn
and queue discharge flow rate. The freeway worlezapacity model was discussed in
detail in a companion paper (Yeom et al. 2015a]),the freeway work zone speed-flow

relationship form was borrowed from NCHRP 3-115 ltdgshi et al. 2015).

3.2 Research Objectives

This paper examines the behavior of freeway worlezoaffic in terms of free-flow speed,
capacity reduction, capacity, and speed-flow retethip. A freeway work zone free-flow

speed model was developed using a nationwide selasaipase, and other models were
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described in the companion paper. All these mogele combined together to provide a

clear understanding of freeway work zone traffibdgor to agencies and/or practitioners.

3.3 Literature Review
Very limited information was available in the ligdure on predicting the impact of freeway
work zone configuration on free-flow speed. HCM@Q@Iransportaion Research Board 2010)
provides a non-work zone FFS model (Equation 14s1)
FFS = 75.4 —fw— fic — 3.22 TRD® 13
where,
FFS= free-flow speed of basic freeway segment (mph),
fuw = adjustment for lane width (mph),
f.c = adjustment for right-side lateral distance (mimd
TRD = total ramp density (ramps/mile).
Benekohal et al. (2004) partially modified the H@RI00 FFS model using data collected at
eleven sites in lllinois as they developed a watknsity speed reduction model using data
from a survey of freeway drivers in rest areaseylteported a 7.25 mph FFS reduction in
short-term work zones (i.e., with temporary bagiguch as cones or PE drums) and a 3.27
mph FFS reduction in long term work zones (i.ethwibncrete barriers). This study
followed the HCM guidelines to estimate FFS spestiiction due to lane width and lateral
distance.
Hajbabaie et al. (2011) studied the effects ofouggispeed reduction treatments on both free-

flow and average speed at freeway work zones. Thhlgcted data from three sites in
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lllinois with two lanes open upstream of and in W&k zone, a 65 mph speed limit
upstream of the work zone dropping to 55 mph invtbek zone, and work activity on the

left hand side of the travel lanes. They found gwdice presence reduced the FFS of
passenger cars and heavy vehicles by average8 ofph and 3.2 mph, respectively.

Chitturi and Benekohal (2005) compared speed remucn freeways due to decreased lane
width and lateral distance at eleven rural freewayk zones (all 2 to 1 lane configurations)
in lllinois. The authors determined that a narrol@ee width and reduced lateral distance at
the site had a higher impact on FFS in the worlezban for a non-work zone freeway.

They did not provide any specific model explainfrepway work zone FFS, nor did they
indicate the extent of the impact. However, thespremended further nationwide research in
order to develop freeway work zone FFS models wattious factors.

Porter and Mason (2008) observed the 85th pereespited of passenger vehicles and trucks
in freeway work zones. They collected data fromwbrk zones located in Pennsylvania and
Texas. After extensive statistical analysis deteeah relationships between speed and
several variables, including work zone type (laloswere or median crossover), downstream
distance, posted speed limit, vertical alignmendthvof pavement, and barrier type. They
concluded that work zone posted speed limit andkwone type had the greatest effect on
the speed. They also identified an 8 km/h decrgaspeed for both passenger vehicles and
trucks when there were lane closures compared thamerossovers. However, they did not
consider multiple lane closure cases.

Hajbabaie et al. (2011) studied the effects ofouggispeed reduction treatments on both free-

flow and average speed at freeway work zones. Thhlgcted data from three sites in
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lllinois with two lanes open upstream of and in W&k zone, a 65 mph speed limit
upstream of the work zone dropping to 55 mph invtbek zone, and work activity on the

left hand side of the travel lanes. They found gwdice presence reduced the FFS of
passenger cars and heavy vehicles by average8 ofph and 3.2 mph, respectively.

A gueue discharge rate with an average of 5% tal&étease was suggested for an HCM
analysis, compared to a pre-breakdown flow ra@niother study (Hu et al. 2012). They
found the average capacity drop from ten previdudias under the non-work zone freeway
bottleneck condition.

Oh and Yeo (2012) estimated a capacity drop dwat@amp bottlenecks on freeways. They
compared pre-breakdown capacity to queue dischratgavith 5-minute interval data
collected from the California Highway Performanceddurement System (PeMS) database
system. In their study, they found a negativealation between capacity drop and number
of lanes. The capacity drops obtained were 16184,%, 11.6%, and 8.9% for 2, 3, 4, and
5 lane freeways, respectively. In addition, thieynged that an off-ramp had a mitigation
effect to the capacity drop.

Yeom et al. (2015a) found a capacity reductiondiatt) of 13.38% through 90 observations
of nationwide archival sources under various freewark zone conditions. They converted
the flow rate unit into passenger car per hourgm®ee by using a consistent passenger car
equivalent (PCE) value of 1.5. The 13.38% capaeitijuction factor was also applied in this
paper since the study was the only source of infdion currently available for freeway

work zone capacity reduction on a nationwide basis.
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Freeway work zone capacity has been examined ity stadies (Al-Kaisy and Hall 2003;
Bham and Khazraee 2011; Chatterjee et al. 200QrDet al. 1996; Edara et al. 2012;
Elefteriadou and Lertworawanich 2002; Jiang 19%9aq et al. 2001; Maze et al. 2000;
Notbohm et al. 2009; Ramezani et al. 2011; Sarasah 2006, 2004; Venugopal and Tarko
2001; Yeom et al. 2015a). Similarly, this papédliags a freeway work zone capacity model
proposed in a companion paper (Yeom et al. 20E5&)e the capacity model was developed
most recently and validated successfully througimatibpnwide work zone data. The
capacity model developed estimates a freeway waomnk zjueue discharge flow rate and
converts it into a pre-breakdown value using th@acdy reduction factor obtained from
nationwide literature archives.

Aghdashi et al. (2015) developed a new expressioa Epeed-flow curve model in the

National Cooperative Highway Research Program (NEHBE3-115 project as shown below:

FFSug = FFS x SAF (3-2)
p

$96%8, l g 5 A (3-3)
[ *01y 2

N 567 895:1;<i =># ? 67 3 (3-4)

6 8@5@::;9: A #>: ? (3-5)

where,
B = segment speed (mph),

B = segment flow rate (pc/h/In),

FFSd = adjusted segment free-flow speed (mph),
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7 = speed adjustment factor,

Cadj = adjusted segment capacity [CxCAF] (pc/h/In),

67 = capacity adjustment factor,

BPagj = adjusted breakpoint (pc/h/In), and

EFFS = Min (70,FFS) = effective free-flow speed (mph).
Conceptually, the new set of equations (3-2 thraddigf) overcomes the consistency
limitations, maintains the concept of the breakpand still allows for calibration of free
conditions to a specific FFS and capacity. As stlodnew equation is applicable to basic
freeway segments (where it precisely replicatesG&12010 relationship), while allowing
for the evaluation of non-recurring congestion éfeincluding work zones.
Various other speed-flow forms exist, including Wby Ibrahim and Hall (1994), Hou et al.
(2012), Aerde and Rakha (1995), and other researat@orthwestern University (May
1990). All of these models can be field-calibratiedbcal data when available but do not
offer direct calibration parameters to incorpotthie modeled work zone FFS and capacity.
Therefore, this paper focuses on exploring theiegipility of equations (3-2) through (3-5)
to describe the speed-flow relationship and devalppedictive FFS model for freeway work

Zones.

3.4 Methodology
This section explains how the team collected, casthaand analyzed freeway work zone
traffic data and focuses on the free-flow speedehadd the capacity reduction factoy.(

In the case of free-flow speed analysis, the ma@al developed using a regression model
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from speed and flow data collected in three sedatabases. Variables were obtained from
various sources such as a project website, digettacts with road agencies, and satellite
images of the work zone. Using the data collec@edextensive statistical analysis was
performed to identify the variables that have theatest explanatory power on free-flow
speed. Itis noteworthy to mention that the redetgam considered both additive and
multiplicative FFS model types. The additive agmio was ultimately selected since it was
more intuitive in assessing the impacts of varialoe freeway work zone FFS and produced
results identical to the multiplicative approad¥or the capacity reduction factor, the paper
presents the difference between pre-breakdown ttg@ae queue discharge flow rate and
shows how the difference can be estimated usingabsénsor data collected in the field.
After developing the FFS model and the capacitycgdn factor, the authors applied sensor
data to speed-flow models combined with a freewaykvwzone capacity model to verify the

combined model applicability.

3.4.1 Data Collection

The FFS model development and capacity reductialysis were based on data collected
from three sensors databases: Regional Integratedsportation Information System
(RITIS), operated by the University of Maryland (TR Lab 2014); Caltrans Performance
Measurement System (PeMS), operated by Califorejgaiment of Transportation
(California Department of Transportation 2014) #émel Traffic.com database in North
Carolina (Traffic.com 2014). Supplemental fieldadeollected in Richmond, VA (I-95) and

Los Angeles, CA (I-5) was used for validation puges (Yeom et al. 2015a).
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Two efficient methods to collect FFS are handhetthr (or laser) data collection or roadside
or in-pavement sensors. For freeway work zonesusie of handheld devices can be
challenging because it requires access to the namk, which can be associated with
elevated risks and can influence traffic operatio@sllecting freeway speed and flow data
from a sensor database is most efficient, provilatia sensor is located within the work
zone and remains well calibrated. Roadside semsorbe sensitive to calibration errors
caused by reduced lane widths or lane shifts imitik zone, but once the exact work zone
is identified and its configuration is known, sersscan provide large amounts of data. For
each sensor database, the steps presented in Bigurere taken to identify and collect

traffic data.

#$ % !
#$

Figure 3.2 Sensor data collection process

In step 1, candidate work zone sites were screenietlude long-term work zones with lane
closures. Since the sensor data ought to refledt wmone conditions, it was important to
identify the detailed lane closure plans to obgaifficient and appropriate data to analyze
speeds and flows. In step 2, the location andadijperal status of sensors were identified.

The authors were interested in sensors locatedipyvghstream of the work zone to ensure
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that the data was representative of conditionseabbttleneck (as opposed to a point further
downstream). In step 3, a large amount of traféita was downloaded, during both work
zone and non-work zone periods. In addition teedpnd flow data, site-specific
information, such as area type (rural or urbanyidatype, and number and location of
nearby ramps, was collected.

The additional information was gathered throughotes approaches such as satellite and
street view images, direct inquiries to the workegite agencies, and the project website of
the work zone, as presented in Table 3.1. Infaonatas collected from a total of 14
freeway work sites. The sites also provided d tfta4,633 datasets (either 5- or 15-minute

speed and flow rate data) to be analyzed in thevialg section.
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Table 3.1 Sensor data collection: site attributes

. wz nwz total open : da left ramp ram lane
Site Cocle_sl1 _sP lanes Iaelesareé barrief nig# closed _udp _dowFr)18 lengtt? width?©
R-01-MD 50 50 2 1 0 1 1 0 2 2 03 nla
R-02-MD 50 50 2 1 0 0 1 1 2 2 03 nla
RO3-MD50 50 2 2 0 O 0 0 2 3 2 11
R-04-MD 50 50 2 2 0 0 1 0 2 3 2 11
R-05-FL 70 70 2 1 1 1 1 0 0 1 13 n/a
R-06-FL 70 70 2 1 1 1 1 1 0 1 13 n/a
R-07-FL 45 55 3 2 0 0 1 1 4 5 2.56 11.5
R-08-TX 50 60 4 2 0 1 1 0 7 4 0.85 n/a
R-09-TX 50 60 4 3 0 1 1 0 7 4 0.85 n/a
R-10-TX 50 60 4 3 0 1 1 1 7 4 0.85 n/a
P-01-CA 60 70 4 2 0 0 1 1 6 7 4 n/a
P-02-CA 55 65 3 2 0 0 1 0 6 6 9 n/a
T-01-NC 55 65 2 2 0 0 0 0 4 5 3 12
T-02-NC 55 65 2 2 0 0 1 0 4 5 3 12

! Posted work zone speed limit (mph)

2 Posted non-work zone speed limit (mph)

3 Presented as 0: urban and 1: rural

4 Presented as 0: concrete and 1: soft (cone or R barrier
5 Presented as 0: day and 1: night time data calbect

6 Presented as O: right lane closure and 1: leftdafosure
" Number of ramps upstream of the site within 3-nile

8 Number of ramps downstream of the site within [&sni
9 Work zone length (mile)
10 Work zone lane width (ft)

3.4.2 Data Analysis

Figure 3.3 Free-flow speed estimation process
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Shown in Figure 3.3, the free-flow speed data aslstarted with 15-minute traffic data
collection. A large amount of data for 14 freewayksites was collected and then flow
rates lower than 500 vphpl were selected. Theyatsaselected 500 vphpl as the basis for a
FES threshold since all the data collection sitkesv&d consistent speed without any
decrease at that level. After that, the datarfglbutside of the £2 standard deviation (SD)
was excluded when calculating free-flow speed stheg were regarded as outliers under
unusual conditions. Finally, average free-flowespevas estimated by averaging speed
observations from the previous step. The diagrhestimating freeway FFS is illustrated in

Figure 3.4.

Speed Flow Diagram [R-01-MD]
Speed (mph)

90
500 (vph) limit
80 :

70 NWZ +2SD + Work Zone
o : (Lane Closure)
50
None Work

40 Zone

30

20

WZ +2SD

10

0 : i
0O 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Flow Rate (vph)

Figure 3.4 Free-flow speed estimation for non-workone and work zone
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Figure 3.4 shows an example of the free flow sstithation boundary conditions applied
to 15-minute speed and flow rate data from a sesigoin Maryland. In this case, the free
flow speeds were estimated as 56.8 mph and 47.%onpion-work zone and work zone
conditions, respectively. The sample sizes wer82land 324, respectively. Additional
speed-flow data were provided in appendix D.

Following to the steps presented in the data datle@nd analysis methodology, FFS was
estimated for non-work zone and work zone freewiays the sensor database as shown in

Figure 3.5.
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Average

Locatior Route Status Statistical data Sample difference p-value
code size
(mph)
. I .
R-01- ) gg5 NWZ ' | | | 1792 g9 <0.0001
MD WZ 4}D - 4}5 :I: 5=0 - j' gD 6‘5 324 . .
. - >
R-02- | g5 NMWZ ' } | 1792 57 <0.0001
MD WZ 4}U - 4=5 :5!0: J' - EID 6t5 381 . .
o — 11—
R-03- nwz 79
MD I1-895 wz | . oo . " .—|:E|D:|—. " 89 0.1 0.82
o o . - - .
R-04- nwz ‘ 994
MD -895 Wz ° ; °° ; - -+ - ; et ; 888 13 <0.0001
R-05-FL 1-4 W2~ 7 105 545 <0.0001
WZ -‘lIU 4}5 ;0 :':5 EID 6=5 30
R-06-FL -4 "W2' . 1035 55 00001
wz : ; -+ ‘ ; 181
R-07-FL I-95 "W? - . 834 57 <0.0001
wz } ; + ; " 547
® CI ®
R-08- nwz * = = 4101
Ty 635 7% — i _ | - 6.7 <0.0001
- I o
R-09- nwz ' : : 4,101
X [-635 wz | . :O—Dj—. " " 65 -1.3 <0.0001
o o e
R-10- | g5 W2 R 4101 ;5 <0.0001
TX WZ 4} 0 :J 5 5}0 5=5 EID 6‘5 4 9 . .
. .- °
P-01- nwz ‘! ; " 730
o 1805 == o,  -10.6 <0.0001
P-02- | . nwz — —— = 634 o, 00001
CA wz T — = a — ; 38 ' '
e—— [ }+—o
T-01- nwz ‘' : * = * 831
NC [-40 wz '—:I:I—- } 93 -5.5 <0.0001
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Figure 3.5 Free-flow speed estimation results
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The first two columns of Figure 3.5 refer to theadeollection location and route
identification. In addition, the minimum$uartile, median, '3 quartile, and maximum
FFS values with outliers are shown in the form bba plot, separated by work zone
presence. Sample size, speed difference betwednzaene and non-work zone conditions,
andp-values are presented for each site as well. Tésepce of a work zone significantly
changed FFSpfvalues <0.0001) at all sites except for one inW&ard (R-03-MD). In
addition, the R-04-MD site shows a counterintuitigsult, as the FFS during work zone
presence is higher than the non-work zone conditildms is presumably because the data
for both R-03-MD and R-04-MD came from the same bkaving a work zone with a lane
shift (two lanes open) and no lane closure. Thinoug)various analyses for freeway work
zone FFS, the authors recognized that lane corfiigur is one of the critical factors that
determines FFS on freeway work zone sites. Akeotlites had at least one lane closed and
showed FFS differences ranging from 1.2 mph ta1@8.

The capacity reduction factor)(is estimated by comparing pre-breakdown capacity
gueue discharge flow rate (as illustrated in Fijgarbexample from I-5 Southbound located

in San Diego, CA).
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Figure 3.6 Speed-flow rate diagram for capacity idntification

In Figure 3.6, the pre-breakdown condition is pnéseé when both the 5-minute aggregated
speed and the flow rate data have high valuesford#ey experience a sudden drop, which
is usually expressed as a breakdown of the flole Greakdown event can be defined, for
example, from the time of having a certain peradiFS 6% in Figure 3.6) to the time of
having the lowest speed. Once the breakdown happes followed by a queuing condition
having both low speed and low flow rate. Aftereatain amount of time, the flow has a
gueue discharge condition of increasing speed lamdrate. The flow rate at that condition

is a queue discharge flow rate that is mostly olz®#e downstream of a freeway work zone.
There are a limited number of studies about thacapreduction factor (). This study
adopts =13.38% from previous work that obtained the faétom nationwide freeway work

zone literature archives (Yeom et al. 2015a).
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3.4.3 FFS Prediction Model
Based on the extensive literature review and agtlexperience on freeway work zone
traffic analyses, the following independent varesblvere selected to test the impact of
different work zone configurations on free flow sge
Speed RatioSr): the ratio of non-work zone speed limit to wordhe speed limit,
Posted Speed LimiS{in mph),
Lane Closure Severity IndekCS)): the inverse of the open lane ratio (total/open)
multiplied by the invers of the number of open kne
Area Type A): 0 for urban, 1 for rural,
Barrier Type Br): O for concrete 1 for cone or PE drum,
Daytime or Nigh DN): O for day, 1 for night,
Lane Closure locatiorLC): O for right hand side lane closure, 1 for ledbd side lane
closure,
Work Zone Lengthl(in mile), and
Total Ramp DensityT[RDin ramps/mile): the total number of on- and offrgs per
mile within 3-mile upstream and 3-mile downstreaalata collection location.
The speed ratio is estimated by dividing the nomkvzmne speed limit by work zone speed
limit. Speed limit in the work zone may be simitarthat upstream of the work zone or up to
10 mph lower. Therefore, the speed ratio is exguktt explain the difference of FES for
various speed limit conditions under the non-waskez and work zone conditions.
The lane closure severity index (LCSI) explainsgeeerity of lane closure for traffic in the

freeway work zone site (Yeom et al. 2015a). Festance, a “4 to 3” (total to open lanes)
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lane configuration has a LCSI eé— :D<<. On the other hand, a “4 to 1” lane

configuration, which is presumably more severe,drakCSl o <D:: .

f C
Furthermore, using the LCSI makes it possible jar the difference between “4 to 2” and
“2 to 1” lane closure configurations. Both configtions close half of the available lanes,
but arguably, a “2 to 1” configuration is more sevéhan a “4 to 2”, as only a single lane
remains open. Applying the LCSI, the “4 to 2” d@do 1” lane closure configurations
return 1.00 and 2.00 of LCSI, respectively, so that“2 to 1” represents a more severe
condition from the lane closure perspective than“thto 2” lane configuration. This area
type follows the concept presented in the HCM ($pamtaion Research Board 2010). The
urban area represents “an area typified by higlsitles of development or concentrations of
population,” and the rural area represents “an antrawidely scattered development and a
low density of housing and employment.”

Barrier type is also expected to explain diffenentk zone conditions. While some work
zones have a permanent concrete barrier providotgaser and more secure separation
between the work area and travel lanes, others $@vdarriers that do not provide as clear
of a separation. In the model developed, the astsibove to provide more intuitive
variables so that practitioners can easily appdyRRS model proposed in a later section.
Specifically, the HCM2010 had only a short-termlesg-term distinction, which was

widely criticized for not distinguishing the effeat barrier type. Thus, in this research the
authors focused on barrier design, rather thanaleer long-term vs. short-term distinction

(e.g. how long is long?). In general, the analgseed that a concrete type barrier is more

55



likely to correspond to a long-term work zone argb# barrier to a short-term work zone.

However, the authors believed that the use of éatypes is more intuitive to practitioners in

applying and estimating a FFS. The total ramp ite((BRD) follows the concept presented

in the HCM (Transportaion Research Board 2010j)edtas the total number of on- and off-

ramps per mile within 3-miles upstream and 3-mileg/nstream of the data collection

location.

3.4.4 FFS Model Development

Before proceeding with developing the FFS modé&learson correlation matrix was created

to examine collinearity between different independariables (Ott and Longnecker 2010;

Stockwell 2008) as shown in Table 3.2. Nine vdeaslare included in the table representing

the dependent variable and eight independent \agab

Table 3.2 Correlation coefficients across explanaty variables

Variables wz_FFS Sr S LCSI A Br DN LC I TRD
wz_FFS  1.00

Sr -0.14 1.00

S 0.49 -0.34 1.00

LCSI -0.11 -0.64 051 1.00

A 0.40 -0.47 088 0.62 1.00

Br -0.24 -0.09 028 039 047 1.00

DN -0.36 0.08 0.10 034 0.17 035 1.00

LC -0.05 0.06 0.07 025 0.12 -0.04 0.30 1.00

I 042 -027 089 042 087 0.18 0.13 0.04 1.00
TRD -0.28 09¢ -0.44 -069 -0.68 -0.22 0.05 0.02 -0.41 1.00

! Relatively high correlation for the dependent ahte
2 High correlation for the independent variables
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In Table 3.2, the posted speed lin8} flas a relatively high correlation with both argae

(A) and work zone length)( Area type also has a high correlation with wooke length,
while speed limit ratio%r) has a high correlation with the total ramp dgn@iRD).

Five approaches were used to select independaables for the proposed model including
two ranking methods and three sequential methB8dsh adjusted R-square and Akaike
Information Criterion (AIC) methods were examinexitliae ranking methods (Ott and
Longnecker 2010). The adjusted R-square methadedgla penalty for each parameter used
as a coefficient in the model, while the AIC metlfotkasures the difference between a
given model and the true underlying model” (Bead2)0

Forward selection, backward elimination, and stepvgielection were run to identify the
variables in the sequential approa¢hvalues of 0.05 and 0.1 were used for forward
selection and backward elimination, respectivel§iclh were also default values in SAS 9.3.
For the stepwise selection method, variables waded one by one until they satisfied a
certainp-value of calculate& statistics. The variable with the most significErstatistics
was added to the model first, and then the secarst significant variable was added. At
this time, the existing variables also needed tigfyaa certaimp-value to stay in the model.
Consequently, the method provided two diffeqgmalue thresholds, one for variable
selection and the other for elimination. P-valaE8.2 and 0.1 for selection and elimination
threshold were used, respectively.

Table 3.3 presents the independent variables selégt each method (two for ranking and
three for sequential). Using these, the team $ettcted five variables (speed rats)(

speed limit §), LCS|, barrier type Br), and the total ramp densityRD)) as key variables,
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because they were identified consistently acrdsssaessment methods. Three other
variables (area type&\], lane closure side_C), and day or night conditio{)) were
tentatively selected for further consideration.e Téngth variablel was not selected in the
FFS model development, because it is highly caedlavith speed limitg and area typeA)
and therefore does not provide a good independsesament of the effect of work zone
length. Furthermore, using work zone length manpauce bias to the results of this
research, as all speeds are measured at a patibloby sensors, rather than being

estimated from the travel time over a segment.

Table 3.3 Variables selection results for free-fle speed model development

Assessment method Variables selected
Ranking Adjusted R-square Sr, S, LCSI, A, Br, DN, LC, |, TRD
AlC Sr, S, LCSI, A, Br, LC, |, TRD
Sequential Forward selection Sr, S, LCSI, Br, |, TRD
Backward elimination Sr, S, LCSI, A, Br, LC, |, TRD
Stepwise selection Sr, S, LCSI, A, Br, LC, |, TRD

Eight different variable combinations were testedisted below, based on the five key and
three tentative independent variables:

Combination 1Sr, S, LCSI, Br, TRD

Combination 2Sr, S, LCSI, Br, TRD, A

Combination 3Sr, S, LCSI, Br, TRD, A, LC

Combination 4Sr, S, LCSI, Br, TRD, A, DN

Combinations: Sr, S, LCSI, Br, TRD, A, LC, DN
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Combination6: Sr, S, LCSI, Br, TRD, LC

Combination7: Sr, S, LCSI, Br, TRD, LC, DN

Combination8: Sr, S, LCSI, Br, TRD, DN
Combinations 1, 2, 3, 7, and 8 haregalues less than 0.05 for all their coefficients.
Accordingly, these combinations were kept for farthnalysis. Combinations 4, 5, and 6 had
at least one variable withpavalue exceeding 0.05 and thus were eliminatedhédmext
step, combinations 2 and 3 are also dropped frathduconsideration as they use area type,
which is highly correlated with work zone speeditjra key variable in FFS model
development. For the remaining combinations, And, 8, the regression analysis results are

presented in Table 3.4.
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Table 3.4 Results of regression analysis for freeew speed model development

Combination Variable Estimate Standard t-statistics  p-value Adjusted
error R-square
1 Intercept 10.21 4.38 2.33 0.02 0.6866
Sr 32.73 4.47 7.32 <0.0001
S 0.53 0.03 18.58 <0.0001
LCSI -6.21 0.43 -14.58 <0.0001
Br -4.11 0.40 -10.17 <0.0001
TRD -9.09 0.69 -13.23 <0.0001
7 Intercept 12.07 4.43 2.72 0.01 0.6959
Sr 31.55 4.51 7.00 <0.0001
S 0.53 0.03 18.63 <0.0001
LCSI -5.92 0.50 -11.96 <0.0001
Br -3.60 0.43 -8.45 <0.0001
TRD -8.64 0.69 -12.51 <0.0001
LC 0.86 0.41 2.10 0.04
DN -1.96 0.61 -3.21 0.00
8 Intercept 9.95 4.34 2.29 0.02 0.6929
Sr 33.49 4.44 7.55 <0.0001
S 0.53 0.03 18.50 <0.0001
LCSI -5.60 0.47 -11.84 <0.0001
Br -3.84 0.41 -9.34 <0.0001
TRD -8.72 0.69 -12.58 <0.0001
DN -1.71 0.60 -2.84 0.00

In Table 3.4, combination 1 had the lowest adjufestjuare value and the lowest number of

variables in the model, while combination 7 showrezlhighest adjusted R-square value with

the additional variables—Ilane closure side andatayght condition. Lastly, combination 8

had an intermediate adjusted R-square value withare additional variable, day or night

condition, compared to combination 1. Since it w®gected that the freeway work zone

FFS during daytime should be higher than at nigtdtithe research team finally selected

combination 8 as the proposed model as shown bettowever, it should be mentioned that

the other two models are also appropriate for use.

Freeway WZ FFS =9.95+33.49xSr+0.53x5.60xLCSH3.84xBr-1.71xDN-8.72xTRD (3-6)
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To illustrate, consider a 2-to-1 lane closure agunfation with posted non-work zone and
work zone speed limits of 65 mph and 55 mph, respeyg. The work zones used a cone
(soft) barrier in place during daytime and hadtaltof 6 nearby ramps. The FFS for this
scenario was estimated as:

Freeway WZ FFS = 9.95+33.49%(65/55)+0.53x55-5.608284x1—-1.71x0-8.72%(6/6)

=54.9 (mph).

3.5 FFS Model Validation

The capacity model was successfully validated encbmpanion paper (Yeom et al. 2015a),
showing superior predictability to the current H@hbdels. In this paper, the proposed
freeway work zone FFS model is independently védidavith field data collected at three
additional work zones (2 in Richmond, VA and 1 imslAngeles, CA) and the results are
presented. These sites possess very differenatiqgeal conditions, with two having a very
low FFS (two Richmond locations) and the other hg\a moderate to high FFS (LA

location). The validation results are shown in [€gh5.
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Table 3.5 Free-flow speed model validation results

Site 1-95 southbound 1-95 northbound 5 (Los Angeles)
(Richmond, VA) (Richmond, VA) 9
- Average 35.0 - Average 39.1 - Average’54.5
Sample FFS (mph) - SD: 4.5 -SD: 3.8 -SD: 4.4
- Sample size: 163 - Sample size: 324 - Sample size: 68
Sr 1.1 1.1 1.2
S (mph) 50 50 55
LCSI 3 3 0.75
Br cone cone Concrete
DN night night Day
TRD 2.17 2.00 2.50
Model prediction P 12 R0 110
FFS (mph) 31.9(-8.6%) 33.4(-14.6%) 53.9(-1.1%)

The FFS at each site was collected using radadspetectors. Both Richmond sites had a 3
to 1 lane closure, while the Los Angeles site h&d@?2 lane closure. For these three sites,
the proposed model predicted FFS quite successtudhsidering that the field data used for
validation was not used in the model developmdifite comparison with field data shows a

1.1% difference, while the Richmond sites show&d@and 14.6% differences, respectively.

3.6 Synthesis of Freeway Work Zone Models

Using the various freeway work zone traffic preidictmodels introduced and developed in
the previous sections (free-flow speed, capaciiycgon factor (), and capacity), the final
step is to use those predictions to generate alsfme model. For this approach, the
authors used traffic sensor data collected on 1#8%3aryland and on I-4 in Florida as

shown in Figure 3.7 and Figure 3.8, respectively.
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Figure 3.7 Synthesis of freeway work zone traffiprediction models (MD)
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Figure 3.8 Synthesis of freeway work zone traffiprediction models (FL)
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In Figure 3.7 and Figure 3.8, each point represEbiiiinute average speed and flow rate
collected in a freeway work zone with a lane clestondition. It is usual for DOTSs to close
lanes during nighttime, so most of the data appeaisatively high speed areas and at a low
flow rate. Once the traffic data was collecte@, #malysts applied four different freeway
work zone traffic models, which are presented sftgures. The speed-curve models
developed in the NCHRP 3-115 projects were alsacteghshowing how speed and flow

rate relationships were predicted by the model.

In the case of the FFS prediction, both locatidreased reasonable results. However, this
was anticipated by the authors since the same sdatowas utilized in developing the FFS
model. On the other hand, the application of dqgacity model and capacity reduction
factor could be a challenge since these modelsotsky different data. After seeing the
data, it was evident that the capacity predictiardet and capacity reduction factor can
predict freeway work zone traffic reasonably, alitjo it was not clear in the Florida case. In
addition, both speed-flow models also predicteffitrdehavior in the work zone rationally.

Additional synthesis results of freeway work zonedels were provided in appendix E.

3.7 Findings and Conclusions

This paper presented a synthesis of freeway wank p@ffic prediction models that includes
free-flow speed, capacity reduction factor, cagaehd speed-flow curve. In the course of
freeway work zone traffic behavior analyses, thinars developed a free-flow speed model
and applied capacity reduction factor, capacity speed-flow curve models using field data

collected sensor databases nationwide. Findindsanclusions are presented as follows:
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A freeway work zone FFS prediction model was dgwetbusing variables such

as speed limit ratio between non-work zone and worie conditions, posted work
zone speed limit, lane closure severity index,ibatype, day or night condition, and
total ramp density in the vicinity.

In the FFS model, the lane closure severity index key variable that affects free-
flow speed prediction.

Work zone presence significantly reduced FFS oewieys compared to normal
conditions.

It was shown that sensor data is a very efficient gractical means for capturing
freeway FFS both under non-work zone and work zomalitions.

The proposed FFS model was validated using datavidmanot used in the

model calibration process, and the model predibt#t relatively high and low FFS

reasonably.

In closing, the authors hope that operating agsremel traffic engineers would find the

model presented in this paper to be valuable, grtplse, and would enhance their ability

to confidently predict traffic behaviors on fregmaork zone sites.

3.8 Recommendations

One important recommendation would be to upgradetbposed model to account for the

effect of nearby on- and off-ramp traffic, sincegtfar only the number of ramps in the

vicinity has been considered. In actuality, thmight be an effect on FFS due to the

presence of significant merging and diverging maeesiin the vicinity of the work zone.
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In addition, using a microsimulation program likéS®IM can be beneficial in analyzing and
testing various field conditions under the freewaprk zone. Finally, it should be noted that
the stochastic nature of traffic data in analyzang applying models should be considered in

future work.
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4. SIMULATION GUIDANCE FOR FREEWAY LANE CLOSRUE CAPACI TY
CALIBRATION
4.1 Introduction
Freeway work zone capacity has been the subjeuioly studies for many years, since
delays and queues are directly related to the dgpafiche work zone. It is expected and
well-established in the literature that the worke@er lane capacity is lower than when
there is no work zone, because of reduced operspiegd, reduced lane width and shoulder
clearance, or different driving behavior passimgtigh the work zone, resulting in a
capacity-reducing frictional effect. While the eagty impact from a loss of lanes due to a
work zone lane closure is readily estimated, tlaekktional capacity-reducing frictional
effects are harder to pinpoint. With many freewgstams and freeway work zones, being
increasingly complex, microsimulation offers a fueqt analysis option, which allows more
customized representation of the work zone thagterhinistic, macroscopic method.
Considering the reduced per-lane capacity, spealdration parameters methods for work
zones in microsimulation environments are needexssore that the frictional impacts of a
work zone are captured and considered appropriately
A new freeway work zone capacity model has beepgwed as a result of a National
Cooperative Highway Research Program (NCHRP) 3gt6jéct. The model was used to
guide the calibration process in this paper, afidg®n a rich dataset of 102 freeway work
zones in 12 U.S. states. The model was developeérconsideration of a two-regime
capacity framework, with the two components beihiga( queue discharge rate (QDR) and

(2) a pre-breakdown capacity (PBC) (Yeom et al.5201 The QDR corresponds to the flow
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condition immediately downstream of the bottlenegkich is usually the lane closure point.
On the other hand, PBC occurs just upstream aboitileneck and can be difficult to
measure in a work zone. In this paper, capacfgrsdo the observed QDR downstream of
the freeway work zone lane closure point. The NEHRL07 model shows that capacity is a
function of work zone lane configuration and isresgented by a variable called the lane
closure severity index (LCSI). Therefore, the m&mulation program should generate a
different set of parameters depending on the L@8&les. That model and its parameters are
described in more detail below.

VISSIM is a microscopic and stochastic simulatioogram that implements the psycho-
physical car-following models developed by Wiedeman1974 and later expanded into the
Wiedemann 99 model (PTV America 2014). VISSIM atsmrporates other behavioral
algorithms, such as a desired speed distributiodname changing logic, that are important to
replicate operations within and near a work zovitSSIM was selected in this study due to
its widespread use in the transportation professistiexibility in calibrating traffic stream
parameters, its flexible link-connector structutreaf can replicate a wide variety of work
zone configurations), and it was also used becalie authors’ extensive hands-on

experience and detailed familiarity with the model.

4.2 Objective and Scope
There are two key objectives to this research effgrto develop a method to calibrate
freeway work zone capacity in VISSIM and 2) to pdavspecific guidance on capacity

estimation using car following and lane changinapeters in VISSIM.
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To meet the first objective, the authors develog@eeral work zone lane closure scenarios
with simulated speed-flow-density detectors plagestream and downstream of the lane
closure point to be used for verification and validn. The simulated capacity values are
directly compared with the queue discharge ratesiaged from the predictive models
developed in NCHRP 03-107 using field data collectte102 freeway work zone sites in the
U.S. To meet the second objective, the autholigwed the literature to explore which
parameters should be adjusted in VISSIM to remi¢ageway work zone conditions. The
authors then made the adjustments to a select ptgaset and conducted sensitivity
analysis on a variety of factors. The goal of #xsrcise was to provide reliable and
practical guidance on estimating freeway work zoagacity in microsimulation.

The VISSIM calibration guidance recommendations@néed herein are limited to the
following freeway work zone lane closure configimas (written as “total” to “open” lanes
without and with the work zone): 4 to 3, 3to 2p£2, 2to 1, 3to 1, and 4 to 1. The six work
zone lane configurations presented are believedvter most of the observed work zone
variations. In addition, only left-side lane closscenarios were simulated, since the authors
did not observe meaningful differences betweendeit right-side lane closures based on

field data (Yeom et al. 2015a).

4.3 Literature Review
In VISSIM, there are ten car following parametédrattcan be adjusted based on the
Wiedemann 99 model as follows (PTV America 2014):

ccO: standstill distance between two vehicles [aléf4.92 ft],

69



ccl:

cc2:

cc3:

cc4:

cch:

cc6:

cc’:

cc8:

cc9:

desired headway time between lead and trargingcles [default: 0.9 s],
additional distance over desired safety detddefault: 13.12 ft],

time in seconds to start of the deceleratraegss [default: -8.0 s],
negative speed variations during the followpngcess [default: -0.35 ft/s],
positive speed variations during the followprgcess [default: 0.35 ft/s],
influence of distance on speed oscillatiorigdk: 11.44],

oscillation during acceleration [default: 0f887,

desired acceleration from standstill [defaldt:48 ft/<], and

desired acceleration at 50 mph [default: 4/33.

In addition to the car following parameters, anlgstas able to adjust lane changing

parameters in VISSIM for the subject lane changind trailing vehicles, separately, as

shown below:

Maximum deceleration for a necessary lane charfgd) ({[default: -13.12 (own), -

9.84 (trailing) (ft/3)],

-1 ft/s? per distance for a necessary lane change (fta{dtief200 (for both own and

trailing) ft],

Safety distance reduction factor [default: 0.6],

Maximum deceleration for cooperative braking @t[slefault: -9.84 ft/4, and

Cooperative lane change (binary selection).

Many of the parameters presented above are explotbds paper for the development of

parameter value recommendations on freeway worksuaiith lane closures.
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Chatterjee et al. explored the use of VISSIM faalgning freeway work zones and
recommended parameter values for practitionerst{€iee et al. 2009). They provided two
lookup tables for 2 to 1 (total to open-lanes) artd 2 work zone lane configurations,
separately. In Chatterjee’s tables, VISSIM calefwling parameters such as ccl, cc2, and
SRF (Safety Distance Reduction Factor) can be ddadnce the fraction of traffic in the
right lane, heavy vehicle percentage, data cotlegboint, and estimated capacity are all
guantified. Chatterjee used input demands of 380@D5,000 vph for each work zone lane
configuration, respectively. However, the studyswaited to just two work zone lane
configurations. In addition, the fact that theguwmed the same speed distribution for the
two work zone configurations brings the resultshef study into question. This is because
different lane configurations should yield diffetaehicle speed distributions to produce
realistic outcomes in the simulation, as eviderthaliterature (Hajbabaie et al. 2015).

Kan et al. calibrated the VISSIM car following par@ters, ccO and ccl, for a 2 to 1 lane
configuration freeway work zone with a speed liofid5 mph to replicate “time dependent
capacity, speed, and queue length” (Kan et al. R0THhey calibrated input demand volumes
for a simulation program similar to the patterrdata collected from an 1-39 work zone,
varying a total of 9 time intervals during 48 miesit Finally, they compared the flow rate
and speed data that was estimated in the microationlprogram and collected in the field
over the 48 minutes. They concluded that loweuesilof ccl should be coupled with higher
ccO, or vice versa, to successfully replicate faddditions. The specific parameters that

they proposed to replicate the 2 to 1 work zonec#p under the specific time dependent
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volume condition would not be transferable to otlverk zones since every work zone
would have different volume conditions.

Table 4.1 shows VISSIM parameters, and other imptitibles used in the literature to
explore the calibration of a tool for freeway wadnes, and it also includes studied work
zone configuration information. As seen in thddabcO, ccl, and cc2 are the most
frequently-used parameters used for calibratingviiay capacity in VISSIM. In addition,
most of the cited studies calibrated parameterguason-work zone condition except for
two, and those two studies were very limited itingsvariations of work zone lane
configurations. It should be emphasized againtti@atvork zone lane configuration was
proven to be one of the critical factors for theeleof capacity available at a work zone as is

evident from Equation (4-1) (Yeom et al. 2015a).
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Table 4.1 VISSIM parameters tested in the literatue
Parameters\Study (Chatterjg@gkan et  (Lownes (Woody (Gomes (Chitturi
et al. al. 2014) and 2006) et al. and
2009) Macheme 2004) Benekoha
hl 2006) | 2008)

ccO -
ccl

cc2 - - -
cc3 - - - -
cc4d - - -
ccS - - )
cc6 - - - -
cc’/ - - - -
cc8 - - - -
cc9 - - - -
Lane change distance - - - -
Safety reduction factor - - - - -
Truck % - - - - -
Various input volumes - - - - -
Various lane configurations - - - - -

Work zone lane configuration 2to1, 2tol None None None None
3to2

Considering the objective of the VISSIM experimaspiorted herein, it is critical to be
consistent in predicting and estimating averageiguischarge flow rate with the capacity
model developed in the NCHRP 3-107 project, asanrpt below (Yeom et al. 2015a):
Average QDR = 2,093 154xf.csi— 194 xHharrier — 179%farea + 9Xflateral_12— 59%fday night (4-1)
where,

Average QDR= average queue discharge flow rate (pc/h/In),

fLesi
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Open ratio :E ;

foarrie = 0: concrete, 1: soft (cone or PE drum),

farea = 0: urban, 1: rural,

flateral_12 = lateral clearance — 12 (minimum -11.9, maximun(ft)) and
fday_night = 0: day, 1: night.

In Equation (4-1), LCSI increases as the lane cesandition becomes more severe. By
applying various lane configurations with the reniag parameters, such as barrier type,
area type, etc., the QDR can be predicted as pessanTable 4.2. The minimum QDR was
obtained under the condition of soft barrier, raada, 0.1 ft of lateral clearance, and night
time operation, while the maximum QDR was obtaineder the condition of concrete
barrier, urban area, 12 ft of lateral clearancd, @ay time for each lane configuration. For a
2 to 1 lane configuration example Equation (4-Iprissented as follows:
Minimum QDR = 2093-154x2-194x1-179x1+9x(0.1-12)-5@x 1246 (pc/h/In)
Maximum QDR = 2093-154x2-194x0-179%0+9x(12-12)-59x01785 (pc/h/In)
In the end, the authors hoped to provide guidamceplicating the freeway work zone QDR

values for these situations in Table 4.2 using M&S
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Table 4.2 QDR prediction in NCHRP 3-107 model by CSI
(Unit: pc/h/In)

Lane configuration fLcsi Minimum QDR Average QDR Maximum QDR
(total to open) prediction prediction
4t03 0.44 1486 1756 2025
3to2 0.75 1438 1708 1978
4t02 1 1400 1670 1939
2to1 2 1246 1516 1785
3tol 3 1092 1362 1631
4t01 4 938 1208 1477

4.4 Methodology

This section explains the methodology for the depelent of the VISSIM parameter value
recommendations, and demonstrates how to calibredge/ay work zone capacity for various
lane configurations. The methodology starts whid basic coding in VISSIM, and then
applies a lane use verification logic and basi@peater calibration methods, which are
explained below.

4.4.1 Basic Coding

This section describes the basic VISSIM coding geaimetry setup. Figure 4.1 presents an

example of a 2 to 1 freeway work zone lane configan for the basic coding in VISSIM.
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Non-Work Zone Segment (1.5 mile) | Work Zone Segment

| Reduced Speed Area
..... e .Iiﬁiﬂ

\ Desired Speed Decision

Detector (Volume count)
VISSIM connector (200 ft)

Figure 4.1 Basic VISSIM coding for a 2 to 1 laneanfiguration

As seen in Figure 4.1, the length of the 2-lane-work zone segment was set as 1.5 miles to
provide sufficient distance to simulate congesiaddions with queuing and delay. The 2-
lane non-work zone segment is connected to thed. dagment by a connector 200 ft in
length. The authors installed two data collecpomts, one located about 1,000 ft upstream
of the lane closure point and the second abouftid®vnstream of the lane closure. These
locations were intended to help verify lane usabed and to measure the queue discharge
flow rate. The authors also examined a differéatgment of the downstream detector, but
the resulting queue discharge flow rate was vilyudentical when moved. In the
calibration effort, the driving behavior parametier®/ISSIM were applied to the non-work
zone link upstream of the lane drop and the 1-lexkein the work zone beyond the lane
drop. The lane change distance setting was apaidte 200 ft connector between these
two links. Two different free-flow speeds were bgg to the non-work zone and work zone
portions of links, respectively. The non-work zapeed distribution of vehicles was
obtained from field sensors in the NCHRP 3-107gmbj A normal distribution of desired

speed was applied using speed data presented4.8ble
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Table 4.3 Desired speed in work zone

Lane configuration  ficg Mean (mph) Standard Minimum (mph)Maximum (mph)
(total to open) deviation (mph)
4103 0.44 58.4 5.4 48.2 68.1
3to2 0.75 56.1 1.9 52.3 59.8
410 2 1 53.8 4.4 46.8 60.8
2to 1l 2 47.9 3.1 43.1 53.9
3to1l 3 46.9 3.1 39.9 53.9
4t01 4 41.9 2.9 34.9 48.9

Within the work zone the authors also used spe@lal#ained from the sensor database
when a specific lane closure type was identifiedfithe data. In the case of the 4 to 3 lane
configuration, the average and standard deviatidheodesired speed in the work zone were
58.4 and 5.4 mph, respectively. The reduced spezadwas modeled to assure that vehicles
decelerate in advance of the lane drop point, @setfeatures have a “look ahead” function.
The desired speed decision was then used to chlhagkesired speed throughout the work
zone.

The demand volume was set as 2,000 passengerezdieyr per lane (pc/h/In) at the
upstream entry point to the network, since the grpnt focused on congested conditions,
and since the work zone capacity is expected tegsethan 2,000 pc/h/In for the tested
scenarios. The heavy vehicle percentage was getdo since the work zone is inconclusive
about the effect of trucks in work zones (YeomleR@l5a). The analysts also experimented
with ten different random seed numbers in VISSIM aompared the outcomes from those
experiments. Through test he authors found tleatifierence in the resulting queue

discharge flow rate downstream of the lane clopoiat (across ten different random seeds)
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was less than one percent. This outcome was egastmodel stochasticity (e.g. randomly
generated arrival headways) plays a minor role uhdavily congested conditions.

The VISSIM model was coded to allow 300 secondsarim-up time with 3,600 seconds of
data collection time. The analysts used hourlyugusischarge results after confirming that

the difference between a 15 minute and hourly agdren intervals was less than 3%.

4.4.2 Experiment Design

The authors designed VISSM experiments basedenafitre study results and previous
NCHRP project. As such, the VISSIM experimentsendesigned focused on work zone
lane configurations and a ccl car-following paranefrable 4.4 presents overall experiment

design with the number of case planned to execute.

Table 4.4 VISSIM experiment design

CategoryLane Basic parameter selection  Additional parameter selection
configurationccOcclcc2cc4cc8SRFLane  cclcc2lane  Necessary Maximum
/5 change change lane changdeceleration
distance distance-1 ft/s’* per for
distance cooperative
lane braking
Number 6 9 9 9 9 9 4 9 9 9 3 2 2
of
scenario

For the basic parameter selection in Table 4.dtad of 2,646 experiments were planned
since one of cc0, ccl, cc2, cc4/5, cc8, and SREt{seeduction factor) would be tested

while the rest of them hold in default value. Bwe additional parameter selection, a total of
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5,832 tests were planned for 6 lane configuratiortsus, following to the design of the
experiment, a total of 8,478 scenarios are planoestimate work zone capacity for each
condition. More detailed description of a paramétaundary and selection is followed in

the subsections.

4.4.3 Lane Use Balance Verification

It was a fundamental goal of the microsimulatioperxment to replicate traffic stream
characteristics as close as possible to real voanhdiitions. Since the entire experiment was
focused on work zones with lane closures, it wagal for traffic to exhibit realistic

behavior when lane changing and merging in the tdosure area. Unfortunately several
scenarios were observed in which traffic did ndidwe realistically. One common behavior
that was observed occurred when vehicles got “Stuncthe closed lane(s) with almost free
flowing conditions observed in the open lane(s)iggicted top two freeways in Figure 4.2.
This phenomenon points to an unrealistic lane ndx@iance upstream of the lane closure
point in some scenarios, presumably due to the faradhrealistically large gaps for drivers
that try to change lanes or due to headways thed tee short in the open lane(s).
Consequently, a verification process was develdpatiminate those unbalanced lane use
scenarios by analyzing the lane use ratios frondétectors installed at the 1000-ft upstream

of lane closure point.
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Figure 4.2 Unrealistic (top two) and realistic (batom two) traffic merging behavior in
VISSIM

Since neither field data nor evidence from theditiere was available to ascertain the range
of lane use that was appropriate at the upstreaamaairk zone with lane closures the team
had to develop its own reasonable thresholds. ,Tthaffic behavior similar to a zipper
merge was assumed under ideal and most favorabtBtioms at the lane closure point. This
assumption was expected to result in an even lsaelistribution at the upstream of the
work zone. Based on this assumption, the authreeted lane use balance verification
thresholds, as presented in Table 4.5. Dependintgenumber of lanes upstream of the
lane closure, the acceptable lane use ratio rabgeeeen 70% and 130% of the expected
even lane distribution, where lane-use ratio isngef as each lane to total volume. For 3-
and 4-lane configurations, the team regarded d@icasptable if at least one lane had a lane

use ratio within the verification thresholds. Besa it was relatively rare to observe all 4
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lanes having a lane use ratio acceptable to tleshbids, the team tried to avoid overly
restrictive conditions. Instead, it was determitieat the smallest lane use ratio should be

greater than the unconditional minimum in the 31 4dane configurations.

Table 4.5 Acceptable lane balance verification tlasholds

Number of lanes Minimum Expected even Maximum Unconditional
upstream ratio minimum
segment

2 0.35 0.50 0.65 n/a

3 0.23 0.33 0.43 0.15

4 0.18 0.25 0.33 0.05

In the following parameter selection process, thiars identified appropriate VISSIM
parameters using lane use balance verificatiorstimds for each lane configurations that are

presented above.

4.4.4 Basic Parameter Selection and Calibration

Based on the literature survey, the authors hypatkd that the VISSIM parameters, ccO,
ccl, and cc2, would impact the capacity estimatesults most significantly, and many
studies have focused on these parameters excludoraion-work zone conditions.
Furthermore, the authors could not identify studeg examined multiple work zone lane
configurations. As a result, virtually all plaulparameters were calibrated and tested in

this research to identify those that affect workecapacity.
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Another hypothesis was that several of the keymatars like ccl or cc2 representing safe
distance and time headway between vehicles shau#d lzast equal to or larger than the
default values in VISSIM because they are subgewtdrk zone conditions.

For our study, the initial levels of the paramet&iues were allowed to vary from the
VISSIM default value to seven times the defaultreahs shown in Table 4.6. The authors
decided to keep the following values fixed at tligfault throughout initial experiment: cc3,

cc6, cc7, cc9, cooperative lane change=yes, aradhadl lane changing parameters.

Table 4.6 Listing of selected VISSIM parameters athlevels
Parameters 100%' 120% 140% 160% 180% 200% 300% 500% 700%

default
ccO 4.92 590 6.89 7.87 8.86 9.84 1476 24.60 34.44
ccl 0.90 1.08 1.26 1.44 1.62 1.80 2.70 4.50 6.30
cc2 13.12 15.74 1837 2099 23.62 26.24 39.36 6560 91.84
cc4/5 +0.35 +0.42 +049 056 0.63 +0.70 +1.05 +£1.75 £2.45
cc8 11.48 13.78 16.07 18.37 20.66 2296 34.44 5740 80.36

SRF (safety 0.60 0.72 0.84 0.96 n/a n/a n/a n/a n/a
reduction

factor)

lane change 656.2 787.4 918.7 1049.9 1181.2 1312.4 1968.6 3281.0 .4593
distance

1VISSIM default value

Using the various levels of parameters presentddite 4.6, VISSIM experiments were
conducted to estimate queue discharge flow ratesmstoeam of the lane closure point.
When testing car-following parameters, ccO throag8, and SRF, one of them were

adjusted while the rest of them were fixed in VIS8&fault. In the case of lane change
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distance, all plausible combinations were testtith the combination of six lane closure
scenarios, forty nine levels of calibration paraangincluding SRF, and nine levels of lane
change distance, a total of 2,646 combinationsearothe simulation experiment. Table 4.7
presents one of many experiment results for thebawation of ccl and lane change distance

for a 2 to 1 lane configuration.

Table 4.7 QDR estimation results for 2 to 1 laneomfiguration (ccl, lane change
distance)
(Unit: pc/h/In)
ccl\lane 656* 787 919 1050 1181 1312 1969 3281 4593

change

distance

0.90* 2446 2457 2445 2451 2450 2445 2442 2439 2449
1.08 2271 2245 2270 2266 2258 2244 2253 2256 2257
1.26 2071 2071 2050 2057 2057 2060 2057 2064 2062
1.44 1844 1851 1855 1843 1851 1852 1843 1849 1865
1.62 1676 1679 1690 1686 1691 1685 1686 1700 1708 08
1.8 1553 1556 1560 1560 1561 1565 1563 1567 1574 74
2.7 1181 1180 1182 1180 1182 1182 1181 1182 1182

4.5 795 795 794 795 794 796 795 794 795

6.3 622 622 622 622 622 621 647 622 620

1 VISSIM Default value;
Shaded values meet the NCHRP 03-107 capacity pi@dicange; bold values meet the lane balance test
criterion.

Table 4.7 depicts the queue discharge rate estiagedownstream below the lane closure
point. Each combination from a different levelocoflL and lane change distance predicts a
distinctive value of queue discharge flow rate ragdgrom 620 to 2,457 (pc/h/In). The

feasible 2 to 1 lane configuration QDRs that fathim the NCHRP model prediction for
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QDR (see Table 4.2) are shown in the shaded drea.results further show that while the
ccl has a large effect on the resulting QDR, thecebf changing the lane change distance
(for a fixed ccl) is marginal.

The authors then examined all 81 combinations bfectd lane change distance for a lane
use balance verification. The realistic threshaflthne use balance at the upstream of work
zone was previously determined to be between 35%6&%6 for a 2 to 1 lane configuration.
The QDRs that passed the lane use balance vepficate shown in bold print in the table.
The ccl values that range from 3 to 7 times theSWBdefault value mostly produced
realistic QDRs in the lane use balance. The reswdre consistent with expectations, since a
higher ccl value was previously hypothesized asrappropriate than the default value to
replicate (reduced capacity) work zone conditioHewever, considering the proper QDR
ranges consistent with the NCHRP model predictioTéble 4.2), additional parameter
calibrations were needed.

The same method described above was applied tetm&ining car following parameters to
identify the impact of each of them on lane usamhet. The result of the examination is

presented in Table 4.8.
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Table 4.8 Percentage of calibrated to default paraeter values meeting lane use
balance constraints

LCSI ccO ccl cc2 cca/5 cc8 SRF
0.44 100~300 % 300~700% 100~7009% 100~500 % 1@D%0 100~700 %
0.75 n/a 300~700 % 300~700% n/a n/a n/a
1.00 n/a 500~700 % 500~700% n/a n/a n/a
2.00 n/a 300~700 % 500~700% n/a n/a n/a
3.00 n/a 300~700 % 500~700% n/a n/a n/a
4.00 n/a 500~700 % 500~700% n/a n/a n/a

As seen in Table 4.8, only ccl and cc2 appear teeliéed in terms of lane use balance
across all lane configurations. Particularly, 3 ttmes of calibrated default values produced
lane use verified queue discharge flow rates fimost all lane configurations in the
experiment. This result is explored further witldaional lane change parameters in the

following section.

4.4.5 Additional Parameter Selection and Calibration

Having the results from the basic parameter cditmathe lane change parameters were
examined to replicate freeway work zone capacityena@curately. To do so two additional
lane change parameters were tested with the damialy parameters identified in the

previous section. The results are shown in Talde 4
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Table 4.9 Additional lane change parameters tested

Parameters Car following Lane change
ccl (s) cc2 (ft) Lane change Necessary lane Maximum
distance (ft) change deceleration for
-1 ft/$? per cooperative lane
distance (ft}  braking (ft/$)
Levels 0.902 13.122 656.2° 100 -20
Tested 1.08 15.74 1312.4 2007 -9.842
1.26 18.37 3281.0
1.44 20.99
1.62 23.62
1.80 26.24
2.70 39.36
4.50 65.60
6.30 91.84

! For both subject and trailing vehicles
2 Default value in VISSIM

As presented in Table 4.9, the previously iderdiftetical car following parameters, ccl and
cc2, were tested for the same levels as before fréo 7 times the default value. In the case
of the lane change distance, only values from2times the default value were examined in
the experiment. Additionally, the authors explol@te change parameters, testing different
levels of the necessary lane change distance amadiximum deceleration for cooperative
lane braking as shown in the table. These combmabf parameters resulted in a total of
5,832 QDR results to be generated for six laneigardtions.

Using the levels of parameters presented in TaBleMMSSIM experiments were conducted
to estimate queue discharge flow rates for the2lame configuration. Each car following
parameter was combined with all of the others asvahin Table 4.10 and in Figure 4.3. The

results of queue discharge flow rates were prederggesponding to the example of a
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3281.0 ft of the lane change distance with 100 the necessary lane change distance and -

20 ft/g of the maximum deceleration for cooperative laraking.

Table 4.10 QDR calibration for cc1 and cc2 in th@ to 1 lane configuration
(Unit: pc/h/In)

cc2(ft)\ccl(s) 090 1.08 1.26 1.44 1.62 1.80 2.70 4.50 6.30

13.12 2373 2114 1978 1740 1662 1570 1181 794 622
15.74 2367 2204 1797 1733 1660 1583 1176 5 792 621
18.37 2298 2137 1767 1729 1632 1530 1169 > 791 619
20.99 2214 2070 1738 1693 1604 1502 1154 |+ 789 617
23.62 2185 2057 1763 1677 1580 1478 1143 3 787 617
26.24 2045 1952 1702 1642 1555 1452 1127 7 786 613
39.36 2062 1905 1751 1603 1507 1406 105968 606
65.60 1783 1660 1556 1443 1338 1253 961 701 551
91.84 1530 1456 1362 1277 1199 1126 882 663 537

1 VISSIM default value
Shaded values meet the NCHRP 03-107 capacity pi@dicange; bold values meet the lane balance test
criterion
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Figure 4.3 QDR surface for 2 to 1 lane configuratin based on ccl and cc2 variations

In Table 4.10, the bold queue discharge flow ratgsgy that a successful lane use balance
verification was achieved following the acceptabiesholds (in Table 3). The hypothesis
of ccl and cc2 having higher values than the VIS8#¥ult values was proven again, since
there was no QDR verified with lane use balancerngglvoth ccl and cc2 values that were
smaller than the default values. The shaded QDiesan the left cover the maximum
QDR prediction (1785 pc/h/In) from the NCHRP modkthjle the values on the right shaded
area cover the minimum QDR prediction (1246 pcjtithn the 2 to 1 lane configuration.
Since the range of verified QDR values in the taoieered the minimum and maximum
range of QDR values, the authors are confidentttiea® to 1 lane configuration QDR could

be replicated appropriately in VISSIM once ccl and parameters are properly calibrated.
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The trend of the queue discharge flow rate preshetis shown in Figure 4.3, followed by
changes in ccl and cc2. As ccl and cc2 increfisedueue discharge flow rates predicted
decreased considerably, which was consistent Wéthypothesis that was previously stated,
since lower than usual queue discharge flow ratre wxpected in work zones and
accordingly, higher ccl and cc2 than default valuere also expected in VISSIM.

Due to the nature of a microsimulation programreteae a near infinite number of other
combinations that can be explored and may satigiyen verification threshold.

Throughout various attempts in the VISSIM experitsethe authors concluded that the lane
change parameters presented above appear to lmesuiffor generating appropriate queue
discharge flow rates across all lane configuratiohise results for the rest of the remaining

lane configurations are presented in the followsegtion.

4.5 VISSIM Guidance on Freeway Work Zone Capacity Estination

This section provides VISSIM recommendations feefray work zone QDR estimation for
bothgenericandwork zone configuration speciftases. In the generic case both car
following and lane changing parameters in VISSIM provided for all work zone lane
configurations based on the best fit from the asialgresented above. In the work zone
configuration specific case, a specific range offolowing parameters for ccl and cc2 are
presented comparing QDR values predicted in the REKE3-107.

Table 4.11 presents the generic recommendatiofisaifollowing parameters (except ccl
and cc2) are recommended at their default val@dy ccl and cc2 are to be adjusted

depending for work zone configurations. All lafenging parameters were also adjusted to

89



replicate freeway work zone conditions more reigkdly, expecting vehicles to change lanes

much earlier and more cautiously than in a non-veanke condition.

Table 4.11 Generic guidance for VISSIM capacity dération

Parameters VISSIM default Recommend WZ setting
Car ccO (ft) 4.92 4.92
following *
ccl (s) 0.90 work zone configuration
specific
cc2 (ft) 13.12 work zone configuration
specific
cc3 (s) -8.00 -8.00
cc4 (ft/s) -0.35 -0.35
cc5 (ft/s) 0.35 0.35
cc6 11.44 11.44
cc7 (f/s) 0.82 0.82
cc8 (f/¥) 11.48 11.48
cc9 (f/¥) 4.92 4.92
Lane Lane change distance 656.20 3281.00
changing (ft)
Necessary lane change200.00 100.00
-1 ft/s? per distance (ft)
Maximum deceleration -9.84 -20.00

for cooperative lane
braking (ft/<)

! Default car following VISSIM values except spediftting for ccl and cc2

Work zone configuration specific guidance is préseérnn Table 4.12. The guidance

provides specific values of ccl and cc2 to yietdisimum and maximum QDR in VISSIM

close to the NCHRP model result. The differendgvben the results from the NCHRP

model and VISSIM ranged from -5.9 to 18.6 percekdditionally, it was observed that

higher QDR had a lower ccl value and vice versaé&ah lane configuration, which was
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expected considering that, in general, driving b@dran a work zone is more cautious with

longer safety distance and time headway.

Table 4.12 Work zone configuration specific guidace and comparison with NCHRP
model results

Lane LCSI  NCHRP -107 QDR ccl'(s) ccZ(f) QDRin Difference
configuration (pc/hiin) VISSIM  (%)®
(pc/h/In)
4103 0.44 Minimum 1486 1.80 39.36 1467 -1.3
Maximum 2025 0.90 39.36 2049 1.2
3to2 0.75 Minimum 1438 1.80 26.24 1525 6.1
Maximum 1978 1.08 26.24 1949 -1.5
4102 1.00 Minimum 1400 1.80 26.24 1459 4.2
Maximum 1939 1.26 26.24 1845 -4.8
2tol 2.00 Minimum 1246 1.80 23.62 1478 18.6
Maximum 1785 1.26 23.62 1763 -1.2
3tol 3.00 Minimum 1092 2.70 26.24 1195 9.4
Maximum 1631 1.44 26.24 1551 -4.9
4t01 4.00 Minimum 938 2.70 39.36 947 1.0
Maximum 1477 1.62 39.36 1390 -5.9

1VISSIM default: 0.9 s
2VISSIM default; 13.12 ft
3 Between VISSIM and 3-107 model

As a final step in the capacity calibration in VIBSthe authors developed a regression
model to fine tune the ccl parameter value whildihg the cc2 parameter at an optimum
level. Figure 4.4 shows a 2 to 1 regression mtmestimate ccl values depending on

average QDR while holding cc2 value (23.62 ft) ¢ansas presented in Table 4.12.
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Figure 4.4 Regression model development for ccltesation (2 to 1)

The authors was able to obtain a regression madghawn below with an R-square value of
0.9913 using the data shown in Figure 4.4:

ccl =-0.0023 x Avg QDR + 5.3148) (4-2)
For instance, when an analyst intends to estinetdigowing the average QDR at a work
zone should be 1,500 pc/h/In, the ccl can be oddams ccl = -0.0023 x 1,500 + 5.3146 =
1.66 (s). Following to a consistent method, théhats proposes ccl estimation regression

models for all lane configurations as shown in €ahlL3.

92



Table 4.13 Regression model results for ccl estitian

Lane LCSI cc2 (ft) ccl (s) estimation regression model -scrare
configuration

4103 0.44 39.36 -0.0015 x Avg QDR + 3.9346 0.9950
3to2 0.75 26.24 -0.0020 x Avg QDR + 5.0041 0.9807
4102 1.00 26.24 -0.0019 x Avg QDR + 4.7155 0.9245
2to1l 2.00 23.62 -0.0023 x Avg QDR + 5.3146 0.9913
3to1l 3.00 26.24 -0.0041 x Avg QDR + 7.7741 0.9937
4t01 4.00 39.36 -0.0022 x Avg QDR + 4.7177 0.9694

4.6 Conclusions and Recommendations
The authors developed and presented a methodwaprdlSSIM guidance for freeway
work zone QDR estimation consistent with the NCHRRFO7 model predictions. While
developing the guidance, several key points wesatitied as listed below:
Both generic and lane configuration specific VISSiiMdance to estimate freeway
work zone QDR was provided based on lane use balardfication for multiple
lane configurations.
Among the various car following parameters in VIEStcl and cc2 were identified
to be the key parameters that need adjustmenégpiirpose of work zone QDR
replication.
Having specifically adjusted lane changing paranseded varying ccl and cc2 car
following parameters will allow the analyst to nepke any work zone QDR in
VISSIM consistent with the empirical model predicts. Regression models were

also proposed to estimate ccl parameters whilergtt2 parameters constant.
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The hypothesis that the need to use higher ccke@hdather than use the default
values provided by VISSIM under a work zone cowditivas confirmed. This
hypothesis supports the fact that drivers tendamtain longer distances and greater
time headway when passing through freeway work gone
The authors are hopeful that agencies managingp@cting freeway work zones can apply
this microsimulation guidance to better predictragiens within work zones. Further
calibration work is needed to address other isiigsspecial work zone locations and

configurations including on and off-ramps, crosseyand tow-lane, two-way operations.
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5. SIMULATION OF WORK ZONES IN PROXIMITY OF FREEWAY

INTERCHANGES

5.1 Introduction

According to the FHWA, work zones are responsible24 % of the congestion and delay
on freeways in the U.S. (FHWA 2014). Considerimg &ging transportation infrastructure
in the US, it is becoming inevitable to encounteefvay work zone sites in major
metropolitan areas on facilities with high trafio@ds, which result in potentially significant
impacts on mobility for drivers. To assess andljotehese impacts, agencies need to have
efficient and reliable tools to estimate work zaa@acity and free-flow speed, as well as
their effects on congestion and delay. The NatiQueperative Highway Research Program
(NCHRP) 03-107 project proposed models for predicfreeway work zone capacity and
free-flow speed in a Highway Capacity Manual cohtesing nationwide data (Hajbabaie et
al. 2015; Yeom et al. 2015a).

The NCHRP project resulted in several key findiageut work zone operations. First, the
average difference between pre-breakdown and aepague discharge rate capacity was
found to be 13.4% (Yeom et al. 2015a). In addjtiomder NCHRP 3-107, the authors
developed guidance that allow analysts to repliraeway work zone conditions in the
VISSIM microsimulation tool (PTV AG 2013; Yeom dt 2015b). Using the guidance,
users are able to adjust VISSIM car following asael changing parameters that yield the
appropriate mainline work zone capacity matchirgyfteld data. The guidance, however,
focused on basic freeway mainline segments withaytconsideration of the merge,

diverge, and weave in the proximity of work zones.
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In this paper, the authors expand VISSIM experismémincorporate the effects of on-ramp
merges, off-ramp diverges, and weaves. Usingeaéd models for basic segments from a
prior effort, the analysts intend to examine inbamge and ramp effects within a work zone
on the estimated operations. The resulting guigavit help agencies with planning and
managing freeway work zone sites, and better etgighelay and queues under various work
zone conditions. A key principle in the proposd®&$IM experiments was to test how ramp
demand affects the share of segment capacity alaila mainline traffic, and thus look for
strategies to control this demand (via ramp megeian example) to maintain a prescribed

freeway capacity through the work zone.

5.2 Objectives and Scope

The objective of the study was to understand frgemark zone traffic behavior using a
microscopic simulation program, VISSIM. The stadyed to find how mainline

throughput was affected due to vehicle movementst@tchanges. To do so, a maximum
mainline throughput was estimated, while examimmegyge ratios by comparing ramp
demand and flows. This provided an opportunitynderstand how a merge or weaving area
might be planned and managed under work zone ¢ondiThe merge ratio was estimated
from ramp volume divided by downstream per lanein. A more detailed explanation is
presented in the methodology.

Three different work zone lane configurations (tddeopen lanes: 4 to 3, 3to 2, and 2 to 1)

were tested. The 2 to 1 lane configuration wittoasramp was examined in the greatest
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detail. Throughout the study, the car followingldane changing parameters of the VISSIM

calibrated from the previous study were used hdwgigonsistency (Yeom et al. 2015b).

5.3 Literature Review

Sun et al. (2013) explored the impact of a ramg@c#yp reduction effort for work zones.
They analyzed seven work zones located on I-70h@83 near Columbia, MO. All sites
had a 2 to 1 lane closure condition and an on-ragym et al. used VISSIM to estimate the
effect of ramp metering in terms of total delayeaftalibrating and validating the simulation
program using data collected in the field. Thegvedd that the total delay could be
decreased by as much as 48 % by installing a teampoamp meter during congested
conditions. Their analysis is useful in understagdhe ramp metering effect in work zones,
but it was limited to having a relatively constaottion of ramp volume (around 30 %)
compared to total volume.

In other work, four short term work zone locatiamsa freeway (I-410) in San Antonio, TX
were analyzed to determine the effects of diverforan on- and off-ramps under congested
conditions by Uliman (1996). The author examinétita 1 upstream lane closure queueing
conditions, comparing on- and off-ramp volumesasately. The analysis showed that there
is a measurable relationship between upstream quedisstance and on-ramp volume
reduction. In the case of off-ramps, the relatmpdecame much weaker than in the on-
ramp case. For the purpose of theses comparisdingn collected data both before and
during the lane closure condition, and studiedetations between mainline and ramp

volume levels.

97



Gomes et al. (2006) used a microscopic simulatrogriam, VISSIM, to simulate a relatively
complex 15-mile stretch of Interstate freeway idahg 20 on-ramps with metered control.
They conducted a qualitative assessment of on-teaffic behavior by comparing queue
lengths on the ramps. The authors concluded tI&SN was capable of realistically
simulating complex freeway conditions.

Chatterjee el al. (2009) identified VISSIM paramstehich determined freeway work zone
capacity and recommended applicable values tocaplithe capacity for two types of work
zone lane closure configurations, 2 to 1 and 3 td2ey proposed to adjust ccl and cc2, the
car following and safety distance parameters, BSIM. Their work is useful for

replicating freeway work zone conditions anticipgtappropriate capacity values for the
specific lane configuration. However, they assumednstant speed distribution for the two
lane configurations.

Beacher et al. (2005) discussed the results oflaiton experiments of the late merge effect
on freeway work zone lane closures. They comptmedighput variances that were
estimated in the simulation under various lane igomations, free-flow speeds, heavy
vehicle presence, and demand volumes. They proyaddiminary guidelines for the
application of late merges at freeway work zondgesai to lane closure conditions.

Rouphail et al. (2015) studied flow allocation foainline and ramp vehicle at downstream
merge areas for the capacity condition. They tefiar different merge allocation models to
select the one that best corresponds to real vdatlal They also proposed an empirical

model to predict merge ratios based on ramp deraaddcceleration lane length.
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Previous studies clearly indicated that there wesdadionship between mainline and ramp
traffic operational performance in freeway work esn Also, this relationship was replicated
in a microsimulation environment.

While some of the above research explored opemtbfreeway work zones in merge and
diverge areas, there remains a knowledge gap iarstahding maximum mainline
throughput following to various work zone conditsosuch as different lane configurations in
the proximity of interchanges. The studies wese dilmited in looking at the effects of
varying ramp demands, and lengths of accelerati@eceleration lanes. The literature
review suggested that there is a need for res@avelstigating the operational performance

of mainline work zones in the vicinity of interctges under congested condition.

5.4 Methodology

In this section the basic settings for the VISShperiments (and variations) are explored to
analyze the effect of merge, diverge, and weavaggrents under various traffic levels in a
work zone. All configurations were coded in VISS#4 shown in Figure 5.1. The length of
the upstream freeway zone was set to 1.5 milesaage sufficient distance to simulate the
congested conditions of queuing and delay on #@afay. The two-lane freeway mainline is
connected to the one-lane freeway work zone liak stretched for 0.5 mile. This
connection is represented in VISSIM by a 200 ftramtor. In the middle of the work zone,
around 1,320 ft downstream of the lane closuretpanteleration and deceleration lanes are

provided with varying lengths.
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Three virtual detectors for data collection weraced in the simulation model: the first is
located about 100 ft downstream of the lane clastine second is about 100 ft downstream
of the lane merge and diverge at the end of thelaation and deceleration lanes to measure
gueue discharge flow rate ahead of and after thevmyp merge or off-ramp diverge. The

last detector is located at the end of the on{feranp to measure ramp volumes.
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VISSIM connector (200 ft
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(Volume count) | (1320 ft)

I Downstream Detector
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Acceleration Lane
(100 ~ 1500 ft)

(a) on-ramp merge

VISSIM connector (200 ft) VISSIM connector
Upstream Zone Freeway Work Zone (200 ft)

(1.5 mile) | (0.5 mile) | Downstream Zone

| Reduced Speed Area |
/[~ Desired Speed Decision

Downstream Detector

Upstream Detector
(Volume count)

(Volume count) (1320 ft) |

Deceleration Lane
(100 ~ 1500 ft) Off-ramp Detecto
(Volume count)

(b) off-ramp diverge

VISSIM connector (200 ft) VISSIM connector
Upstream Zone Freeway Work Zone (200 ft)

(1.5 mile) | (0.5 mile) | Downstream Zone

| Reduced Speed Area — |
/[~ Desired Speed Decision

Downstream Detector
(Volume count) ‘ (13201t) (Volume count)
[

Upstream Detector

Auxiliary Lane  Off-ramp Detecto
(100~ 3500 ft)  (Volume count)

(c) weave

Figure 5.1 Interchange configuration for VISSIM basic coding

Approach and regulatory speed limits were consttleMéehicles were coded to enter the

freeway with a free-flow speed distribution obtalrfeom three empirical sensor databases
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(RITIS, PeMS, and Traffic.com), as a function a# thne closure configuration (California
Department of Transportation 2014; CATT Lab 201éffic.com 2014). For example, the
average free-flow speed for a 2 to 1 lane configomavas obtained from a sensor database
in Maryland (normal distribution with mean=56.8 mghandard deviation=3.0 mph).
Additionally, on- and off-ramp vehicle speed distiion were applied at the starting point of
the acceleration/deceleration lane using a spe&8 aiph.

Table 5.1 shows the proposed VISSIM calibratiorapaaters used in this study, based on

previous research for capacity calibration at fragwork zones (Yeom et al. 2015b).

Table 5.1 VISSIM parameter setting for work zone onfigurations

Parameters VISSIM Default Setting Special WZ
Configurations Setting
ccO (ft) 4.92 4.92
ccl (s)! 0.9 1.62
cc2 (ft)? 13.12 23.62
cc3 (s) -8.00 -8.00
cc4 (ft/s) -0.35 -0.35
cc5 (ft/s) 0.35 0.35
cc6 11.44 11.44
cc? (f's) 0.82 0.82
cc8 (f/$) 11.48 11.48
cc9 (f/$) 4.92 4.92
Safety Reduction Factor 0.6 0.6
Lane Change Distance (ft) 656.2 3,281.0
Necessary Lane Change 200 100
-1 ft/$ per distance (ft) ?
Maximum Deceleration for Cooperative -0.84 -20
Lane Braking (ft/3 *

! Specified parameters other than default value
2 For both subject and trailing vehicles
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Parameters are applied to both the upstream andzooe links. The lane change distance

is applied to all VISSIM connectors in Figure 5.1.

5.4.1 On-ramp Merge Experimental Design

In this study, 120 scenarios were generated byimgryork zone lane closure configuration,
the length of the acceleration lane, and the orpraotume, as presented in Table 5.2.
Mainline demand input was fixed at 2,000 pc/h/lmsstent with the mainline analysis,
generating queue discharge flow just downstreatheofane closure point. The objective
was to determine how much of the work zone througigavailable for the freeway

mainline traffic.

Table 5.2 VISSIM experimental design for merge aras

Work Zone Lane Acceleration Lane Mainline Demand| On-ramp Demand
Configurations Length (ft) Volume (pc/h/in) Volume (pc/h/in)
2t01,3t02,4t03 100’ ~ 1,500’ in 200 2,000 0, 250, 500, 750,

incremented 1,000

5.4.2 2to 1 Merge Ratio Experimental Design

The 2 to 1 work zone with an on-ramp merge conditi@s examined in more detail by the

merge ratios under both demand and service flowlitons. The merge ratios, as defined

by Rouphail et al. (2015), were adopted as:

GH

EL K (MN'O(

P no( Q Kvnog

(5-1)
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Where,
NL = Number of mainline lanes upstreamawistream of the merge point,
Riemana = Ramp demand flow rate (pc/h),
Mdemand = Mainline demand flow rate (pc/h),
Reiow = Ramp flow rate (pc/h), and
Mdown_fiow= Mainline flow rate (pc/h).
The authors also modeled a work zone located dogarstof the on-ramp merge point, as

well as a work zone with overlap of the on-ramp gegooint as depicted in Figure 5.2.

Downstream of On-ramp
Merge Segment
(0, 1000, 2640 ft)

Freeway WZ

Upstream Zone Merge Segment

inli FACH ORI I I I )
Mainline Demand Volume B R R BB R R

(500, 1000, 4000 pcph)

Downstream Detector
(Volume count)

Acceleration Lane
(300, 700, 1100 ft)

On-ramp Demand Volume
(0, 250, 500, 750, 1000, 1250,

On-ramp Detector
1500, 1750, 2000 pcph)

(Volume count)

Overlap Wz

1
'
V!
! Downstream Zone
'

Upstream Zone Downstream of

Merge Segment

Upstream of
Merge Segment

Merge Segment

Mainline Demand Volume *’*30‘°:'t*t’t*3'3“'203’:*:'3‘:’24‘:*:'302’20303*:'2*‘.’2*&*:'2*‘.’2030"".'t’:*:':*:'t*t’:*
(500, 1000, 4000 pcph) -
’—i Downstream Detector
Acceleration Lane (Volume count) AL
(300, 700, 1100 ft) :0:0:0‘0.0‘0:0:0:0:0:0:0: Freeway Work Zone
On-ramp Demand Volume
(0, 250, 500, 750, 1000, 1250, On-ramp Detector
1500, 1750, 2000 pcph) (Volume count)

Figure 5.2 Alternative positioning of work zones \th respect to ramp location
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In Figure 5.2, the top diagram shows a work zowgatkd downstream of the on-ramp merge
point, while the bottom one shows the work zonerlapping with the on-ramp merge area.
The differences in merge ratios will be compared amalyzed for each condition. Thus, a
merge ratio of 0.4 downstream of the merge arediesiphat 60 percent of the flow is
allocated to mainline vehicles, per Equation (5-2).

Two sets of scenarios were generated. For thevdases the work zone is downstream of
the merge area, a total of 243 scenarios were gtater Within the merge area, 81 scenarios

were generated. Both scenarios are describedhle Ba3.

Table 5.3 VISSIM experiment design for merge ratianalysis
Downstream of On- | Acceleration Laneg Mainline Demand | On-ramp Demand Volume
ramp Merge Segment Length (ft) Volume (pcph) (pcphpl)
(f) *
0, 1000, 2640 300, 700, 1104 500, 1000, 4000 000 20250 increments

! Available only work zone located at downstreamrmefge area

5.4.3 Off-ramp Diverge Experimental Design

For the off-ramp diverge experiments, 120 scenam@® generated by varying the work
zone lane closure configurations, length of theetlgation lane, and off-ramp input volume
percentage, as presented in Table 5.4. The [steentages were calculated from the off-
ramp exit volume and the mainline total input vo&ufar each lane configuration in
VISSIM. Thus, the actual number of vehicles destito the off-ramp depends on the work

zone configurations.
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Table 5.4 VISSIM experiment scenarios for divergareas

Work Zone Lane Deceleration Lane | Mainline Demand | Off-ramp Demand
Configurations Length (ft) Volume (pcphpl) | Volume Percentage
2t01,3t02,4t03 100~1,500 in 200 2,000 0.0, 6.3,12.5, 18.8,
increments 25.0 (%)

5.4.4 Weave Experimental Design

For the weave experiments, 144 scenarios were gtegeas presented in Table 5.5.

Table 5.5 VISSIM experiment scenarios for weavingreas

Work Zone Lane Auxiliary Lane Mainline Demand| Weaving Volume (pc/h)
Configurations Length (ft) Volume (pc/h/in)
2t01,3t02,4t03 100, 500, 1000, 1500, 2,000 0 ~ 2000 in 400 increments
2000, 2500, 3000,
3500

In Table 5.5, combining all the scenarios togethdngtal of 192 experiments are to be tested
for the weaving VISSIM analysis. The authors ubedsame level of weaving volume for
both the mainline and ramp. Thus, if the weavialyme is 400 pc/h, then both mainline
and on-ramp have a total of 800 pc/h weaving volumthe system. A ramp-to-ramp
demand was not considered in the experiment sinvegyaimited number of the demand

was expected in the field.

In the overall VISSIM experiments, a 300-secondmnaip time, a 3,600 second simulation
time, and a traffic stream with all passenger Vekigvere used to estimate average flow rate

(throughput) in units of pcphpl. The authors cartdd five simulations replication of each
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scenario to account for the stochasticity of trecpss. Thus, the total number of simulation

runs totaled 3,540.

5.5 VISSIM Experiment Results
The results of the VISSIM experiments are preseatetare separated as a function of the
lane closure severity index (LCSI) variable defimegrior research (Yeom et al. 2015a).

The LCSI can be estimated as follows:

Lcsi=¥

E 2 (5-3)

For instance, a 2 to 1 lane configuration has f§ILvalue of 2, a 3to 2 has 0.75, and a 4 to
3 has 0.44, respectively. Thus, the LCSI represiat lane closure severity condition for

each lane configuration.

5.5.1 On-ramp Merge Result

Figure 5.3 presents the results of the VISSIM eixpents divided by (a) the estimated actual
number of throughput vehicles and (b) the propartbmainline flow rate for various LCSI.
These results were estimated upstream of the naeegewhere the freeway work zone lane
closure just started. Only the case of accelardéine length, 700 ft, was presented in Figure
5.3 after confirming that the variation of the decation lane length did not usually make a
considerable difference in the experiment resultdditional on-ramp merge analysis results

are provided in appendix F.
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Figure 5.3 On-ramp merge VISSIM experiment resultsaat the upstream work zone

In Figure 5.3, the authors identified key observadias follows:
For the 0 pc/h on-ramp input volume case in the 2 fiane configuration (LCSI =
2.00), the results show a mainline volume aroud8Qd pc/h/In upstream of the lane

merge area. These results are consistent witBvagusly completed mainline
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VISSIM analysis, since the condition of zero on-pavehicle volume should be
identical with mainline only freeways without omrp merge areas (Yeom et al.
2015b). All the proportion values are 1.00 for #leeo on-ramp demand condition, as
there is no decrease expected for the mainline. flow

There is a large volume reduction on average nmarthroughput estimated upstream
of the lane merge area depending on the level gaorp demand volume. The
higher the on-ramp volume, the lower mainline tiglmput flow rates are observed.
For example, in the proportion results of the L&&8Lie of 2.00 the mainline
proportion decreases from 1.0 down to 0.40 as thkeamp demand increases up to
1,000 pc/h. Here it should be noted that the nraerthroughout proportion
decreased a lot due to the work zone lane clodDrgginally, in the demand volume
condition the proportion of mainline should be (#800/5,000 pc/h) while the on-
ramp is 0.2 (1,000/5,000 pc/h). However, underdhe closure condition, the
mainline loses about half its capacity, and thuenéwally its proportion decreases
down to 0.4 in this scenario.

The lane closure condition that can be presentatidy CSI (Lane Closure Severity
Index) values also shows a great impact on the eumitthroughput available for the
upstream system. For example, under the 700 &8l@@ation lane and 1,000 pc/h/In
on-ramp demand condition, the estimated upstreatesythroughput was 1,266,
1,096, and 638 (pc/h/l) for the LCSI values of 0.@45, and 2.00, respectively.
Only the 2 to 1 lane configuration shows a limiegfict from the different level of

acceleration lane length as shown in appendix &th& acceleration lane length
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increases, the average throughput estimated upstrethe merge area decreases.
This is due to difficulties of the on-ramp vehickgering the mainline freeway with
the short length of the acceleration lane. Assaltethe mainline upstream of the
merge area shows a higher mainline vehicle throughjth a shorter acceleration
lane length, but it will surely create longer rawghicle delays and queues.
However, the rest of the lane configurations sueB &0 2, and 4 to 3 did not show a
clear effect from the acceleration lane length,citwas presumably due to the fact
that vehicles on the mainline were easily ablehange lanes whenever conflicts with
on-ramp vehicles were expected. Thus, the effeitteolevel of acceleration lane
length might be negligible in those cases of hawmge than two mainline lanes

remaining in the work zone at the merge area.

5.5.2 2to 1 Merge Ratio Result

The authors further experimented with different geeratios for the 2 to 1 lane configuration

for a freeway work zone with an on-ramp merge akspreviously explained in the

methodology, merge ratios based on both demaneésthdated flow are presented in Figure

5.4. Merge ratios (y-axis) are related to on-ratemand (x-axis) and mainline demand

(each category). It should also be noted thatliftiance between the end of acceleration

lane and the work zone merge point (downstreamrmafinp merge segment in Figure 5.2)

was set to 1,000 ft followed by the effect dueh® variation of the distance thereafter.
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Figure 5.4 Merge ratio VISSIM experiment results
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In Figure 5.4 the first diagram (a) presents meagj@s calculated by demand volumes from
mainline and on-ramp. Thus, it is identical redesd of work zone location whether it's
located downstream or in the overlapping of merga.aThe next two diagrams (b) and (c)
depict merge ratios estimated by flow, and thewig® different results depending on the
work zone location. Eventually, the merge ratig$low show the mainline flow allocation
when there is on-ramp volume for various conditions
There are several key observations from the figsréollows:
Merge ratios by demand and flow show a clear diffee, especially at the high level
of mainline demand. In the 4,000 pc/h mainline dachcondition the merge ratio by
demand shows at most a value around 0.3 at theomighmp demand condition. But
the merge ratio by flow has significantly highetues of up to 0.6 in the overlapping
work zone case. This is presumably due to thetfettthere is a limitation on
mainline flow when passing through a work zone hgwnly one lane. Even if the
mainline demand was set to 4,000 pc/h, the acwaber of vehicles that were able
to pass the work zone should be much lower than tha
Work zone location also shows a great effect omtbgge ratio by flow, especially at
the high level of mainline demand. The work zon#hwverlapping merge area
condition has higher merge ratios than the workedonated downstream of merge
area. This is due to the fact that the downstreank zone case has two lanes of
mainline at the on-ramp merge point, while the amging work zone case has only
one lane of mainline. Therefore, the downstrearrkvzone case is more

advantageous for mainline traffic than the overlagmondition. The magnitude of
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that advantage varied due to several factors, BOt@ercent average increase in flow
allocation was observed when both mainline andaonprflow were relatively high
(more than 1,000 pcph). However, when the levehainline demand is low (like
500 pc/h), there is no distinctive difference bedwéhe two cases. This means that
the level of 500 pc/h mainline volume can be accoahated smoothly even in the
one lane mainline configuration.

Merge ratios by peak flow were found to dependr@nainline demand and the
work zone location. For instance, when the magmtiemand is low on the order of
500 pc/h, a merge ratio of 0.7 is observed for wairk zone location cases (b and c).
On the other hand, when the mainline demand isivels high (like 4,000 pc/h), the
peak merge ratio varied considerably dependindhework zone location. The peak
merge ratio of 0.6 is observed for work zone oymriag merge areas, while 0.25 is
observed if the work zone is located downstreath®imerge area. This is also due
to the fact that the downstream work zone conditias two lanes of mainline at the
merge point, providing beneficial allocation foetmainline compared to the work
zone overlapping condition.

On the contrary to the merge ratio by demand, lstalilevels of merge ratio by flow
were observed for all levels of mainline demancekp@&nding on the location of the
work zone and mainline demand levels, the merge vas stabilized at a certain
level and it meant a minimum mainline flow proportieven at the high on-ramp

demand condition.
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For the case of work a zone located downstreamesfienarea, it was possible to further
examine the effect from the variation of the dis@between the end of merge area and the
work zone lane closure point where the merge rate® estimated. It was originally set to
1,000 ft in the previous example, but the analietted O ft and 2,640 ft cases additionally to

test for any effect from them.

Figure 5.5 Merge ratios for various distance of denstream of on-ramp merge segment

Figure 5.5 depicts merge ratios obtained when thimlime demand was set to 4,000 pc/h.
When the on-ramp demand was 250 pc/h, there wasmsiderable effect from the variation
of the distance. However, when the on-ramp demasiset to either 750 or 1,250 pc/h, the
merge ratio varied depending on the distance ofltlvenstream of on-ramp merge segment.
The merge ratios has decreased as the distaneasect up to a certain point, and it meant

that the mainline had an advantageous flow allooatihen the distance increased especially
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at the high flow rate condition on both mainlinelamn-ramp. In other words, the longer the
distance is from the on-ramp merge to work zone [E@asure point, the higher the resulting
flow allocation for the mainline flow (in congedteonditions). This phenomenon is
presumably due to the fact that mainline vehictesable to change lanes after they pass the
on-ramp merge point having less conflicts at thegamg@oint on mainline. Therefore, having
additional length downstream of on-ramp merge segmgpears to be beneficial for
mainline vehicles, since they do not have to chdages before or at the merge point having
relatively severe conflicts on mainline. There waddistinctive differences when the

mainline demand was low, either 500 or 1,000 pc/h.

5.5.3 Off-ramp Diverge Result

Figure 5.6 presents the results of the VISSIM expents divided by (a) the estimated actual
number of throughput vehicles and (b) the propartbmainline flow rate for various LCSI.
They were estimated upstream of the diverge aremenineeway work zone lane closure just
started. Only the case of deceleration lane lentfi@ ft, is presented below, since other
distances showed similar results consistent wigmtlerge area findings presented above.

Additional off-ramp diverge analysis results arevpded in appendix G.
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Figure 5.6 Off-ramp diverge VISSIM experiment resuts upstream work zone

In Figure 5.6, the authors identified several kbgayvations as follows:
In the off-ramp diverge analysis results, as thegarhp demand increases, the
average mainline throughput decreases downstredhne afiverge area. This was

expected since the downstream detector was ingtatléhe mainline and therefore,
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the average throughput at the mainline should beedsed with the increased
number of off-ramp vehicles.

There was no considerable variation observed fonlma throughput by different
work zone lane configurations presented with défgdevel of LCSI values. The
number of vehicles estimated downstream of therdevarea decreased slightly as a
function of increasing LCSI values, but the projmortof work zone capacity
available for mainline showed consistent resulikis result indicates that the lane
configuration is irrelevant to the mainline thropgh proportion when there are
different levels of off-ramp diverge demand. Apgdly, it is not the lane
configuration but rather the off-ramp demand thatagns the mainline throughput
proportion. Accordingly, it is straightforward pwedict mainline flow allocation as a
function of the level of off-ramp demand. The sabtion of the off-ramp demand
percentage to mainline flow is likely to predictimae flow allocation.

The deceleration lane length also did not showcamgiderable impact on mainline
throughput at the off-ramp diverge case througimomerous work zone lane

configurations.

5.5.4 Weave Result

Figure 5.7 presents the results of the VISSIM expents divided by (a) the estimated actual
number of throughput vehicles and (b) the propartbmainline flow rate for various LCSI.

They were estimated upstream of the weave areaevitesrway work zone lane closure just
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started. Only the case of auxiliary lane lengtB0aQ ft, was presented in this figure. The
effect of the auxiliary lane length is followed taafter. Additional weave analysis results

were provided in appendix H.

Figure 5.7 Weave VISSIM experiment results upstrea work zone
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In Figure 5.7, the authors identified key observadias follows:
The weaving volume has a great effect on the levalainline throughput. The
effect increases as the value of LCSI increaséss fésult indicates that severe lane
closure condition brings unbeneficial condition feainline flow to pass through
weaving area.
The result shows that a relatively high weavingumoé does not make any difference
at the severe lane closure condition like the L@lie of 2.00. This is probably due
to the fact that the 2.00 LCSI work zone has omlg ane open on mainline, while
the 0.75 LCSI has two lanes on mainline, respelgtiv€hus, the LCSI 0.75
condition can be operated more efficiently accomatiog 1,600 pc/h and 3,200 pc/h
weaving volume differently. However, in the cas¢he LCSI 2.00, the weaving
volume of 1,600 pc/h already triggered the maxinalimcation for the mainline flow
under that condition of the lane configuration.

In case of the freeway work zone having a weavaelition, the authors analyzed VISSIM

data estimated at the work zone lane closure peimth was located at the upstream of

weave area. Figure 5.8 depicts the proportiom@frork zone throughput utilized by

mainline flow depending on weaving volume and aaryl lane length conditions in the 4 to

3 scenario.
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Figure 5.8 Available mainline throughput at the wave condition (LCSI=0.44)

In Figure 5.8, as the weaving volume increase®a00 pc/h, the capacity allocation to
mainline flow decreases. This is intuitive, be@msinline flow should be affected in
passing through the weave area with the increasetber of vehicles. Another distinctive
observation was that the auxiliary lane length stoba great effect on the mainline up to a
certain level, but then the effect levels off. tAs auxiliary lane length increases, the
mainline allowable proportion also increases, whinchcates that the mainline flow benefits
in proceeding through the work zone with a longedléary lane length in the weaving area.
This is presumably due to the fact that vehiclesd@ange lanes more easily with the longer
auxiliary lane lengths, and thus the mainline &las a better condition under the longer
auxiliary lane. The effect of the longer auxilidaye is different depending on volume

ratios, and the higher volume ratio case needbtiger auxiliary lane to reach the maximum
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level of the proportion of work zone capacity foaimline flow. The rest of lane

configurations also showed similar pattern, ang tre available in appendix H.

5.6 Conclusions and Recommendations

Having previously calibrated VISSIM parametersffeeway work zone mainline
conditions, the authors have experimented withreégpecial work zone conditions (merge,
diverge, and weave), to find the proportion of maxm throughput for the mainline flow. In
addition, a 2 to 1 work zone with an on-ramp meggiondition was explored further to
predict merge ratio at the downstream of the marga.
The authors conclude several key points as follows:
The presence of a work zone with a lane closureahamhsiderable effect on the
proportion of mainline throughput in the on-ramprgeecondition. In the example of
the LCSI 2.0 scenario, the mainline proportion dased down to a half, from 0.8 to
0.4, under the condition of 4,000 pc/h mainline dachand 1,000 pc/h on-ramp
demand. Therefore, agencies should be awaresétfact when planning and
analyzing work zones with a mainline lane closuré an-ramp condition. A
considerable mainline throughput decrease shoukkpected and thereby prepared
following to each work zone condition to maintakpected level of operation
performance.
Acceleration and deceleration length did not shadistinctive effect on the variation

of the mainline proportion. Only the 2 to 1 larmmfiguration in the merge condition
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shows a limited effect from the different accelenaiane length. In other words,
agencies are recommended to exercise caution ididge¢he acceleration and
deceleration lane lengths when the LCSI value peeted to be higher than 2.00. In
these conditions, agencies are recommended to geoydshort (like less than 100 ft)
acceleration and deceleration lane lengths wherpossible.

In the analysis of the 2 to 1 merge ratio, the tioceof the work zone (whether
downstream or overlapping merge area) yields cenaidy different results for
elevated high mainline demand conditions exceetlja@0 pc/h. Mainline traffic
appears to benefit when the work zone is locatethdtream of the merge area in
terms of the proportion of the total flow, since tlmerge area has two lanes on
mainline versus one lane when the work zone ovemagrge area. As such, agencies
should have different operational plans dependmthe location of the work zone.
Additionally, the study showed that a certain leviestabilized merge ratio by flow
depending on work zone location and mainline demanhgime. Specific merge ratio
values presented in this study would be benefiiamning and analyzing expected
the mainline proportion of vehicles under the sfieevork zone condition.

Under the high demand conditions for both mainénd on-ramp, the merge ratio
decreased 28 % when the downstream of on-ramp rsegyeent distance increased
from O to 1,000 ft. However, the merge ratio dad change significantly when the
distance increased up to 2,640 ft. Thus, thereaspto be a minimum separation

distance between the merge area and a downstredarame that is helpful for
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maintaining high throughput of mainline trafficn the 2 to 1 merge scenario, it was
recommended as 1,000 ft, but it might be diffefentach lane configuration.
LCSI did not show a substantial effect on the maenproportion in the off-ramp
diverge case. It was straightforward to estimagenhainline proportion by
subtracting off-ramp demand percentage to mairilove in the VISSIM experiment.
Therefore, agencies are expected to predict thensiotgam mainline throughput level
once they estimate off-ramp volumes.
In the weave area condition experiment, the weavalgme, LCSI, and auxiliary
lane length all showed a great effect on the maenfliow proportion. In the LCSI of
0.44 scenario the mainline proportion increaseébolder 500 ft additional auxiliary
lane length until it reached a maximum point onrage of all tested weaving
volumes. The most appropriate auxiliary lane lerigt the maximum mainline
throughput was also identified as from 500 ft f604c/h weaving volume to 2,000 ft
for 2,000 pc/h weaving volume in the LCSI of 0.4hdition.
This paper provides a range of experimental resastsvell as modeling methodologies for
the VISSIM microscopic simulation program usingloated parameters for freeway work
zone with merge, diverge and weave conditions. n&ggs and transportation engineers are
recommended to consider the methodology presentits paper when they plan or manage
freeway work zone in proximity of freeway interclgas considering the proportion of
mainline flow. For instance, whenever agenciesineeneter ramp traffic volume or control
work times, they would be able to predict congestodelay following to expected mainline

throughput presented in this research.
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6. CONCLUSIONS AND RECOMMENDATIONS

This research provided predictive methodologigb@imacroscopic and microscopic levels
to assess freeway work zone operational performaifibes research distinguishes itself from
prior efforts, in that it was the first freeway Wwarone operational performance study that has
used nationwide data from three different sourtiekl video data, sensor data, and literature
archives. After an extensive data collection aatigical model development effort, both
freeway work zone capacity and free-flow speed rnsodere proposed, along with other
valuable insights and observations such as thaae&hip between queue discharge and pre-
breakdown flow, and the calibration and validatodra speed-flow traffic stream model to
describe work zone operations across the full rafig®lume levels. Additionally, both
generic and lane configuration specific microsinialaprogram guidance was developed for
agencies and researchers who are interested inatwvej their specific work zone conditions
using micro simulation. A summary of outcomesacleof these key areas is presented in

the following sections.

6.1 Freeway Work Zone Capacity Model

In the process of the literature synthesis andyarséfforts of archival data in the literature
to estimate freeway work zone capacity, the resemand an average 13.4 % capacity drop
from the pre-breakdown flow rate to the queue disgé flow rate capacity at freeway work
zones. While this two-capacity phenomenon is weglbgnized in the literature, no such

guidance was available for work zones. Currendguce in the Highway Capacity Manual
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identifies an average of around 5 to 7 % of cagaediuction for non-work zone conditions.
The findings from this work showed that the capadibp decrease for work zones is almost
twice the current HCM non-work zone default.

From the combined work zone capacity dataset,ebearch developed and recommended a
freeway work zone capacity prediction model basethae closure severity index, barrier
type, area type, lateral distance, and day or r@ghdition. Among the variables, the lane
configuration severity had the most significaneetfon queue discharge flow rate followed
by the barrier type and area type. Using the mpdgbosed, agencies and transportation
engineers can practically and reliably predictdfierage queue discharge rate for a freeway
work zone. In the capacity model, the lane comgjan proved to be one of the greatest
factors affecting the work zone capacity level.eTasearch then created a new variable
(lane closure severity index), which could be useexplain every possible work zone lane
configuration.

In addition, the proposed model distinguishes batgipe (hard vs. soft) as opposed to the
duration of work zones (long vs. short) found ia tiCM. Because the long- or short-term
work zone distinction was hard to objectively sepain each case, the model adopted
barrier type rather than work zone duration. Inegal, a concrete type barrier was more
likely to correspond to a long-term work zone, andversely, a soft barrier to a short term
work zone. In general, the proposed model is maxetively appealing than the current
HCM model, and suggests lower capacities for warkes with soft barriers than hard

barriers.
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Further, a distinction of area type between urbahraral work zones was introduced,
consistent with definitions provided in the HCM &hisportation Research Board 2010). An
urban area represents “high densities of developoreroncentrations of population,
drawing people from several areas within a regemd the rural area represented “widely
scattered development and a low density of housmmgemployment.” The area type
variable yielded lower capacities for rural worknes.

Finally, heavy vehicle presence was analyzed irddhwelopment of the capacity model, but
their effect was found to be generally weak andstatistically significant. After additional
examination of headways between passenger and kehigles, the research concluded that
a passenger car equivalent value of 1.5 provideédarHCM was appropriate to use in work

zones in level terrain.

6.2 Freeway Work Zone Free-Flow Speed Model

The research recommends a freeway work zone fogedpeed prediction model based on
speed limit ratio under non-work zone to work zooaditions, work zone speed limit, lane
closure severity index, barrier type, day or nighndition, and total ramp density. The LCSI
again played a major role in the FFS model, sintdahe capacity model. Accordingly,
work zone lane configuration should be systemdti@ald carefully planned and executed
for proper level of capacity and FFS for freewaykvoones.

Compared to the capacity model, the area type wami@ed but not included in the final

FFES model. Presumably, it is correlated with theesl limit factors. Urban areas generally
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had a lower speed limit than rural areas in tha,datd thus only one type of variable was
selected through statistical analyses.

The FFS model is statistically significant, asepresents an additional anchor point in
estimating a speed-flow models. Such a model prediork zone operating speeds between
FFS (at very low flow rates) and volume and spdexhpacity. This research evaluated
several previously-developed speed flow models,adtsat calibration and validation of the
models specific to several work zones, recommeiadaddel form that is suitable for

describing the speed-flow relationship for the m#oof the studied work zones.

6.3 Microscopic Simulation Guidance and Simulation of Wrk Zones in the Proximity

of Interchanges

The research also recommends guidance for evaluatink zones in a microscopic
simulation environment. The author selected theSW&tool, but general trends and

findings are expected to be applicable to otheuktion tools (although the recommended
parameter values are specific to VISSIM). The s$ation guidance analysis is provided for
generic and lane configuration specific cases.

In the generic guidance, all default car followjpeyameters except ccl and cc2 were
recommended along with some specific lane changamgmeters. These values were
recommended for use across all experimented lamiggooations. In the lane configuration
specific guidance, specific values of ccl and regom models for cc2 were recommended to

replicate capacity in the simulation program urtiercapacity boundaries consistent with
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the capacity model described in 6.1. Ccl and ceXay car following parameters in

VISSIM that describe the average following headwmayseconds) and the oscillation about
this desired headway (in feet), respectively. Weswork zone capacity is lower than the non-
work zone condition, the headways in the work zomadition are greater. Therefore, the
author increased the values of ccl and cc2 to nta&ctvork zone capacity.

Throughout the research, it was concluded thatocilcc2 were the key parameters that
needed adjustment for the purpose of work zoneatigp@plication. Because ccl represents
time headway between lead and trailing vehiclesffécts the capacity of work zones
directly. Also, since cc2 regulates a longitudiostillation distance of following vehicles,
the increase of cc2 value yields to a decreasadaty on freeways.

The research also provided analysis results froexéensive simulation sensitivity analysis
of work zones in proximity to freeway interchangé&xperiments were conducted for on-
ramp merge, off-ramp diverge, and weaving sectimten multiple lane configurations to
assess the maximum mainline throughput changes andgested conditions. As a result of
the experiments, the research concluded that rariyme had a considerable effect on the
mainline throughput in all cases. Furthermore léime configuration showed an effect only
for merge and weave cases, but not for diverges.

In addition, the auxiliary lane length had a greféct on mainline throughput while the
acceleration and deceleration lane length showgdaovery limited effect. All of these
results can be used in analyzing and planning fagemork zones in proximity of

interchanges. For instance, whenever agenciestoeadter ramp traffic or control work
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activity schedules, they would be able to predictgestion or delay based on the expected
mainline throughput estimated in this research.

However, it should be noted that the study didprovide any empirical validation for the
simulation of work zones in proximity of interchasg As such, local calibration in applying
the simulation result is highly recommended. Addial future research areas follow in the
next subsection. Additionally, all simulation exipgents were conducted based on the left

lane closure conditions, and thus findings in tesearch should be limited to those cases.

6.4 Future Research

This research addressed several research gapgdiopieg freeway work zone capacity and
free-flow speed models from nationwide data, as asgmicrosimulation program guidance
to characterize work zone performance. Furthetistushould focus on the following
aspects of work zone research:
Field validation for simulation of work zones inogimity of interchanges is
recommended to provide empirical calibration ofghmulation scenarios in this
research. The current simulation yielded sens#selts, but it would be desirable
for results to be were compared to and validatefidhy data.
Several candidate variables that were not selectdtk final capacity and free-flow
speed model might be necessary to re-examine ifiada data are available, or
could be the specific target of future work. Thosgdude heavy vehicle effect, work

intensity, police presence, work zone length, sygnand lane marking. Some of
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those variables were analyzed in this researchofiyta limited amount of data were
available to justify inclusion in the models.

Effects of intelligent transportation systems (IT&hnologies such as queue warning
systems or variable speed limits for works zonesikhbe analyzed as to their effect
on capacity and FFS. These strategies are an tampgrart of FHWA'’s new “smart
work zones” initiative, but are not well understacdhis point. Based on this
research, the author expects that both capacity-&Sdat work zones will be
sensitive to ITS presence.

Other work zone configurations like crossoverswo-tvay two-lane work zones
should be explored for their effect on capacity BR&. The author expects
additional effects from such special work zone atimals, but those effects were not
modeled in this research. In particular, futureeaesh should explore cases where a
work zone lane drop is followed by a lane shiftmyssover within the work zone to
explore relative capacities and potential queusradtion effects.

Simulation calibration for low volume conditionasso recommended as a future
study, specifically pertaining to merge, diverged aveaving segments. This
research focused on capacity conditions, but agiudic of simulation to the non-
congested flow range would be also valuable in tstdading the operational
performance of work zones. Such simulation effbdudd be validated by empirical
data to the extent possible.

The average pre-breakdown capacity to queue digehlrate conversion factor in

freeway work zones was found to be 13.4% fromtbgribe literature archive study.
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However, there is no clear model explaining thel®f the capacity conversion in
freeway work zones, thus developing models, clangfthe capacity conversion,

would also be very useful.
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A. Literature Archives Data (Original Data Collected)

Avg. QDR| Speed WZ Duration Lane Configuration Lane Closure HV Area Ramp Area Lane Lateral | Work Intensity DayINight |Light [Police
(pcphpl) |Limit(mph) |Long|Long(PE) |Short|# of total| Lane open Lane closedLeft|Right| Crossover|(%) |Urban|Rural |On Ramp| Off Ramp |Width (ft) | Distance(ft)| High | Medium YN 9
2295 Y 3 2 1 Y
2129 Y 3 2 1 Y
2252 Y 0
1989 Y 4 2 2 Y
1985 Y 4 2 2 Y
1282 45.0 2 1 1
1661 45.0 2 1 1 Y
1885 45.0 2 1 1
1827 45.0 2 1 1 Y
1772 55.0 2 1 1
1862 55.0 2 1 1
1331 62.1 Y 3 1 2 Y 237Y Y Y Y Y
1513 62.1 Y 3 1 2 Y| 331Y Y Y Y Y
1322 62.1 Y 3 1 2 Y 144 Y Y Y Y Y
1287 62.1 Y 3 1 2 Y 270Y Y Y Y Y
1209 62.1 Y 3 1 2 Y| 118 Y Y Y Y
1244 62.1 Y 3 1 2 Y| 154Y Y Y Y Y
1234 62.1 Y 3 1 2 Y| 8.8 Y Y Y Y
1145 62.1 Y 3 1 2 Y| 1.9 Y Y Y 12.3 Y
878 62.1 Y 3 1 2 Y| 2.4 Y Y Y 12.3 Y Y Y
1065 62.1 Y 3 1 2 Y| 377 Y Y Y 12.3 Y Y Y
920 62.1 Y 3 1 2 Y| 29 Y Y Y 12.3 Y Y Y
1260 62.1 Y 2 1 1 Y| 17.8Y Y Y Y Y
1428 62.1 Y 2 1 1 Y| 16.1Y Y Y Y Y
1014 62.1 Y 3 1 2 Y| 40 Y Y Y 12.3 Y Y
1240 50.0 Y 2 1 1 Y| 27.7 Y Y 10.0 10.0 Y
1165 50.0 Y 2 1 1 Y| 25.2 Y Y 10.0 10.0 Y
1982 Y 3 2 1 Y 15]7 Y Y 12.0 12.0 Y
1945 Y 3 2 1 Y 157 Y Y 12.0 12.0 Y
1803 Y 2 1 1 Y 16|18 Y Y Y 12.0 4.0 Y
1727 Y 2 1 1 Y 16,8 Y Y Y 12.0 4.0 Y
1478 55.0 2 1 1 Y 25.0 Y
1457 55.0 2 1 1 Y 12.0 Y
1101 55.0 2 1 1 Y 11.0 Y
1875 55.0 2 1 1 Y 39.0
1399 55.0 2 1 1 Y 22.0
1464 55.0 2 1 1 Y 10.0
1371 55.0 2 1 1 Y 6,0
1401 55.0 2 1 1 Y 28.0
1392 55.0 2 1 1 Y 7,0
1439 55.0 2 1 1 Y 21.0
1328 55.0 2 1 1 Y| 32.0 Y
1335 55.0 2 1 1 Y 31.0 Y
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Avg. QDR| Speed WZ Duration Lane Configuration Lane Closure HV Area Ramp Area Lane Lateral | Work Intensity DayINight |Light [Police
(pcphpl) |Limit(mph) |Long|Long(PE) |Short|# of total| Lane open Lane closedLeft|Right| Crossover|(%) |Urban|Rural |On Ramp| Off Ramp |Width (ft) | Distance(ft)| High | Medium YN 9

1345 50.0 Y Y 27\7 Y Y 10.0 10.0 Y
1406 50.0 Y Y 25|12 Y Y 10.0 10.0 Y
1335 50.0 Y 2 1 1 Y| 27.7 Y Y 10.0 10.0 Y
1271 50.0 Y 2 1 1 Y| 252 Y Y 10.0 10.0 Y
1412 Y 2 1 1 Y 12)8 12.0 Y
1438 Y 2 1 1 Y 17/4 12.0 Y
1464 Y 3 2 1 Y 11,3 12.0 Y
1683 Y 3 2 1 Y 27(3 12.0 Y
1770 Y 3 1 2 Y 26|3 12.0 Y
1734 Y 3 2 1 Y 26/6 12.0 Y Y
1697 Y 2 1 1 Y 17)2 12.0 Y Y
1549 Y 2 1 1 Y 30{3 12.0 Y Y
1246 Y 2 1 1 Y 140 12.0 Y
1036 Y 3 1 2 Y 9.6 12.0 Y
1218 Y 2 1 1 Y 30{7 12.0 Y
1618 Y 2 1 1 Y 28/4 Y

1557 Y 2 1 1 Y 372 Y

1608 Y 2 1 1 Y 313 Y

1829 Y 2 1 1 Y 294 Y

1552 Y 2 1 1 Y 34(7 Y

1924 Y 2 1 1 Y 38|2 Y

1579 Y 2 1 1 Y 6.1 Y

1515 Y 2 1 1 Y 4216 Y

1818 Y 2 1 1 Y 16/9 Y

1721 Y 2 1 1 Y 18/9 Y

1662 Y 2 1 1 Y 14/5 Y

1504 Y 3 2 1 Y 157 Y Y 12.0 12.0 Y
1710 Y 3 2 1 Y 15]7 Y Y 12.0 12.0 Y
1643 Y 3 2 1 Y 157 Y Y 12.0 12.0 Y
1308 Y 2 1 1 Y 16|18 Y Y Y 12.0 4.0 Y
1476 Y 2 1 1 Y 16,8 Y Y Y 12.0 4.0 Y
1400 Y 2 1 1 Y 16|18 Y Y Y 12.0 4.0 Y
1193 Y 2 1 1 Y Y

1193 Y 2 1 1 Y Y

1299 Y 2 1 1 Y Y

1355 Y 2 1 1 Y Y

1099 50.0 Y 2 1 1 Y| 27.7 Y Y 10.0 10.0 Y

996 50.0 Y 2 1 1 Y| 25,2 Y Y 10.0 10.0 Y
1416 65.0 Y 2 1 1 Y 26.9 Y Y 2.0 Y Y

1221 65.0 Y 2 1 1 Y| 26.2 Y 2.0 Y Y

1375 65.0 Y 2 1 1 Y 24.6 Y 2.0 Y Y

1406 65.0 Y 2 1 1 Y 18.8 Y 2.0 Y Y

1693 55.0 Y 2 1 1 Y| 118 Y Y 8.0 Y Y
1907 55.0 Y 2 1 1 Y| 2Y Y 8.0 Y

1595 55.0 Y 2 1 1 Y 45 Y Y 8.0 Y Y
1682 55.0 Y 2 1 1 Y| 214 Y 8.0 Y Y
1599 55.0 Y 2 1 1 Y| 193Y 2.0 Y Y
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B. Literature Archives Data (Imputed Data from SASQ3)

No avg_qdr LCSI barrier area lane_width 12 lateral 12 left_closed | work intensit hv day night length

1 1989 1.00 0 0 -1.6 14.4 1 0 16.8 0 0.6
2 1985 1.00 0 0 -1.6 13.8 1 0 22.8 0 0.6
3 2295 0.75 0 0 -1.9 17.9 0 0 34.4 0 1.4
4 2129 0.75 0 0 -1.9 17.1 1 0 30.1 0 0.7
5 1970 0.75 1 0 0.0 0.0 1 0 15.7 0 0.2
6 1933 0.75 1 0 0.0 0.0 1 0 15.7 0 0.2
7 1750 0.75 1 0 0.0 0.3 1 0 11.3 0 0.2
8 1726 0.75 1 1 0.0 3.6 1 0 27.3 1 3.4
9 1710 0.75 1 0 0.0 0.0 1 0 15.7 0 0.2
10 1643 0.75 1 0 0.0 0.0 1 0 15.7 0 0.2
11 1624 0.75 1 1 0.0 0.7 1 1 26.6 1 4.1
12 1504 0.75 1 0 0.0 0.0 1 0 15.7 0 0.2
13 1703 3.00 1 1 0.0 -5.1 1 0 26.3 1 2.6
14 1513 3.00 1 0 0.4 -3.1 1 0 33.1 1 0.6
15 1331 3.00 1 0 0.5 -2.0 0 1 23.7 1 0.9
16 1322 3.00 1 0 0.5 -1.2 0 0 14.4 1 1.7
17 1287 3.00 1 0 0.7 -2.5 0 0 27.0 1 0.9
18 1244 3.00 1 0 -0.1 -0.7 1 0 154 1 1.8
19 1234 3.00 1 1 -0.2 -5.7 1 1 8.8 1 3.6
20 1209 3.00 1 0 -0.9 -4.6 1 0 11.8 0 1.8
21 1145 3.00 1 1 0.0 -6.1 1 0 1.9 1 3.6
22 1065 3.00 1 1 0.0 -7.0 1 1 3.7 1 25
23 1035 3.00 1 1 0.0 -3.0 0 0 9.6 1 4.0
24 1014 3.00 1 0 0.0 -1.2 1 0 4.0 1 1.4
25 920 3.00 1 1 0.0 -7.0 1 1 2.9 1 2.5
26 878 3.00 1 1 0.0 -7.0 1 1 2.4 1 2.5
27 2252 0.50 0 0 -1.5 10.5 0 1 47.3 0 -0.2
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No avg_qdr LCSI barrier area lane_width 12 lateral 12 left_closed | work intensit hv day night length

28 1924 2.00 0 1 -3.2 10.7 0 0 38.2 0 5.1
29 1907 2.00 1 0 -1.3 -4.0 1 0 7.2 0 2.7
30 1885 2.00 1 1 -1.4 1.0 1 0 10.8 0 0.7
31 1864 2.00 1 0 0.9 -5.7 0 0 39.0 1 -0.4
32 1862 2.00 1 0 0.1 -6.7 0 0 324 0 0.2
33 1829 2.00 0 1 -3.1 9.0 0 0 294 0 4.7
34 1827 2.00 0 1 -1.9 0.9 0 0 18.8 0 6.9
35 1818 2.00 0 0 -1.5 3.2 0 0 16.9 0 0.3
36 1792 2.00 1 0 0.0 -8.0 0 0 16.8 0 0.2
37 1772 2.00 1 0 -0.4 -5.3 0 0 24.6 0 1.2
38 1721 2.00 0 1 -3.3 11.7 0 0 18.9 0 4.5
39 1716 2.00 1 0 0.0 -8.0 0 0 16.8 0 0.2
40 1693 2.00 1 0 0.3 -4.0 1 0 11.8 1 0.1
41 1682 2.00 1 0 0.1 -4.0 1 1 214 1 -0.2
42 1662 2.00 0 1 -3.2 8.4 1 0 14.5 0 35
43 1661 2.00 1 1 -2.5 2.4 1 0 36.5 0 5.3
44 1618 2.00 1 1 -1.8 -5.8 1 1 28.4 0 3.9
45 1608 2.00 1 0 -0.4 -3.7 0 0 31.3 0 -0.2
46 1601 2.00 1 1 0.0 -7.5 0 1 17.2 1 4.0
47 1599 2.00 1 0 1.4 -10.0 1 1 19.3 1 -4.1
48 1595 2.00 1 0 0.7 -4.0 0 0 4.5 1 0.1
49 1579 2.00 0 1 -2.8 3.2 1 1 6.1 0 4.2
50 1557 2.00 1 1 -2.4 -0.5 1 0 37.2 0 4.9
51 1552 2.00 0 1 -3.4 10.5 0 0 34.7 0 6.6
52 1545 2.00 1 1 0.0 -7.6 0 1 30.3 1 4.0
53 1515 2.00 0 1 -4.1 14.0 1 0 42.6 0 5.6
54 1476 2.00 1 0 0.0 -8.0 0 0 16.8 0 0.2
55 1469 2.00 1 0 0.4 -5.1 0 0 25.0 1 0.5
56 1455 2.00 1 0 0.7 -6.8 0 0 10.0 1 -0.7
57 1449 2.00 1 0 0.2 -5.5 0 0 12.0 0 0.6
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No avg_qdr LCSI barrier area lane_width 12 lateral 12 left_closed | work intensit hv day night length

58 1430 2.00 1 1 -0.1 -7.8 0 0 21.0 1 4.0
59 1428 2.00 1 0 1.3 -14.6 1 1 16.1 1 0.8
60 1416 2.00 1 1 -0.9 -10.0 0 1 26.9 0 4.0
61 1411 2.00 1 1 0.0 -4.1 1 0 12.8 1 0.2
62 1406 2.00 1 1 -0.9 -10.0 0 1 18.8 0 4.0
63 1400 2.00 1 0 0.0 -8.0 0 0 16.8 0 0.2
64 1397 2.00 1 1 -2.0 -2.0 1 0 25.2 0 4.0
65 1393 2.00 1 1 0.4 -9.6 0 0 28.0 1 2.8
66 1390 2.00 1 0 1.0 -7.1 0 0 22.0 1 -1.1
67 1383 2.00 1 1 -0.4 -9.7 0 0 7.0 0 4.0
68 1375 2.00 1 1 -0.9 -10.0 0 1 24.6 0 4.0
69 1362 2.00 1 0 0.3 -6.6 0 0 6.0 0 0.1
70 1355 2.00 1 1 -1.3 -6.1 0 0 21.2 0 5.3
71 1337 2.00 1 1 -2.0 -2.0 1 0 27.7 0 4.0
72 1337 2.00 1 1 0.0 -4.2 1 0 17.4 1 0.2
73 1327 2.00 1 0 0.7 -7.5 1 1 31.0 1 -2.1
74 1327 2.00 1 1 -2.0 -2.0 1 0 27.7 0 4.0
75 1320 2.00 1 0 0.3 -7.2 1 1 32.0 1 -1.5
76 1308 2.00 1 0 0.0 -8.0 0 0 16.8 0 0.2
77 1299 2.00 1 1 -1.2 -7.8 0 0 27.5 0 5.4
78 1282 2.00 1 1 -2.4 -1.9 1 1 31.1 0 4.9
79 1263 2.00 1 1 -2.0 -2.0 1 0 25.2 0 4.0
80 1260 2.00 1 0 1.2 -14.5 1 1 17.8 1 0.8
81 1240 2.00 1 1 -2.0 -2.0 1 0 27.7 0 4.0
82 1221 2.00 1 1 -1.3 -10.0 1 1 26.2 0 4.0
83 1193 2.00 1 1 -1.3 -5.4 0 0 22.3 0 4.4
84 1193 2.00 1 1 -1.2 -6.9 0 0 20.2 0 4.9
85 1165 2.00 1 1 -2.0 -2.0 1 0 25.2 0 4.0
86 1160 2.00 1 1 0.0 -5.5 0 0 14.0 1 4.0
87 1160 2.00 1 1 0.0 -9.1 1 0 30.7 1 4.0
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No avg_qdr LCSI barrier area lane_width 12 lateral 12 left_closed | work intensit hv day night length

88 1099 2.00 1 1 -2.0 -2.0 1 0 27.7 0 4.0
89 1094 2.00 1 0 0.5 -6.2 0 0 11.0 1 -0.2
90 996 2.00 1 1 -2.0 -2.0 1 0 25.2 0 4.0
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C. Freeway Work Zone Capacity Model Development

1. Modeling Approach

Using each dataset obtained for the project, theareh team developed six different
scenarios and validate freeway work zone capaattgals as shown in Table 1.

Table 1. Model Development and Validation Scenarios

Scenario Model Development* Model Validation*
I Literature (90) Field (81)
Il Field (81) Literature (90)
-2 Field (100) Literature (90)
-1 75% of Literature (68) and 25% of Literature (22) and
disaggregated Field (61) disaggregated Field (20)
) 75% of Literature (68) and o . :
-2 disaggregated Field with headways (75) 25% of Literature (22) and Field (25)
5 .
-3 75% of Literature d(e(s%) and aggregated oo, ot | iterature (22) and Field (2)

* (): sample size available in developing anddating models

The table distinguishes literature and field-badai@ sets. For the literature data, a total of
90 data sets were available, which were used imast®l, and then validated against field
data.

For the field data, the research team collected atal 3 work zones with different
configurations which would result in only 13 datangs if an aggregated regression
approach were used. Furthermore, three of thewies characterized by maximum flow
conditions in the video observations that were Wwatapacity. For these sites, the research
team estimated capacity based on saturation headvaightly-spaced platoons. However,
these “headway data” may offer a different capaitign the queue discharge rates observed
at the other sites. Due to the low number of &iasi capacity observations in the site-
aggregated data set, the team decided to use digmggd data points by applying five-
minute queue discharge observations in the modeling resulted in a significantly larger
number of data points with 81 observations for niadeapproach Il. If disaggregated
headway data from the three below-capacity sitesised, the sample size increases to 100
observations from the field data. Model Il is thextidated against the literature data.

For modeling approach lll, the literature and fiditasets are combined. In the modeling
approach, 75% of the data are used for model dpwetat, and 25% reserved for validation.
Three different variations of approach Il were éoypd; they are distinguished by (1)
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whether or not the team used the headway data2anwehether the team allowed multiple
observations per (field) site to enter the modals®d only the site aggregated field data.
The research team developed and validated modeddl fecenarios shown in Table 1 to find
the most reliable freeway work zone capacity moddie process of the developing and
validating models for each scenario is presentedarfollowing subsections.

2. Model Results

This section presents results for the five modetipgroaches described above. Each section
presents a discussion of the data and potentigimgisiata, a correlational analysis, model
development details, and finally validation results

2.1 Scenario | Model Development (Literature Model)

The research team had collected capacity datadimguhumerous variables from literature
archives. A total of 90 datasets were finally ecled and converted into the average queue
discharge rate concept as previously reportedamtlarterly progress report. The number of
datasets obtained in the literature archives &vpting amount of quantity for the research
team as it is likely to bring more confidence floe imodels that would be developed using a
regression method. However, the team also obserl@dof missing data in the literature
archives as each previous research was perfornost different conditions. So, it would be
a challenge for the research team to derive valmhcity models from the literature archives
with missing data arbitrarily.

2.1.1 Literature Archives Data Collection

The team initially found 128 datasets in the litera archives and it was reduced to 90
datasets, eliminating some of them showing no dapacity definition and estimation
method in the literature. All of the 90 datasets@vconfirmed how their capacity values
were defined, pre-breakdown or queue discharge aateestimated, maximum or average,
for the study. As previously reported, all of tagpacity values in the literature archives
were converted into the conceptasferage queue discharge flow rat€he field data
collection also follows the same concept to be isbast with the models to be developed
using the literature archives. It should be alsted that the research team has enhanced the
literature archives since the initial data set vegorted in the previous QPR as some of
information were confirmed through additional exaation of the literature. The final
literature archives are attached in the appendix A.

As the literature archives were based on numenmaes with different purposes and
available resources, the team observed a lot dfingslata because each study utilized
different variables more or less. The followingtsen explains how the team analyzed the
missing data including correlation and interactdvariables in developing a freeway work
zone capacity model from literature archives.

2.1.2 Missing Data Analysis
The first thing to do in the missing data analysi® observe missing data in the literature
archives. In that observation, the research tegraaed to estimate missing data for each
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variable and case. Table 2 shows independentblasianissing data with its percentage for

a total of 90 cases.

Table 2. Independent Variables Missing Data

Independent Variables Number of Missing Data Pdrn
LCSI 0 0
barrier type 6 7
area 7 8
lane_width — 12 56 62
lateral — 12 63 70
left_closed 11 12
work_intensity 44 49
police 75 83
hv 14 16
day_night 18 20
speed_limit 41 46
length 43 48

In Table 2, the lane configuration variableC'SI’, does not have missing data but the
variable of police shows 75 missing data out of 90 cases, evaluatir@p percent of

missing data. In the cases l#rie_width — 12and ‘lateral — 12 variables, they also show
relatively high number of missing data as 56 andré8pectively. It is apparently anticipated
that some high percentage of missing data variarkeskely to impact freeway work zone
capacity modeling process if they were includethdependent variables in the model.
Consequently, the variable gfdlice is eliminated in the analyses of hereafter toehav

reliable and sound results of analyses.
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Table 3. Result of Missing Data Set

Number of Missing Data Number of Dqta Set/ Percent '(%) /
Accumulation Accumulation (%)
0 0/0 0/0
1 8/8 9/9
2 9/17 10/19
3 31/48 34 /53
4 4/52 4/58
5 12/ 64 13/71
6 11/75 12/83
7 7182 8/91
8 4/ 86 4/96
9 4/90 4/100
10 or more 0/90 0/100
Total 90/90 100/ 100

Table 3 presents a number of missing data in teescaf the literature archives. For
example, there is no case in the literature arshivighout any missing data, and there is 8
cases having one missing data in the total of 88@sand it corresponds to a 9 percent point
of total data set. The most common case is ha¥imgssing data as 31 observations out of
90 cases do. Accumulation data are also presanted table.
After the observation of missing data, there cdaddwo methods of processing missing data
in general: 1) using only valid data or 2) definneglacement values for missing data. In the
case of the using only valid data, it will redube humber of valid data set too small to
analyze. Since every case has at least one midatagas shown in Table 3, it is also
impossible to analyze data with only valid data $dbreover, because missing data are
observed randomly in the cases, even a small nuaflmeissing data results in massive
reduction of sample size when only trying to uskdvdata.
As a result of available data consideration, tlaentesed the second method, defining
replacement values for missing data, with the frelm a statistical program, SAS 9.3. In
replacing missing values, there could be severgbkvaa listed below:

Hot or cold deck imputation: to replace only migsttata with other representative data

Case substitution: to replace a whole case withralhta set

Mean substitution: to replace missing data withugranean values

Regression imputation: to replace missing dataguaimegression method with other

variables in the data set

MCMC (Markov Chain Monte Carlo) method: a defaulethod in SAS creating

pseudorandom draws through Markov chains.

Every method in handling missing data has advastagd disadvantages. For example, the
mean substitution method is the most widely usethatg having an advantage of easiness
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of replacing missing data, but this method is kel understate variance causing bias in the
analysis. For regression and MCMC methods, contipat assistance is critical in the
large number of variables and missing data. Hawimgof the most powered statistical
program available, SAS9.3, the research team toiedplace missing data using the MCMC
method for the study. The data set replaced ngs$ta using the MCMC method in
SAS9.3 as presented in Appendix B.

Later in developing freeway work zone capacity nieadth the MCMC method, the team
used multiple imputation (Ml) technique that isaeded as a superior method to a single
imputation. The MI method analyzes missing datagier combining several plausible
single imputation result to consider true valuenidsing data.

2.1.3 Correlation Analysis

When there is a high relationship between indepatnriables, it is a condition of having
the problem of collinearity. One of the most wiallewn methods to examine the collinearity
is to investigate a Pearson correlation matrixcalt be obtained from the equation below:

NS _
XYSZ Y~ ~
Y Z
where,
Xysz= correlation coefficient,
[\] "5 _ = covariance between the two variables,

"y = standard deviation of variabteand
", = standard deviation of variabje

The results of the correlation calculation shovdegree of relationship between two
variables analyzed ranging from -1 to 1. The valiel represents a perfect negative
relationship between the two variables whereasdhee of 1 shows a perfect positive
relationship. The value of zero characterizestierte is no correlation between the two
variables analyzed.

Table 4 shows the results of correlation analysiofiginal data having 11 dependent and
independent variables defined in previous sectibshould be noted that the variable of
‘policeé was not analyzed as it has too many missing (B8aercent) as explained
previously. Figure 1 depicts a scatter plot magexerated from SAS9.3 program for
correlation analysis of the variables.
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Table 4. Results of Correlation Analysis (Originaldata set with missing data)

- n/a: estimation of correlation is not feasibleedi®o missing data
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Figure 1. Scatter Plot Matrix for Correlation Analy sis (Original data set with missing
data)

As seen in Table 4 and Figure 1, some correlagsnolts show that the absolute value of
more than 0.9, which is usually a threshold ofréoss correlation problem. The correlation
results betweerlateral_distance_12andwork_intensityand ‘lane_width_12andlength
show correlations with the absolute values of ntbam 0.9. The results presented here are
further analyzed and presented in developing frgema@k zone capacity models in the
following section.
Table 5 shows the results of correlation analysisrhputed data having 11 dependent and
independent variables defined in the previous sectiThe variable ofgolic€ was not
analyzed with the same reason explained previousiyure 2 depicts a scatter plot matrix
generated from SAS9.3 program for correlation asalgf the variables.
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Table 5. Results of Correlation Analysis (Imputed dta from SAS9.3)

Figure 2. Scatter Plot Matrix for Correlation Analy sis (Imputed data from SAS9.3)
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In Table 5 and Figure 2, all correlation resultewgtihat the absolute value of less than 0.9,
which is usually a threshold of a serious corretaproblem. However, the correlation

results betweerléngthandared and ‘lateral_12andbarrier’ show relatively high relations
with the values of close to 0.9. The results presthere are further analyzed and presented
in developing freeway work zone capacity modelthafollowing section.

2.1.4 Independent Variables Analysis
Table 6 is presented to show the results of vagghhalysis. As seen in the table, three main
categories were separated by data availabilitgficel to capacity, and correlation issue.
In the data availability, depending on the percgataf missing data for each variable, 5
different criteria were used as shown below:

Very high: no missing data

High: missing data less than 20 (%)

Medium: missing data from 20 to 40 (%)

Low: missing data from 40 to 60 (%)

Very low: missing data more than 60 (%)

For the relation to average QDR, the team presdhtecelationship first whether variables
shows intuitive or counterintuitive relation witkieaage QDR, and then the degree of relation
was also presented separated by high, mediumyor For instance, the team observed high
intuitive relation between average QDR dradrier variable as shown in the figure.

Finally, the correlation issue represents the tesflthe correlation analysis performed using
an original data set. Any correlation results simgwnore than 0.9 were assessed as having
correlation issue. If any variable has a correfatssue, its counterpart is also presented in
the table.
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Table 6. Results of Independent Variables Analysis
Analytical Assessment

Variable Unit Data Further
' i Analysis
Availability Relation to Average QDR Correlation Issue Yy
LCSI n/a Very high Intuitive-high No Yes
barrier n/a High Intuitive-high No Yes
area n/a High Intuitive-high No Yes

Original: Intuitive-high
Imputed: Counter intuitive
Original: Partially intuitive

lane_width — 12 ft Very low Yes-speed_limit Yes

lateral — 12 ft Very low Imputed: Intuitive-high Yes- work_intensity  Yes
left_closed n/a High Not distinctive No Yes
work_intensity n/a Low Counter intuitive-low Yes- lateral — 12 Yes
police n/a Very low Intuitive-high No No
hv % High Intuitive-low?! No Yes
day_night n/a Medium Intuitive-medium No Yes
speed_limit mph Low Counter intuitive-medium Yes- lane_width2; No
length mile Low Not distinctive No Yes

! Average QDR with the converted unit of ‘vphpl’
2 Based on an original data set

Throughout the analytical assessment, the reséaaoh narrowed the number of
independent variables down to 10 because SAS9.aklago analyze a maximum of 10
variables at the same time providing the resul@ligflausible combinations of variables.
Hence, as shown in the table, two variabpedice andspeed_limitwere selected as having
the least effect on average QDR in literature arehiand they are not further analyzed
hereafter.

2.1.5 Statistical Assessment

In this statistical assessment, the team analyzetabof 10 independent variables presented
in a previous section (Table 6) using two differstattistical methods: ranking method and
sequential method. For a ranking method, two differesults of analyses were obtained
using SAS9.3 program such as adjusted R-squardlaikle Information Criterion (AIC)
statistic. For a sequential method, three appesmshch as forward selection, backward
elimination, and stepwise selection are analyzezktomine variables. Each of the analyses
results is presented in the following subsectidhshould be also noted that all the analyses
were performed based on data imputed using a SAB88dsam as explained previously.

Ranking Method (Adjusted R-square)
In a regression analysis, as the number of paramestimated in the model increase, an R-
square value increases all the time. So, the tdju8-square method delivers a penalty for
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each parameter used as a coefficient in the moldet. adjusted R-square is obtained from
the equation printed below:

g#9

3
g#h#g  °FH

7abcdefa B 9#

Where,
n = number of sample size,
k = number of parameters estimated in the model, and
R = coefficient of determination.

In the adjusted R-square ranking method, the higprsted R-square value is, the better
model is. Using SAS9.3 program, the team obtaalkithe adjusted R-square values for all
combination of a total of 10 independent variabl&able 7 shows the results of adjusted R-
square analysis separated by the number of vasialsked for creating combinations.

Table 7. Results of Adjusted R-square Analysis
Number of 95th

vari Count Minimum Average Median , Maximum
ariables percentile
All 1023 -0.0010 0.4718 0.4967 0.6025 0.6236
10 1 0.6087 0.6087 0.6087 0.6087 0.6087
9 10 0.5780 0.6001 0.6004 0.6135 0.6135
8 45 0.4744 0.5856 0.5913 0.6168 0.6181
7 120 0.3445 0.5634 0.5841 0.6060 0.6216
6 210 0.3053 0.5320 0.5459 0.6033 0.6236
5 252 0.1634 0.4896 0.4959 0.5937 0.6071
4 210 0.0894 0.4330 0.4460 0.5825 0.6088
3 120 0.0357 0.3580 0.3940 0.5360 0.5941
2 45 0.0108 0.2604 0.2967 0.4349 0.5300
1 10 -0.0010 0.1389 0.1000 0.3607 0.3949

As seen in Table 7, a total of 1,023 combinatioosf10 variables ¢ -1 = 1,023) were
created and tested to estimate adjusted R-squluesvaTlhe adjusted R-square value ranges
from -0.0010 to 0.6236 and the maximum value i2865from using the 6 variables. For
each number of variable case, having the maximyostetl R-square combination is
presented in Table 8. As seen in the table, thari@bles combination shows the highest
adjusted R-square value as 0.6236, which has indiepe variables such &€SlI, barrier,
lane_width_12, latral_12, handday_night
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Table 8. Combination of Variables Having the HighesAdjusted R-square
Number of Adjusted R-
Variables R-square square

Combination of Variables

LCSI barrier area lane_width_12 lateral_12 left_séal

10 0.6087  0.6526 work_intensity hv day_night length

LCSI barrier area lane_width_12 lateral 12 left séa hv

9 06135  0.6526 0" iihtlength

LCSI barrier lane_width_12 lateral_12 left_closed h
day_night length

0.6216 0.6514 LCSI barrier lane_width_12 lateral_12 hv day_nidgrigth
0.6236 0.6490 LCSI barrier lane_width_12 lateral_12 hv day_night
0.6071 0.6292 LCSI barrier area left_closed hv

0.6088 0.6263 LCSI barrier area hv

0.5941 0.6078 LCSI barrier area

0.5300 0.5406 LCSI barrier

0.3949 0.4017 LCSI

8 0.6181 0.6525

PN WS~ oo N

Ranking Method (AIC)

One of well-known methods in model selection is ikkdnformation Criterion (AIC). The
AIC method ‘measures the difference between a gwedel and the “true” underlying
model’. The AIC value can be obtained from theagmgun as shown below:

A
716 gjkg $ T'; @h;9
Where,
n = number of sample size,

SSE= error sum of square, and
k= number of parameters estimated in the model.

In the AIC ranking method, the first term represesmgoodness of fit and the second term
means a penalty for additional parameters. Scase of the AIC analysis, the smallest AIC
means the best model with selected variables. gUusiBAS9.3 program, the team obtained
all the AIC values for all combination of a totdlX® independent variables. Table 9
presents the results of AIC analysis separatettidytimber of variables used for creating
combinations.
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Table 9. Results of AIC Analysis

%ﬁggg Count Minimum Average Median perc5::ntile Maximum
All 1023 943.5 970.7 968.5 949.0 1026.8
10 1 950.6 950.6 950.6 950.6 950.6
9 10 948.6 921.6 951.6 948.6 956.5
8 45 946.6 953.8 952.7 946.9 975.4
7 120 944.9 957.3 953.4 948.5 994.3
6 210 9435 962.3 960.4 948.2 998.7
5 252 946.4 968.8 968.9 949.5 1014.5
4 210 945.1 977.0 976.4 951.0 1021.2
3 120 947.5 987.0 983.6 959.5 1025.4
2 45 959.7 908.8 996.0 976.3 1026.7
1 10 981.5 1012.0 1017.2 986.3 1026.8

As seen in Table 9, a total of 1,023 combinatisosf10 variables ¢ -1 = 1,023) were
created and tested to estimate AIC values, anchthenum value is 943.5 from using the 6
variables. The AIC value ranges from 943.5 to 182@-or each number of variable case,
having the minimum AIC combination is presented able 10. As seen in the table, the 6
variables combination shows the lowest AIC valu84#8.5, which has independent variables
such a4 CSlI, barrier, lane_width_12, lateral_12, handday_night A further statistical
analysis for each coefficient variable is followiadhe next section.
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Table 10. Combination of Variables Having the LowesAIC

l\\I/L;rHZSIrezf AIC Combination of Variables

10 956.6 LCSI t_)arrier area lane_width_12 lateral_12 left_séaul work_intensity hv
day_night length

9 948.6 LCSI barrier area lane_width_12 lateral_12 left_séml hv day_night length

8 946.6 LCSI barrier lane_width_12 lateral 12 left_closeddeay night length

7 944.9 LCSI barrier lane_width_12 lateral_12 hv day_nidgnigth

6 943.5 LCSI barrier lane_width_12 lateral_12 hv day_night

5 946.4 LCSI barrier area left_closed hv

4 945.1 LCSI barrier area hv

3 947.5 LCSI barrier area

2 959.7 LCSI barrier

1 981.5 LCSI

Sequential Method (Forward Selection)

The forward selection sequential method of selgatidependent variables starts with no
variables in the model. The method adds a variaiéeby one once the variable satisfies a
certainp-value of calculate& statistics. If there are more than 2 variablesishg
significantF statistics, then the most significant variabladsled first, and then the selection
continues to find the next variable with a sigrafitF statistics. The defautkvalue in
SAS9.3 is 0.05 and the team uses the same value.

Table 11 presents the result of forward selectiethad in analyzing a total of 10 variables
selected previously. Starting from no variableshestep adds one variable having the most
significantF statistics until there is no more variables witrzalue less than 0.05 as a
threshold.

Table 11. Result of Forward Selection Method

Variable Standard
Step Selected R-square Error F Value Pr>F
1 LSCI 0.4017 39.68 59.08 < 0.0001
36.48 47.65 < 0.0001
2 LSCI 0.5406 61.72 26.31 <0.0001
LSCI 34.78 40.79 < 0.0001
3 barrier 0.6078 57.68 34.74 < 0.0001
area 40.96 14.72 0.0002

161



As seen in Table 11, SAS9.3 provides the resudtfofal variable selection in step 3 as
havingopen_ratiq barrier, andarea

Sequential Method (Backward Elimination)

The backward elimination sequential method selgatidependent variables starts with all
candidate variables in the model. The method eglatvariable one by one once the variable
does not satisfpg-value of calculate statistics. If there are more than 2 variablesshg
insignificantF statistics, then the least significant variabldeteted first, and then the
elimination process continues to find the nextatale that does not have signific&nt
statistics. The defauftvalue in SAS9.3 is 0.1 and the team uses the satue as a
threshold.

Table 12 presents the result of backward elimimati@thod in analyzing a total of 10
variables selected previously. Starting from alliables included, each step eliminates one
variable having the least significdntstatistics until there is no more variables withr\aalue
more than 0.1.
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Table 12. Result of Backward Elimination Method

Step Variable R- Standard Error F Value Pr>F
Selected | square
1223 o1 00215
barrier ) ) )
area 91.0 0.02 0.8852
lane width 12 69.3 2.47 0.1197
lateral 12 7.7 3.32 0.0722
O | jeft closed | 96926 52.3 0.27 0.6071
work_intensity 55.5 0.02 0.8999
hv. 2.5 5.24 0.0247
day_night 98.4 2.88 0.0935
length 20.6 0.42 0.5174
LCS| 49.8 7.51 0.0076
barrier 113.3 6.67 0.0116
area 90.2 0.02 0.8904
lane_width 12 68.8 2.50 0.1179
lateral 12 6.9 3.86 0.0528
L left_closed 0.6526 50.0 0.25 0.6157
work—intensity - - -
hv 2.5 5.51 0.0214
day_night 96.9 2.91 0.0917
length 20.4 0.44 0.5114
LCS| 46.5 8.31 0.0051
barrier 111.4 7.01 0.0097
area _
lane_width 12| 0.6525 60.0 3.56 0.0626
2 lateral 12 6.3 4.96 0.0288
left closed 49.7 0.26 0.6132
“hv 2.4 5.97 0.0167
day_night 82.6 4.36 0.0400
length 16.9 0.79 0.3776
LCSI 44.11 8.27 0.0051
barrier 96.70 11.13 0.0013
lane_width 12 51.04 6.41 0.0133
lateral 12 6.25 4.88 0.0299
3 left_elosed 0.6514 : ) )
hv 2.26 7.74 0.0067
day_night 72.55 7.00 0.0098
length 15.51 0.57 0.4543
LCSI 43.80 7.98 0.0059
barrier 95.50 12.14 0.0008
lane_width 12 33.13 22.85 <.0001
4 lateral_12 0.6490 5.76 7.32 0.0083
hv: 2.24 8.33 0.0050
day_night 65.51 10.79 0.0015
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As seen in Table 12, SAS9.3 provides the resudtfofal variable selection in step 4 as
havingLCSI barrier, area, lane_width_12, lateral 12, hapdday_night which is an
identical outcome compared to the ranking methéetten. For each step, a variable
showing the least significaftstatistics (the largegtvalue) is eliminated if it has more than
0.1p-value.

Sequential Method (Stepwise)

The stepwise regression sequential method seleciilgpendent variables starts with no
variables in the model, same as a forward seleatietnod. The method adds a variable one
by one once the variable satisfies a cenpeualue of calculateé statistics. A variable

having the most significari statistics is added in the model first, and thenrtext

significant variable is examined in the method.tiAs$ time, the existed variables should also
satisfy a certaip-value to stay in the model. Consequently, thehogheeds to be provided
two differentp-value thresholds, one is for a selection and theras for a stay. The team
usedp-values of 0.2 and 0.1 for a selection and stagstiwld, respectively, and the results of
the analysis is presented in Table 13.

Table 13. Result of Stepwise Regression Method
Variable Standard
Step Selected R-square Error F Value Pr>F
1 LCSI 0.4017 39.68 59.08 < 0.0001
LCSI 36.48 47.65 < 0.0001
2 barrier 0.5406 61.72 26.31 < 0.0001
LCSI 34.78 40.79 < 0.0001
3 barrier 0.6078 57.68 34.74 < 0.0001
area 40.96 14.72 0.0002
LCSI 35.21 33.71 < 0.0001
barrier 57.47 30.98 <0.0001
4 area 0.6263 40.79 17.62 < 0.0001
hv 2.15 4.23 0.0428

As seen in Table 13, SAS9.3 provides the resudtfofal variable selection in step 4 as
having LCSl barrier, areg andhv, which has identical results with a forward selecti

2.1.6 Result of Variables Selection

As a result of the statistical assessment, Tabls pdesented to see the best fit variables
selection for each method examined previously. @yservation in the results is that 2
major variablesl.CSlandbarrier, are common regardless of assessment method in the

analyses.
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Table 14. Results of Variables Selection

Assessment Method Variables Selected CNaOse
Adjusted R- LCSI, barrier, lane_width_12, lateral 12, hv, 1
Rankin square day_night
g LCSI, barrier, lane_width_12, lateral_12, hv,
AIC : 1
day_night
Forwa_rd LCSI, barrier, area, hv 2
Selection
Sequential Backward LCSI, barrier, lane_width_12, lateral_12, hv, 1
Elimination day_night
Stepwise LCSI, barrier, area, hv 2

Using variables selected in Table 14, the teamfindker statistical analyses using SAS9.3
to estimate variables before developing freewaykwone capacity model from literature
archives. There are 2 cases of variables combmaiid the results of the statistical test is

presented in Table 15.

Table 15. Results of Variables Analyses

Case 1

Case 2

As seen in Table 15, it is observed that the végiabhv shows a positive value estimate,
which is not intuitive as it means that average QbdReases as the percentage of heavy
vehicles increases. The team understands thaethey vehicle effects on average queue
discharge rate is already included in the valugab®faverage QDR when they were
converted into the unit of passenger car.
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As a result of variable analyses including missiata consideration, the research team plans
to develop a freeway work zone capacity model utied3 variabled,CSl, barrier,and
areg, as presented in the following section.

2.1.7 Model Development

Having 3 independent variables selected previou€)l, barrier,andarea,the research
team developed freeway work zone capacity modétgyBAS9.3 statistical program in the
type of both additive and multiplicative as shoveidw. Each type of model also shows an
example calculation for its application.

Additive Type
SAS9.3 program was used to develop an additive afpeodel and the results of the
program is presented in Figure 3 and Figure 4.

Figure 3. SAS9.3 Results (Additive Type Model-Scena )
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Figure 4. SAS9.3 Results Diagram (Additive Type Moel-Scenario )

From the results presented above, an additivedspacity model is shown below:

Average QDR = 2,304: 222foCSI - 339xfbarrier - 157xfarea

where,
Average QDR average queue discharge flow rate (pcphpl),
fcsi = :
farie = 0: concrete, 1: cone or PE drum, and
farea = 0: urban, 1: rural.

Ex) 3 to 1 lane configuration, cone barrier, urbasa
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Average QDR = 2,301 — 222 x (1/((1/3)*1)339 x 1 — 157 x 0
= 1,295 (pcphpl)

Multiplicative Type
SAS9.3 program was used to develop an additive aypeodel and the results of the
program is presented in Figure 5 and Figure 6.

Figure 5. SAS9.3 Results (Multiplicative Type ModeBcenario I)
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Figure 6. SAS9.3 Results Diagram (Multiplicative Tpe Model-Scenario 1)
From the results presented above, a multiplicdtipe capacity model is shown below:

Avel’age QDR = 2,109 xmei#ZD@gn& fbarrier X farea

where,
Average QDR average queue discharge flow rate (pcphpl),
fcsi = ,
barrie = 1: concrete, 0.8072: cone or PE drum, and
farea = 1: urban, 0.9070: rural.
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Ex) 3 to 1 lane configuration, cone barrier, urbasa
Average QDR = 2,109 8P39 x 0.8072 x 1
= 1,343 (pcphpl)

2.1.8 Model Validation
An additive type freeway work zone capacity modmlaloped from literature archives was
validated using field data collected by the redeé®am as presented in Table 16.

Table 16. Capacity Model Validation (Multiplicative Type Model-Scenario 1)

. Additive
Total Lang Open Lang Barrier Area F(|e(I:d E ell;a HC(MCZgll(; ** Model Prediction

pcphp pcphp (pcphpl)

4 3 cone urban 1810 1579 1863

3 2 concretq urban 1535* 1526 2135

cone urban 1718 1526 1795

2 2 concretd  urban 1922 n/a 2190

2 1 cone rural 1339 1474 1360

3 1 cone urban 1232 1526 1295

* Extremely small lateral distance for both sides
** Heavy vehicle adjustment using,= 0.95

As seen in Table 16, the scenario | model pre@deesage QDR close to field data except 3
to 2 (concrete and urban) and 2 to 2 cases. madhe 3 to 2 lane configuration, the field
data was collected in Los Angeles, and the teawgrézed that the site had extremely small
lateral distance on both sides of lane closurecabe of the 2 to 2 lane configuration, the
developed model seems to over-predict a capacitee\@mpared to field data collected.
Figure 7 is depicted to show model predictions flmsth HCM2010 and newly developed
models. The x-axis represents field average QOR aad y-axis represents model
predictions. The one to one ratio line (dashed)gs shown to present a perfect prediction.
One thing noticed in the figure is that the HCM rabdoes not vary showing very limited
changes, whereas the scenario | model variessh@oing generally over estimate capacity.
This is also well presented in Figure 8, which sk@@mparable condition of capacity data
from field data, HCM model, and scenario | model.
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Figure 7. Capacity Model Validation Diagram 1 (Addtive Type Scenario | Model)

Figure 8. Capacity Model Validation Diagram 2 (Addtive Type Scenario | Model)

2.2 Scenario lI-1 Model Development (Field Data Mid

The research team collected capacity data in #he $ieparated by detailed study and video-
only study. A total of 13 average datasets werallfy collected with various variables that
are likely to affect freeway work zone capacityowever, the number of datasets is not
enough to develop a regression model if only avedga are utilized. As such, the team
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expanded the field dataset using the first 10 \aierage queue discharge data for each site,
which was estimated by a 5-minute aggregation. réh®ining subsections explain the
process of data collection and model developmemt fiield data collected.

2.2.1 Field Data Collection and Expansion

The team has tried to collect field data consideéoduave a wide range of field conditions to
make a freeway work zone capacity model that carepeesentative throughout various
circumstances. Table 17 presents field data daleand expansion showing a total of 81
datasets expanded using the first 10 valid 5-miautgage QDR datasets for each site. Itis
worthwhile to note that several sites do not shaeug discharging condition having low
volume condition throughout the video data collecti Especially, all the 2 to 1 lane
configuration sites do not have queue dischargorglition, which is likely to affect in
developing freeway work zone capacity models usinlg field data with queuing condition.

Table 17. Field Data Collection and Expansion

Average .
?ysg No Freeway Site Conlﬁggfation QDR Efggri?é?l
(pcphpl)
1 I-95 (SB) Richmond, VA 3tol 1376 10
Detailed 2 1-95 (NB) Richmond, VA 3tol 1104 10
3 [-5 Los Angeles, CA 3to2 1535* 10
4 1-40/440 Raleigh, NC 2102 2008 10
5 I-95 (SB) Richmond, VA 3tol 1215 10
6 1-895 Baltimore, MD 2t02 1470** n/a
7 I-15 Las Vegas, NV 3to2 1788 10
Video- 8 I-80 Elko, NV 2to 1 378** n/a
only 9 1-40 Forest _Clty, AR 2tol 1095** n/a
10 1-40/440 Raleigh, NC 310 2 | under reduction -
11 [-95 Woodbridge, VA 3to2 1556 10
12 [-95 Woodbridge, VA 3to2 1810 9
13 [-10 Tucson, AZ 4103 1810 2

* Extremely small lateral distance for both sides
** Low volume condition

2.2.2 Variables Analysis
Having the same statistical assessment explaintdgkiprevious section, the team found
several substantial variables as presented in Table
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Table 18. Results of Variables Selection

Assessment Method Variables Selected CNaOse
Adjusted R- LCSI, day_night, left_closed, lateral_12, hv, 1
Rankin square work_intensity, on_ramp, length
g LCSI, day_night, left_closed, lateral_12, hv,
AIC . ; 1
work_intensity, on_ramp, length
Forward .
Selection LCSI, day_night, left_closed, hv, on_ramp, length 2
Sequential Backward LCSI, day_night, left_closed, barrier, lateral_1®, 3
Elimination on_ramp, length
Stepwise LCSI, day_night, left_closed, hv, on_ramp, length 2

Using variables selected in Table 18, the teanhéuranalyzed the data using SAS9.3 to
estimate variables before developing a freeway wzorle capacity model from expanded
field data. There are 3 cases of variable comianatand the results of the statistical test is
presented in Table 19.

173



Table 19. Results of Variables Analyses
Casel Case 2

Case 3

As seen in Table 19, all three cases do not sh@roppate coefficient estimates in many
variables. For example, the case 1 and 3 shovsitiyocoefficient estimate fdrCSland

case 2 has a positive coefficient estimatedfyy _nightvariable, which both seem
counterintuitive. This result was expected byridggearch team since the expanded field data
did not have any 2 to 1 lane configurations atveltlich should affect model development
considerably.

As a result of variables analyses including staatassessment, the research team concluded
not to develop capacity models using only the egpdrfield data. Instead, the team plan to
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develop freeway work zone capacity models usinglWvag converted capacity data in
addition to the expanded field data.

2.3 Scenario 1I-2 Model Development (Field Datahwiteadway Data)

To overcome a challenge of having field data witltbe 2 to 1 lane configuration, the team
tried to use headway data to convert them intoagyeegueue discharge rate data. If the
conversion is valid, the team could fully utilizelél data collected in various lane
configurations including the 2 to 1 case. Thedwihg subsections explain how the team
converted headway data into average queue dischateydata and developed capacity
models using the data collected and converted.

2.3.1 Headway Data Collection and Conversion
The team followed the 5-step presented below tieciodnd convert headway data into
average queue discharge flow rate:
- Step 1: determine a threshold of platooning coodifrom queue discharging sites

Step 2: collect headway data from low volume sites

Step 3: estimate pre-breakdown capacity (vphpl)

Step 4: calculate average queue discharge rateljvph

Step 5: adjust heavy vehicle factor (pcphpl)

In step 1, the team examined headway data fronralesites having queue discharge
condition. After the observation of thousands eddiways, it was reasonably concluded that
the 98" percentile of headway was about 5-seconds, whécare a threshold for a
platooning condition in the low volume sites.

In step 2, the team collected headway data forntotierolume sites considering the
platooning threshold, 5-seconds. Headway datanvdte than 10 platooning vehicles were
collected to find pre-breakdown capacity in thédaing step.

In step 3, the average platooning headway dataatetl in step 2 was converted into pre-
breakdown capacity; 3,600 / average headway = mgakldown capacity (vphpl).

In step 4, the pre-breakdown capacity was conventedaverage queue discharge rate using
capacity reduction factor £€0.1338) that was found by the research team iaunlad¢ysis of
literature archives.

In step 5, the average queue discharge rate wa®ited into passenger car unit using the
heavy vehicle percentage collected in the field.

As a result of the conversion process, the teamalbesto obtain 19 more dataset having 2 to
1 lane configuration as presented in Table 20aduhition to the previous expanded field
dataset, a total of 100 field dataset is used velde freeway work zone capacity model in
the following subsection.
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Table 20. Average QDR Conversion Results

Pre-
Site Number of | Avg Headway breakdo_wn Avg QDR Avg QDR
Headway (sec) Capacity (vphpl) (pcphpl)
(vphpl)
18 3.2 1141 988 1183
15 2.7 1350 1169 1400
18 25 1437 1245 1490
16 2.7 1321 1144 1370
11 2.7 1316 1140 1364
Elko, NV 11 2.9 1226 1062 1271
13 2.7 1330 1152 1378
13 3.2 1109 961 1150
13 3.0 1203 1042 1247
10 2.4 1481 1283 1536
F Ci 14 2.7 1340 1161 1419
O“ZSFE 1y, 14 23 1570 1360 1662
14 2.8 1273 1102 1347
31 1.6 2193 1900 1911
20 1.9 1855 1607 1616
Baltimore, 22 1.7 2069 1792 1803
MD 30 2.0 1801 1560 1570
15 1.8 1986 1720 1730
14 1.8 2030 1758 1769

2.3.2 Correlation Analysis

Table 21 shows the results of correlation analfgsisield data having 11 dependent and
independent variables defined in the previous sectFigure 9 depicts a scatter plot matrix
generated from SAS9.3 program for correlation asalgf the variables.

Table 21. Results of Correlation Analysis (Scenarit-2)
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Figure 9. Scatter Plot Matrix for Correlation Analy sis (Scenario 11-2)

As seen in Table 21 and Figure 9, some correla#sults show that the absolute value of
more than 0.9, which is usually a threshold ofréoss correlation problem. The correlation
results betweerlateral_distance_12andwork_intensityand ‘lane_width_12andlength

show correlations with the absolute values of nmibam 0.9. The results presented here are
further analyzed and presented in developing frgemak zone capacity models in the
following section.

2.3.3 Variables Analysis
As a result of the statistical assessment for sbesa Table 22 is presented to see the best fit

variables selection for each statistical selectathod examined previously.
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Table 22. Results of Variables Selection

Assessment Method Variables Selected CNaOse
Adjusted R- LCSI, day_night, left_closed, lateral_12, hv, 1
Rankin square work_intensity, on_ramp, length, area
g LCSI, day_night, left_closed, lateral_12, hv,
AIC ; ) 1
work_intensity, on_ramp, length, area
Forward LCSI, left_closed, barrier, lateral_12, hv,
) . : 2
Selection work_intensity, on_ramp, length
. Backward LCSI, day_night, left_closed, lateral_12, hv,
Sequential NS ; . 1
Elimination work_intensity, on_ramp, length, area
. LCSI, left_closed, barrier, lateral_12, hv,
Stepwise - X 1
work_intensity, on_ramp, length

Using variables selected in Table 22, the teanhéuranalyzed the data using SAS9.3 to
estimate variables before developing the freewarkwone capacity model from literature
archives. There are 2 cases of variables combmaiid the results of the statistical test is

presented in Table 23.

Table 23. Results of Variables Analyses (Scenarib2)

Case 1

Case 2

As seen in Table 23, it is observed that both chagsg many variables at the same time do
not show all intuitive coefficient estimates. Example, in case 1, th&SlIshould have a
negative sign and in case 2, therk_intensityshould also have a negative sign, but they

both have positive signs.

As a result of the variables analyses includingjsteal assessment, the research team

developed capacity models with 3 fundamental véegh CSl, area, barriey and 3
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tentative variableddteral _12, hv, on_ramp The model development process is followed in
the next subsection.

2.3.4 Model Analysis and Selection
Having 3 fundamental and 3 tentative independenabkes selected previously, the team
was able to develop a total of 8 combination of eieés shown in Table 24.

Table 24. Candidate Models (Scenario II-2)

Candidate Independent Variables Statistical Assessment
Model

1 LCSI. barrier, area Intuitive, Not all significant p-
value

2 LCSI, barrier, area, lateral_12 Intuitive, High base capacity

3 LCSI, barrier, area, hv Unintuitive

4 LCSI, barrier, area, on_ramp Intuitive, all significant p-value

5 LCSI, barrier, area, lateral_12, hv Unintuitive

6 LCSI, barrier, area, lateral_12, on_ramp Intuitive, High base capacity

7 LCSI, barrier, area, hv, on_ramp Intuitive, Not all significant p-
value

8 LCSI, barrier, area, lateral 12, hv, on_ramq; Unintuitive

As shown in Table 24, all 8 candidate models weearened in additive type for the ease of
examination using SAS9.3 statistical program, dedrésults of the statistical assessment are
presented in the last column.

After the close examination of statistical outcorfresn each model such as coefficient
estimates, p-value, and adjusted R-square valeseam pick the model 4 as a
representative model for the scenario 11-2. Dethihodel development process using 4
independent variables selecte@SI, barrier, areaandon_ramp is presented in the

following subsection.

2.3.5 Model Development

Having 4 independent variables selected previolshgl, barrier, areaandon_rampthe
research team developed freeway work zone capacitiels using SAS9.3 statistical
program in the type of both additive and multipiica as shown below. Each type of model
also shows an example calculation for its applicati

Additive Type
SAS9.3 program was used to develop an additive aypeodel and the results of the
program is presented in Figure 10 and Figure 11.
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Figure 10. SAS9.3 Results (Additive Type Model-Scanio II-2)
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Figure 11. SAS9.3 Results Diagram (Additive Type Miel-Scenario 1I-2)
From the results presented above, an additivedgpacity model is shown below:
Average QDR =2,179 230xf csi— 226X fparrier — 123%farea— 215xfon_ramp

where,
Average QDR average queue discharge flow rate (pcphpl),

fcsi = ,
farie = 0: concrete, 1: cone or PE drum,
farea = 0: urban, 1: rural, and
fon ramp = 0: Nno on-ramp presence, 1: on-ramp presence.
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Ex) 3 to 1 lane configuration, cone barrier, urlbaga, on-ramp presence
Average QDR =2,179 — 230 x (1/((1/3)*1)226 x 1 — 123 x0—-215x 1
= 1,050 (pcphpl)

Multiplicative Type
SAS9.3 program was used to develop an additive aypeodel and the results of the
program is presented in Figure 12 and Figure 13.

Figure 12. SAS9.3 Results (Multiplicative Type ModeScenario 11-2)
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Figure 13. SAS9.3 Results Diagram (Multiplicative ¥pe Model-Scenario II-2)
From the results presented above, a multiplicdtipe capacity model is shown below:

Average QDR = 1,837 kmsi#:D@@ri foarrier X fareaX fon_ramp

where,
Average QDR average queue discharge flow rate (pcphpl),
fcsi = :
farrie = 1: concrete, 0.8835: cone or PE drum,
farea = 1: urban, 0.9848: rural, and
fon_ramp = 1: urban, 0.9034: rural.

183



Ex) 3 to 1 lane configuration, cone barrier, urlbaga, on-ramp presence
Average QDR = 1,837 &™PP33st x 0.8835 x 1 x 0.9034
= 1,140 (pcphpl)

2.3.6 Model Validation
An additive type of freeway work zone capacity matkveloped from field data including

the headway capacity data was validated usingatitee archives data collected by the
research team as presented in Table 25.

Table 25. Capacity Model Validation (Additive TypeModel-Scenario 11-2)

Literature Additive
Total LangOpen Lang Barrier | Area | On-ramp Archives | HCM 2010 * Model Prediction
(pcphpl) | (pcphpl) (pcpho)
[sample size
4 3 concrete urban | no 1987 [2] 1579 1950
3 2 concrete urban no 2212 [2] 1526 2007
cone urban no 1752 [6] 1526 1781
cone rural no 1675 [2] 1526 1657
2 2 concrete urban no 2252 [1] n/a 2065
2 1 concrete urban no 1818 [1] 1474 1720
concrete rural no 1701 [8] 1474 1597
cone urban no 1535 [24] 1474 1494
cone rural no 1357 [30] 1474 1371
3 1 cone urban no 1274 [7] 1526 1264
cone rural no 1140 [7] 1526 1141

* Heavy vehicle adjustment using £ 0.95

As seen in Table 25, the scenario 1I-2 model ptedigerage QDR closer to literature
archives data as compared to the HCM model. dbemean square (RMS) errors are 96.3
and 340.0 for the scenario 11I-2 and HCM model, eetipely.

Figure 14 depicts model predictions from both HCM2@nd newly developed models. The
X-axis represents literature archives average Q&R and y-axis represents model
predictions. The one to one ratio line (dashed)gs shown to present a perfect prediction.
One thing noticed in the figure is that the HCM rabdoes not vary sufficiently showing
very limited changes, whereas the scenario II-2ehedries adequately following to
literature archives capacity. This is also wedgented in Figure 15, which shows
comparable condition of capacity data from literatarchives data, HCM model, and

scenario 11-2 model.
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Figure 14. Capacity Model Validation Diagram 1 (Addtive Type Scenario 11-2 Model)

Figure 15. Capacity Model Validation Diagram 2 (Addtive Type Scenario 11-2 Model)

2.4 Scenario IlI-1 Model Development (75 % of CarediData)

The next approach in developing freeway work zagacity model is to use mixed data
from literature archives and expanded field dadaotal of 90 dataset from literature
archives and 81 dataset from expanded field datasetombined together, and then 75
percent of randomly selected data is used for aldpment of capacity model and the
remaining 25 percent of data is used for a valhagiurpose.

2.4.1 Mixed Data Collection
The team combined all data from the literature iehand expanded field dataset resulting
in a total number of capacity datasets of 171. Agitem about 75 percent (128 dataset) of
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randomly selected dataset was used for a develdpsheapacity model, and the rest of 25
percent (43 dataset) was used for a validation.

2.4.2 Correlation Analysis

Table 26 shows the results of correlation analfgsisield data having 12 dependent and
independent variables defined in previous sectigigure 16 depicts a scatter plot matrix
generated from SAS9.3 program for correlation asalgf the variables.

Table 26. Results of Correlation Analysis (Scenaritl)
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Figure 16. Scatter Plot Matrix for Correlation Analysis (Scenario Ill)

As seen in Table 26 and Figure 16, none of coroglaesults show that the absolute value of
more than 0.9, which is usually a threshold ofréosis correlation problem. The results
presented here are further analyzed and presentézl/eloping freeway work zone capacity
models in the following section.

2.4.3 Variables Analysis
As a result of the statistical assessment for sbesa Table 27 is presented to see the best fit
variables selection for each statistical selectmathod examined previously.
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Table 27. Results of Variables Selection

Assessment Method Variables Selected Case No
Adiusted R-sauare LCSI, barrier, area, lane_width_12, lateral 12, 1
Rankin ! 9 left _closed, hv, day night, speed_limit, length
g AlC LCSI, barrier, area, lane_width_12, lateral 12, 1
left_closed, hv, day night, speed_limit, lengih
Forward Selection LCSI, barrier, area, lateral_12 2
. Backward LCSI, barrier, area, lane_width_12, lateral 12,
Sequential Elimination left _closed, hv, day night, speed_limit, length 1
Stepwise LCSI, barrier, area, lateral_12 2

Using variables selected in Table 27, the teanhéuranalyzed the data using SAS9.3 to
estimate variables before developing a freeway worie capacity model from literature
archives. There are 2 cases of variables combmaind the results of the statistical test is
presented in Table 28.

Table 28. Results of Variables Analyses (Scenarid)l
Case 1 Case 2

As a result of variable analyses including statedtassessment, the research team developed
capacity models with 3 fundamental variablle€ $l, area, barriey and 3 tentative variables
(lateral_12, hv, day_night The model development process is followed enrtbxt

subsection.

2.4.4 Model Analysis and Selection
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Having 3 fundamental and 3 tentative independenabkes selected previously, the team
was able to develop a total of 8 combination of eieés shown in Table 29.

Table 29. Candidate Models (Scenario Ill)

Candidate Independent Variables Statistical Assessment
Model
1 LCSI, barrier, area Intuitive, all significant p-value
2 LCSI, barrier, area, lateral_12 Intuitive, all significant p-value
3 LCSI, barrier, area, hv Unintuitive
4 LCSI, barrier, area, day_night Intuitive, all significant p-value
5 LCSI, barrier, area, lateral_12, hv Unintuitive
6 LCSI, barrier, area, lateral_12, day_night Intuitive, m(\)/sz;tlllyj/esignificant P-
7 LCSI, barrier, area, hv, day_night Unintuitive
8 LCSI, barrier, area, lateral_12, hv, day_night Unintuitive

As shown in Table 29, all 8 candidate models weearened in additive type for the ease of
examination using SAS9.3 statistical program, dedrésults of the statistical assessment are
presented in the last column.

After the close examination of statistical outcorfresn each model such as coefficient
estimates, p-value, and adjusted R-square valueseam picked the model 6 as a
representative model for the scenario Ill. Theded model development process using the
5 independent variables selecte@SlI, barrier, area, lateral_12andday_nightis presented

in the following subsection.

2.4.5 Model Development

Having 5 independent variables selected previolshgl, barrier, area, lateral_12and
day_nightthe research team developed freeway work zone itgpacdels using SAS9.3
statistical program in the type of both additivel anultiplicative as shown below. Each type
of model also shows an example calculation foajglication.

Additive Type
SAS9.3 program was used to develop an additive aypeodel and the results of the
program is presented in Figure 17 and Figure 18.
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Figure 17. SAS9.3 Results (Additive Type Model-Scario Ill)
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Figure 18. SAS9.3 Results Diagram (Additive Type Mael-Scenario IlI)
From the results presented above, an additivedspacity model is shown below:
Average QDR = 2,086 170x%f_csi— 148X fharrier — 172%farea + 12Xfiateral 12— 45X fqay night

where,
Average QDR average queue discharge flow rate (pcphpl),

fcst = :
farie = 0: concrete, 1: cone or PE drum,
farea = 0: urban, 1: rural,

flateral_12 = lateral distance — 12 (ft),
faay_night = 0: day, 1: night.
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Ex) 3 to 1 lane configuration, cone barrier, urbaea, lateral distance 6-ft, night
Average QDR =2,086 — 170 x (1/((1/3)*1))48 x 1 —172x 0+ 12 x (-6) —45 x 1
= 1,309 (pcphpl)

Multiplicative Type
SAS9.3 program was used to develop an additive aypeodel and the results of the
program is presented in Figure 19 and Figure 20.

Figure 19. SAS9.3 Results (Multiplicative Type ModeScenario Il)
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Figure 20. SAS9.3 Results Diagram (Multiplicative ¥pe Model-Scenario Ill)

From the results presented above, a multiplicdtipe capacity model is shown below:

Avel’age QDR = 1,992 xmei#:D9<>9X fbarrier X farea |

x kuevukVQ:I(i)cDKW’:)>< fday_night
where,
Average QDR average queue discharge flow rate (pcphpl),
fcsi = ,

faie = 1: concrete, 0.8641: cone or PE drum,

farea = 1: urban, 0.8965: rural,
flateral_12 = (lateral distance / 12) (ft), and
fday _night = 1: day, 0.9374: night.
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Ex) 3 to 1 lane configuration, cone barrier, urbaea, lateral distance 6-ft, night
Average QDR = 1,992 8PPt x 0.8641 x 1 x% "PDPCX % 0.9374
= 1,329 (pcphpl)

2.4.6 Model Validation
An additive type freeway work zone capacity modmleloped from the 75 percent of mixed

data was validated using the rest of 25 perceiat @apresented in Table 30.

Table 30. Capacity Model Validation (Additive TypeModel-Scenario 111)

o5 o Data Additive
Total Open . Day_ |Lateral/1] HCM 2010 * Model
Lane Lane Barrier| Area night (ft) (pcphpl) (pcphpl) Prediction
[sample siz€]
(pcphpl)
4 2 concreteurban| day 1.0 1989 [1] 1526 2087
3 2 concreteurban| day 1.0 2295 [1] 1526 2178
concrete rural | day 0.0 1474 [3] 1526 1641
cone | urban day 1.0 1970 [1 1526 1810
cone | rural| day 0.5 1740 [7] 1526 1565
cone | rural| night 1.0 1726 [1] 1526 1642
2 2 concreteurban| day 0.3 1900 [3] n/a 1891
2 1 concreteurban| day 1.0 1818 [1] 1474 1782
concrete rural | day 1.0 1579 [1] 1474 1610
cone | urban day 0.4 1411 [3 1474 1512
cone | urban night 0.2 1477 [2 1474 1443
cone | rural| day 0.6 1374 [7] 1474 1376
cone | rural| night 0.4 1488 [2] 1474 1282
3 1 concrete rural | night 0.3 1044 [1] 1526 1248
cone | urban night 0.8 1264 [2 1526 1358
cone | rural| night 0.3 1256 [7] 1526 1100

* Heavy vehicle adjustment using £ 0.95

As seen in Table 30, the scenario Il model bgitedicts average QDR close to the rest of
25 percent data as compared to the HCM model. radtemean square (RMS) errors are
123.8 and 327.4 for the scenario IlI-1 and HCM nmoaspectively.

Figure 21 depicts model predictions from both HCM2@nd newly developed models. The
x-axis represents the 25 percent of remaining aee@DR data and y-axis represents model
predictions. The one to one ratio line (dashed)gs shown to present a perfect prediction.
One thing noticed in the figure is that the HCM rabdoes not vary sufficiently showing
very limited changes, whereas the scenario llI-Hehoaries adequately following to the
validation purpose data. This is also well preseémh Figure 22, which shows comparable
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condition of capacity data from the 25 percent remg data, HCM model, and scenario lll-
1 model.

Figure 21. Capacity Model Validation Diagram 1 (Addtive Type Scenario 11l1-1 Model)

Figure 22. Capacity Model Validation Diagram 2 (Addtive Type Scenario 11l1-1 Model)

2.5 Scenario 1lI-2 Model Development (75 % of CambiData with Headways)

The last approach in developing freeway work zaygacity model is also to use mixed data
from literature archives and expanded field ddtethis approach, the research team added
headway capacity data in the scenario Ill datadstsuch, a total of 90 dataset from
literature archives and 100 dataset from expanigédi dataset are combined together, and
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then 75 percent of randomly selected data is used dlevelopment of capacity model and
the rest of 25 percent of data is used for a vatidgpurpose.

2.5.1 Mixed Data Collection

The team added 19 more dataset from field datar@staising the headway capacity method
explained in the scenario II-2. Among the 19 dettasided, around 75 percent (15 dataset)
was used for a model development and 25 percetdtéset) was used for a validation
purpose. As such, the total number of capacitgstwas 190.

2.5.2 Correlation Analysis

Table 31 shows the results of correlation analfgsisield data having 12 dependent and
independent variables as defined a in previousaecFigure 23 depicts a scatter plot matrix
generated from SAS9.3 program for correlation asalgf the variables.

Table 31. Results of Correlation Analysis (Scenaritl-2)
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Figure 23. Scatter Plot Matrix for Correlation Analysis (Scenario I11-2)

As seen in Table 31 and Figure 23, none of cofoglaesults show that the absolute value of
more than 0.9, which is usually a threshold ofréosis correlation problem. The results

presented here are further analyzed and presentézl/eloping freeway work zone capacity
models in the following section.

2.5.3 Variables Analysis
As a result of the statistical assessment for sbesa Table 32 is presented to see the best fit
variables selection for each statistical selectthod examined previously.
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Table 32. Results of Variables Selection

Assessment Method Variables Selected Case No
. LCSI, barrier, area, lane_width_12, lateral 12,
Rankin Adjusted R-squarg left closed, hv, day night, length 1
g AlC LCSI, barrier, area, lane_width_12, lateral 12, 1
left_closed, hv, day night, length
Forward Selection LCSI, barrier, area, lateral_12 2
Sequential B.aC.kW?rd LCSI, barrier, area, lateral_12 2
Elimination
Stepwise LCSI, barrier, area, lateral_12 2

Using variables selected in Table 32, the teamfindder analyzed the data using SAS9.3 to
estimate variables before developing the freewarkwone capacity model from literature
archives. There are 2 cases of variables combmaind the results of the statistical test is
presented in Table 33.

Table 33. Results of Variables Analyses (Scenarid-R)
Case 1 Case 2

As a result of variables analyses including staastissessment, the research team developed
capacity models with the same variables selectégeiscenario IILLCSI, area, barrier,
lateral_12,and day_night The model development process is followed innet

subsection.

2.5.4 Model Development
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Having 5 independent variables selected previol€)gl, barrier, area, lateral_12and
day_nightthe research team developed the freeway work zap&ctty models using
SAS9.3 statistical program in the type of both &ddiand multiplicative as shown below.
Each type of model also shows an example calculdtioits application.

Additive Type
SAS9.3 program was used to develop an additive aypeodel and the results of the

program is presented in Figure 24 and Figure 25.

Figure 24. SAS9.3 Results (Additive Type Model-Scarnio I11-2)
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Figure 25. SAS9.3 Results Diagram (Additive Type Miel-Scenario 1l1-2)
From the results presented above, an additivedgpacity model is shown below:
Average QDR = 2,06% 168x%f.csi— 127 Xfarrier — 178%farea + 14xflateral_12— 42xfday_night

where,
Average QDR average queue discharge flow rate (pcphpl),

fcst = :
farie = 0: concrete, 1: cone or PE drum,
farea = 0: urban, 1: rural,

flateral 12 = lateral distance — 12 (ft),
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faay_night = 0: day, 1: night.

Ex) 3 to 1 lane configuration, cone barrier, urbaga, lateral distance 6-ft, night
Average QDR = 2,067 — 168 x (1/((1/3)*1))27 x 1 - 178 x 0 + 14 x (-6) —42 x 1
=1,313 (pcphpl)

Multiplicative Type
SAS9.3 program was used to develop an additive afpeodel and the results of the
program is presented in Figure 26 and Figure 27.

Figure 26. SAS9.3 Results (Multiplicative Type ModeScenario I1I-2)
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Figure 27. SAS9.3 Results Diagram (Multiplicative Jpe Model-Scenario I11-2)

From the results presented above, a multiplicdtipe capacity model is shown below:

Average QDR = 1,965 xmei#:D90n>x foarrier X fareaX |

x kuevukVS):lch:>9:>< fday_night
where,
Average QDR average queue discharge flow rate (pcphpl),
fcsi = :
farrie = 1: concrete, 0.8749: cone or PE drum,
farea = 1: urban, 0.8927: rural,
flateral_12 = (lateral distance / 12) (ft), and

fday night = 1: day, 0.9343: night.
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Ex) 3 to 1 lane configuration, cone barrier, urbaga, lateral distance 6-ft, night
/WamwQDR:szwwqtxogmgxlwgmmwxogms
= 1,334 (pcphpl)

2.5.5 Model Validation

An additive type freeway work zone capacity modmleloped from the 75 percent of mixed
data including headway capacity data was validasealg the rest of 25 percent data as
presented in Table 34.

Table 34. Capacity Model Validation (Additive TypeModel-Scenario 111-2)

o5 o Data Multiplicative
Total Open . Day_ |Lateral/1] HCM 2010 * Model
Lane Lane Barrier| Area night (ft) (pcphpl) (pcphpl) Prediction
[sample siz€]
(pcphpl)
4 2 concreteurban| day 1.0 1989 [1] 1526 2088
3 2 concrete urban| day 1.0 2295 [1] 1526 2185
concrete rural | day 0.0 1474 [3] 1526 1601
cone | urban day 1.0 1970 [1 1526 1814
cone | rural| day 0.5 1740 [7] 1526 1554
cone | rural| night 1.0 1726 [1] 1526 1648
2 2 concreteurban| day 0.2 1858 [4] n/a 1861
2 1 concrete urban| day 1.0 1818 [1] 1474 1771
concrete rural | day 1.0 1579 [1] 1474 1593
cone | urban day 0.4 1411 [3 1474 1509
cone | urban night 0.2 1477 [2 1474 1440
cone | rural| day 0.6 1377 [10 1474 1371
cone | rural| night 0.4 1488 [2] 1474 1275
3 1 concrete rural | night 0.3 1044 [1] 1526 1221
cone | urban night 0.8 1264 [2] 1526 1367
cone | rural| night 0.3 1256 [7] 1526 1094

* Heavy vehicle adjustment using £ 0.95

As seen in Table 34, the scenario 1lI-2 model bgttedicts average QDR close to the rest of
25 percent data as compared to the HCM model. rdétenean square (RMS) errors are
119.9 and 327.4 for the scenario IlI-2 and HCM nmoaspectively.

Figure 28 depicts model predictions from both HCM2@nd the newly developed models.
The x-axis represents the 25 percent of remainmegage QDR data and y-axis represents
model predictions. The one to one ratio line (edhs also shown to present a perfect
prediction. One thing noticed in the figure istttte HCM model does not vary sufficiently
showing very limited changes, whereas the scendt®omodel varies adequately following
to the validation purpose data. This is also wedsented in Figure 29, which shows
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comparable condition of capacity data from the @&ent remaining data, HCM model, and
scenario IlI-2 model.

Figure 28. Capacity Model Validation Diagram 1 (Addtive Type Scenario 111-2 Model)

Figure 29. Capacity Model Validation Diagram 2 (Addtive Type Scenario 111-2 Model)

2.6 Scenario I11-3 Model Development (75 % of Mikta-one per site)
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The last approach in developing freeway work zayacity model is to use mixed data from
literature archives and average field data. Is #ifiproach, the research team used one
dataset per site for field data without expandiAg.such, a total of 90 dataset from literature
archives and 9 valid dataset from field are comthitogether, and then 75 percent of
randomly selected data is used for a developmetadicity model and the rest of 25
percent of data is used for a validation purpose.

2.6.1 Mixed Data Collection

The team used a total of 99 dataset from literaauchives and field data collection. Among
the 99 dataset added, around 75 percent (74 dateaeused for a model development and
25 percent (25 dataset) was used for a validatiopgse.

2.6.2 Correlation Analysis

Table 35 shows the results of correlation analigsisield data having 12 dependent and
independent variables defined in previous sectiéigure 30 depicts a scatter plot matrix
generated from SAS9.3 program for correlation asialgf the variables.

Table 35. Results of Correlation Analysis (Scenaritl-3)
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Figure 30. Scatter Plot Matrix for Correlation Analysis (Scenario I1I-3)

As seen in Table 35 and Figure 30, none of cofoglaesults show that the absolute value of
more than 0.9, which is usually a threshold ofréosis correlation problem. The results

presented here are further analyzed and presentézl/eloping freeway work zone capacity
models in the following section.

2.6.3 Variables Analysis
As a result of the statistical assessment for sbesa Table 36 is presented to see the best fit
variables selection for each statistical selectthod examined previously.
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Table 36. Results of Variables Selection

Assessment Method Variables Selected Case No
Adjusted R- barrier, area, lane_width_12, lateral_12, 1
Ranking square left_closed, hv, day_night, speed_limit, length
AIC LCSI, barrier, lane_width_12, lateral 12, hv, 5
day_night, speed_limit
Forwqrd LCSI, barrier, area, hv 3
Selection
Sequentia Backward barrier, lane_width_12, lateral_12, hv, 4
Elimination day_night, speed_limit
Stepwise LCSI, barrier, area, hv 3

Using variables selected in Table 36, the teanhéuranalyzed the data using SAS9.3 to
estimate variables before developing the freewarkwone capacity model from literature
archives. There are 4 cases of variables combmaiid the results of the statistical test is
presented in Table 37.
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Table 37. Results of Variables Analyses (Scenarid-3)
Case 1 Case 2

Case 3 Case 4

As a result of variables analyses including staasftssessment, the research team concludes
that developing capacity models with the same béegaselected in the scenario UCSI,

area, barrier, lateral_12and day_night The model development process is followed in the
next subsection.

2.6.4 Model Development
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Having 5 independent variables selected previol€)gl, barrier, area, lateral_12and
day_nightthe research team developed freeway work zone itgpacdels using SAS9.3
statistical program in the type of both additivel anultiplicative as shown below. Each type
of model also shows an example calculation foajglication.

Additive Type
SAS9.3 program was used to develop an additive aypeodel and the results of the

program is presented in Figure 31 and Figure 32.

Figure 31. SAS9.3 Results (Additive Type Model-Scanio I11-3)

209



Figure 32. SAS9.3 Results Diagram (Additive Type Miel-Scenario 111-3)
From the results presented above, an additivedspacity model is shown below:
Average QDR = 2,093 154xf_csi— 194X harrier — 179%farea + 9Xfiatera_12— 59%fday night

where,
Average QDR average queue discharge flow rate (pcphpl),

fcst = :
farie = 0: concrete, 1: cone or PE drum,
farea = 0: urban, 1: rural,

flateral_12 = lateral distance — 12 (ft),
fday_night = 0: day, 1: night.
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Ex) 3 to 1 lane configuration, cone barrier, urbaea, lateral distance 6-ft, night
Average QDR =2,093 — 154 x (1/((1/3)*1))94 x 1 —179x 0+ 9 x (-6) =59 x 1
= 1,324 (pcphpl)

Multiplicative Type
SAS9.3 program was used to develop an additive aypeodel and the results of the
program is presented in Figure 33 and Figure 34.

Figure 33. SAS9.3 Results (Multiplicative Type ModeScenario IlI-3)
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Figure 34. SAS9.3 Results Diagram (Multiplicative ¥pe Model-Scenario 1l1-3)

From the results presented above, a multiplicdtige capacity model is shown below:

Average QDR =2,013 kmei#:Dgo@‘;( fbarrier X fareaX |

kuevukVQ:gO:W x fday_night
where,
Average QDR average queue discharge flow rate (pcphpl),
fcsi = :

farrie = 1: concrete, 0.8502: cone or PE drum,

farea = 1: urban, 0.8836: rural,
flateral_12 = (lateral distance / 12) (ft), and
fday night = 1: day, 0.9363: night.
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Ex) 3 to 1 lane configuration, cone barrier, urbaga, lateral distance 6-ft, night
Average QDR =2,0135P° 3 x 0.8502 x 1 x% PDPPX x 0.9363
= 1,356 (pcphpl)

2.6.5 Model Validation

An additive type freeway work zone capacity modmleloped from the 75 percent of mixed
data was validated using the rest of 25 perceat @apresented in Table 38.

Table 38. Capacity Model Validation (Additive TypeScenario I11-3 Model)

25 % Datq

Multiplicative

Total | Open Barri Day_ Lateral/1Z (pcphpl) HCM*2010 Model
arrier| Area | _. .
Lane | Lane night (ft) [sample hpl) Prediction
size] (pcphp (pcphpl)
4 3 cone | urban day 0.5 1810 [1] 1579 1777
4 2 concreteurban| day 14 1989 [1] 1526 2065
3 2 concreteurban| day 18 2295 [1] 1526 2139
cone | urban day 0 1970 [1] 1526 1784
cone | rural| night 4 1726 [1] 1526 1581
2 1 concreteurban| day 3 1818 [1] 1474 1812
concrete rural | day 3 1579 [1] 1474 1633
cone | urban day -7 1411 [3] 1474 1528
cone | urban night -9 1477 [2] 1474 1451
cone | rural| day -4 1374 [7] 1474 1376
cone | rural| night -8 1488 [2] 1474 1281
3 1 cone | urban night -4 1247 [3 1526 1342
cone | rural| night -6 1145 [1] 1526 1145

* Heavy vehicle adjustment using £ 0.95

As seen in Table 38, the scenario 11I-3 model bgttedicts average QDR close to the rest of
25 percent data as compared to the HCM model. rddtenean square (RMS) errors are
109.4 and 335.3 for the scenario IlI-3 and HCM nmoaspectively.
Figure 35 depicts model predictions from both HCM2@nd newly developed models. The
X-axis represents the 25 percent of remaining @ee@DR data and y-axis represents model
predictions. The one to one ratio line (dashed)gs shown to present a perfect prediction.
One thing noticed in the figure is that the HCM rabdoes not vary sufficiently showing
very limited changes, whereas the scenario Ill-8lehwaries adequately following to the
validation purpose data. This is also well preseémh Figure 36, which shows comparable
condition of capacity data from the 25 percent remg data, HCM model, and scenario lll-

3 model.
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Figure 35. Capacity Model Validation Diagram 1 (Addtive Type Scenario 111-3 Model)

Figure 36. Capacity Model Validation Diagram 2 (Addtive Type Scenario 111-3 Model)
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D. Sensor Data Analysis Results

Sensor Site Code R-01-MD
Sensor Data Non-Work Zone Work Zone
Database RITIS
State Maryland

Sensor Location

North on 1895 @ 0.43 Mile North of Harbor Tunnel T

Booth
Lane Configuration 2-lane open 2tol
Lane Closure Side - Right
Total 15-min Counts 3,789 485
Max Flow Rate (vph) 1,810 1,580
Average Speed within 500 vph (mph 56.61 47.98
SD within 500 vph (mph) 3.00 3.06
Total Valid 15-min Counts for FFS 1,792 324
Free Flow Speed * 56.75 47.89

* Significant difference at the 9ercentile confidence level
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Sensor Site Code R-02-MD

Sensor Data Non-Work Zone Work Zone
Database RITIS
State Maryland
. North on 1895 @ 0.43 Mile North of Harbor Tunnel T
Sensor Location
Booth
Lane Configuration 2-lane open 2to1l
Lane Closure Side - Left
Total 15-min Counts 3,789 731
Max Flow Rate (vph) 1,810 1,508
Average Speed within 500 vph (mph 56.61 50.50
SD within 500 vph (mph) 3.00 3.31
Total Valid 15-min Counts for FFS 1,792 382
Free Flow Speed * 56.75 50.09

* Significant difference at the 99ercentile confidence level
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Sensor Site Code R-03-MD
Sensor Data Non-Work Zone Work Zone
Database RITIS
State Maryland

Sensor Location

North on I-895 @ 0.55 Mile Northsit-2 (Potee St.)

Lane Configuration 2-lane open 2-lane shift
Lane Closure Side - -
Total 15-min Counts 5,657 5,388
Max Flow Rate (vph) 1,606 1,568
Average Speed within 500 vph (mph 56.73 57.54
SD within 500 vph (mph) 3.58 3.02
Total Valid 15-min Counts for FFS 2,201 2,091
Free Flow Speed * 56.99 57.88

* Significant difference at the 9ercentile confidence level
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Sensor Site Code R-04-FL
Sensor Data Non-Work Zone Work Zone
Database RITIS
State Florida

Sensor Location

Easton I-4 @ 126.3 Mile East of4BL

Lane Configuration 2-lane open 2to1l
Lane Closure Side - Right
Total 15-min Counts 2,576 42
Max Flow Rate (vph) 1,550 1,252
Average Speed within 500 vph (mph 65.73 60.67
SD within 500 vph (mph) 5.83 4.82
Total Valid 15-min Counts for FFS 1,035 30
Free Flow Speed * 66.02 61.02

* Significant difference at the 9ercentile confidence level
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Sensor Site Code

R-05-FL

Sensor Data Non-Work Zone Work Zone
Database RITIS
State Florida

Sensor Location

Easton I-4 @ 126.3 Mile East o#4BL

Lane Configuration 2-lane open 2t01

Lane Closure Side - Left

Total 15-min Counts 2,576 264

Max Flow Rate (vph) 1,550 996

Average Speed within 500 vph (mph 65.73 58.83

SD within 500 vph (mph) 5.83 6.74
Total Valid 15-min Counts for FFS 1,035 181
Free Flow Speed * 66.02 59.24

* Significant difference at the 9ercentile confidence level
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Sensor Site Code R-06-FL
Sensor Data Non-Work Zone Work Zone
Database RITIS
State Florida

Sensor Location

[-95 Northbound @ Palm Ave

Lane Configuration 3-lane open 3To2
Lane Closure Side - Left
Total 15-min Counts 2,507 863
Max Flow Rate (vph) 1,744 1,380
Average Speed within 500 vph (mph 61.51 56.05
SD within 500 vph (mph) 2.20 1.90
Total Valid 15-min Counts for FFS 834 547
Free Flow Speed * 61.65 55.98

* Significant difference at the 9ercentile confidence level
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Sensor Site Code

R-08-TX
Sensor Data Non-Work Zone Work Zone
Database RITIS
State Texas

Sensor Location

Eastbound 1-635 @ Greenville Ave

Lane Configuration 4-lane open 4t02
Lane Closure Side - Right
Total 15-min Counts 15,627 52
Max Flow Rate (vph) 1723 1278
Average Speed within 500 vph (mph 54.15 47.79
SD within 500 vph (mph) 2.62 1.78
Total Valid 15-min Counts for FFS 4,101 25
Free Flow Speed * 54.43 47.75
* Significant difference at the 9ercentile confidence level
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Sensor Site Code R-09-TX
Sensor Data Non-Work Zone Work Zone
Database RITIS
State Texas

Sensor Location

Eastbound 1-635 @ Greenville Ave

Lane Configuration 4-lane open 4t03
Lane Closure Side - Right
Total 15-min Counts 15,627 106
Max Flow Rate (vph) 1,723 836
Average Speed within 500 vph (mph 54.15 52.15
SD within 500 vph (mph) 2.62 5.97
Total Valid 15-min Counts for FFS 4,101 65
Free Flow Speed * 54.43 53.14

* Significant difference at the 9ercentile confidence level
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Sensor Site Code R-10-TX
Sensor Data Non-Work Zone Work Zone
Database RITIS
State Texas

Sensor Location

Eastbound 1-635 @ Greenville Ave

Lane Configuration 4-lane open 4t03
Lane Closure Side - Left
Total 15-min Counts 15,627 66
Max Flow Rate (vph) 1,723 1,332
Average Speed within 500 vph (mph 54.15 52.62
SD within 500 vph (mph) 2.62 4.72
Total Valid 15-min Counts for FFS 4,101 49
Free Flow Speed * 54.43 53.25

* Significant difference at the 95ercentile confidence level
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Sensor Site Code R-11-NC
Sensor Data Non-Work Zone Work Zone
Database RITIS
State North Carolina

Sensor Location

[-40 @ 0.62 Mile North of Avent ifyeiRd (293.4)

Lane Configuration 3-lane open 3to2
Lane Closure Side - Right
Total 15-min Counts 1,964 44
Max Flow Rate (vph) 1,416 536
Average Speed within 500 vph (mph 65.33 65.78
SD within 500 vph (mph) 2.38 3.96
Total Valid 15-min Counts for FFS 712 39
Free Flow Speed * 65.47 66.58

* Significant difference at the 9ercentile confidence level

224



Sensor Site Code

R-11-NC (NWZ time sync)

Sensor Data Non-Work Zone Work Zone
Database RITIS
State North Carolina

Sensor Location

[-40 @ 0.62 Mile North of Avent fyelRd (293.4)

Lane Configuration 3-lane open 3to2
Lane Closure Side - Right
Total 15-min Counts 416 44
Max Flow Rate (vph) 565 536
Average Speed within 500 vph (mph 65.99 65.78
SD within 500 vph (mph) 2.15 3.96
Total Valid 15-min Counts for FFS 389 39
Free Flow Speed 66.21 66.58

* Significant difference at the 9ercentile confidence level
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Sensor Site Code R-12-NC
Sensor Data Non-Work Zone Work Zone
Database RITIS
State North Carolina

Sensor Location

I-40 @ 0.05 Mile West of Lake Dath(R94.6)

Lane Configuration 3-lane open 3to2
Lane Closure Side - Right
Total 15-min Counts 1,965 44
Max Flow Rate (vph) 2,188 698
Average Speed within 500 vph (mph 61.88 59.39
SD within 500 vph (mph) 1.71 1.84
Total Valid 15-min Counts for FFS 645 35
Free Flow Speed * 61.88 59.39

* Significant difference at the 95ercentile confidence level
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Sensor Site Code R-13-NC
Sensor Data Non-Work Zone Work Zone
Database RITIS
State North Carolina

Sensor Location

I-40 @ 0.6 Mile East of Trailwood Dr Overpass

(NB)(296.1)

Lane Configuration 3-lane open 3to2
Lane Closure Side - Right
Total 15-min Counts 1,968 40
Max Flow Rate (vph) 1,697 898
Average Speed within 500 vph (mph 68.59 72.96
SD within 500 vph (mph) 1.94 1.86
Total Valid 15-min Counts for FFS 759 33
Free Flow Speed * 68.59 72.96

* Significant difference at the 99ercentile confidence level
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Sensor Site Code

R-13-NC (NWZ time sync)

Sensor Data Non-Work Zone Work Zone
Database RITIS
State North Carolina

Sensor Location

[-40 @ 0.6 Mile East of Trailwood Dr Overpass
(NB)(296.1)

Lane Configuration 3-lane open 3to2
Lane Closure Side - Right
Total 15-min Counts 412 40
Max Flow Rate (vph) 939 898
Average Speed within 500 vph (mph 69.07 72.96
SD within 500 vph (mph) 1.65 1.86
Total Valid 15-min Counts for FFS 385 33
Free Flow Speed * 69.07 72.96

* Significant difference at the 99ercentile confidence level
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Sensor Site Code R-14-NC
Sensor Data Non-Work Zone Work Zone
Database RITIS
State North Carolina

Sensor Location

1-40 @ 0.72 Mile North of US-7072%)

Lane Configuration 3-lane open 3to2
Lane Closure Side - Right
Total 15-min Counts 2344 20
Max Flow Rate (vph) 1,865 774
Average Speed within 500 vph (mph 67.00 70.72
SD within 500 vph (mph) 3.25 1.55
Total Valid 15-min Counts for FFS 831 13
Free Flow Speed * 67.26 70.71

* Significant difference at the 99ercentile confidence level
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Sensor Site Code

R-14-NC (NWZ time sync)

Sensor Data Non-Work Zone Work Zone
Database RITIS
State North Carolina

Sensor Location

1-40 @ 0.72 Mile North of US-7072%)

Lane Configuration 3-lane open 3to2
Lane Closure Side - Right
Total 15-min Counts 464 20
Max Flow Rate (vph) 561 774
Average Speed within 500 vph (mph 67.14 70.72
SD within 500 vph (mph) 3.13 1.55
Total Valid 15-min Counts for FFS 443 13
Free Flow Speed * 67.38 70.71

* Significant difference at the 95ercentile confidence level
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Sensor Site Code P-15-CA
Sensor Data Non-Work Zone Work Zone
Database PeMS
State California

Sensor Location

I805-N CA PM=24.5

34 (24.39) District 11, San Diego
County

Lane Configuration 4-lane open 4t02
Lane Closure Side - Left
Total 15-min Counts 2432 163
Max Flow Rate (vph) 2,550 1,326
Average Speed within 500 vph (mph 69.01 58.60
SD within 500 vph (mph) 3.46 5.39
Total Valid 15-min Counts for FFS 730 92
Free Flow Speed * 69.46 58.84

* Significant difference at the 9ercentile confidence level
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Sensor Site Code P-16-CA
Sensor Data Non-Work Zone Work Zone
Database PeMS
State California
: I5-N CA PM=1.56 (118.19) District 7, Los Angeles
Sensor Location
County
Lane Configuration 3-lane open 3to2
Lane Closure Side - Right
Total 15-min Counts 2,432 56
Max Flow Rate (vph) 1587 840
Average Speed within 500 vph (mph 56.61 48.72
SD within 500 vph (mph) 7.90 6.72
Total Valid 15-min Counts for FFS 634 38
Free Flow Speed * 56.94 48.72

* Significant difference at the 9ercentile confidence level
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E. Freeway Work Zone Speed-Flow Model Analysis Re#s

For the speed-flow model development, two candidaidels were initially selected and
applied to the data collected in the project. Tirs fnodel was presented in the Strategic
Highway Research Program (SHRP 2) Project LO8rasdification to the existing speed-
flow relationship in the 2010 Highway Capacity Mahurhe L0O8 model was developed to
evaluate impacts of non-recurring congestion oeviigys, which includes work zones,
incidents, and weather impacts. The LO8 model lomilan existing HCM2010 model
(equation 25-1), which focused on calibrating ardpacity through the capacity adjustment
factor (CAF), and added a free-flow speed adjustrfeator (SAF). The new equation thus
acknowledges that work zone impacts (as well agheeand possibly incidents) reduce the
facility FFS, in addition to affecting the availaldapacity.

One concern with the speed-flow equation proposeeHRP2 08 is that it can result in some
inconsistencies compared to the basic segment ohethoepresents a fundamentally
different equation form than the speed-flow equetitor basic freeway segments in Chapter
11 of the HCM2010. It further does not retain tbaaept of the “breakpoint” in the speed-
flow model; a threshold value below which the araiFFS is maintained, even at elevated
flow rates. To overcome these limitations, a nepression for a speed-flow curve model in
the National Cooperative Highway Research Progfd@HRP) 03-115 project was
developed. The NCHRP 03-115 model representsfeedmquation that replicates the
HCM2010 equations for basic freeway segments, vdide allowing for the explicit
consideration of capacity and speed adjustmenvif¢CAF and SAF).

Both aforementioned model forms are compatible withHCM2010, which is highly
desirable for this research as it strives to inooafe the work zone models into the Highway
Capacity Model. Thus, while various other speedflnodel forms are available in the
literature, they were not initially considered Imsteffort (and ultimately were not needed, as
the chosen models gave satisfactory results). &2@14 midyear meeting of the Highway
Capacity and Quality of Service Committee, thewvir@g subcommittee further voted to
adopt the speed-flow model proposed by NCHRP 03aklthe new model form for the next
HCM update. That model therefore emerged as ttee pieferred option for work zone
consideration.

To test both model forms, the team applied the peleleloped FFS and capacity prediction
models to both speed-flow models using sensoradkected by the research team. A
statistical analysis, in addition to a visual preaagon for the traffic flow from the sensor
data collected, was also conducted to compare niibdel

1. SHRP2 LO8 Model

The first model was presented in the Strategic mhResearch Program (SHRP 2) Project
LO8 while providing “methods for incorporating facs that affect demand and capacity into
an integrated HCM reliability analysis.” In thedpger, the speed is calculated as follows:

7 180 #f I BEAQT ey (1)

where,
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S = segment speed (mph),
FFS = segment free flow speed (mph),
SAF= speed adjustment factor,
C = original segment capacity (pcphpl),
CAF = capacity adjustment factor, and
Vp = segment flow rate (pcphpl).

The equation modifies a prior speed-flow relatiopsh the 2010 Highway Capacity Manual
to evaluate impacts of non-recurring congestiofreeways, which includes work zones,
incidents, and weather impacts. But while the 'rmodel (HCM2010 equation 25-1)
focused on calibrating only capacity through thpacaty adjustment factor (CAF), the
revised model takes into consideration the spegdaent factor (SAF). The new equation
thus acknowledges that work zone impacts (as weNeather and potentially incidents)
reduce the facility FFS, in addition to limitingetlavailable capacity.

The above-referenced equation represented a supplemthe basic segment speed-flow
models in the HCM2010, which can be used to caithitae freeway for non-recurring
congestion effects. However, a switch to that &qonacan result in some inconsistencies
compared to the basic segment method. It furtbes ahot retain the concept of the
“breakpoint” in the speed-flow model; a threshoddue below which the original FFS is
maintained, even at elevated flow rates.

2. NCHRP 03-115 Model

To overcome these limitations, Aghdashi et al. ted a new expression for a speed-flow
curve model in the National Cooperative Highwaydsh Program (NCHRP) 03-115
project as shown below:

(2)
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where,
S(\) = segment speed (mph),
Vp = segment flow rate (pcphpl),
FFSyg = adjusted segment free flow speed [FFSxSAF] (mph)
SAF= speed adjustment factor,
Cagj = adjusted segment capacity [CxCAF] (pcphpl),
CAF = capacity adjustment factor, and
BPag; = adjusted breakpoint (pcphpl).

Conceptually, the new set of equations overcomeadhegistency limitations of equation (1)

and maintain the concept of the breakpoint, biitadtow for calibration of free conditions to
a specific FFS and capacity. As such, the newtexjues applicable to basic freeway
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segments (where it precisely replicates the HCM2eidtionship), while allowing for
evaluation of non-recurring congestion effects|udimg work zones.

3. Freeway Work Zone Speed-Flow Model Application Bsults

The research team applied speed-flow models preg@mthe previous section to evaluate
how well the FFS prediction method works when desuy the overall speed-flow
relationship of the work zone. For this purpose,ttam used the speed flow models shown
in equations (1), (2), and (3) above, and calilor#te models with the FFS prediction
equation developed in this paper. For the freewaskwone capacity model, the team used
the model proposed in the previous section:

Average QDR = 2,093 154xf.csi— 194 xtbarier — 179%farea + 9xflateral 12— 59%fqay night

where,
Average QDR= average queue discharge flow rate (pcphpl),
fLesi = ,
fharrie = 0: concrete, 1: cone or PE drum,
farea = 0: urban, 1: rural,

flatera_12 = lateral distance — 12 (ft), and
faay night = 0: day, 1: night.

It should be noted that the capacity value presealb®ve means an average queue discharge
flow rate which is 13.38 percent lower than prealiidown capacity. The results of the
speed-flow model application combined with the Wvag work zone FFS and capacity

models developed are shown in Table 1.

Table 1. Speed-Flow Model Application Results

Route/Site | Model Predictions Statistical Analysis
- Speed-Flow
(WZlane | FFS | Capacity Model SS | SS | SS |Pseudo RMS
configuration) (mph) | (pcphpl) Total | Model | Error | R? | Error
189SIMD | ., | g5 | NCHRP3-118 16555 3275 17717 -0.07 | 382
(2o 1) ’ SHRP2 LO8 16,555 9,529 | 20,273 -0.22 4.08
1-4/EL NCHRP 3-115| 13,9693,010| 16,325 -0.17 7.30
210 1 62.1 1,531
(2t01) SHRP2 L08 |13,969 1,695| 15,321 -0.10 7.08
635X | cre | 1ggy | NCHRP3115| 6296 73| 6389 -001 6.09
(4103) ' SHRP2L08 | 6,296 42 | 6,189 0.02 6.00
LBOSICA | oy | 50 | NCHRP 3118 4118 2096 6214 -051 617
(4102) ’ SHRP2L08 | 4,118 3,303 7,205 -0.75 6.65
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1-40/NC 60 ) 167 NCHRP 3-115 | 17,723 639 | 19,005 -0.07 | 5.88
(210 2) ' ’ SHRP2 L0O8 | 17,7281,677 20,623 -0.16 | 6.12

1 Pre-breakdown capacity
2 Presents better fit in the statistical analysis

In Table 1, the first three columns provide route/mformation with work zone lane
configuration and proposed model predictions feeWway work zone FFS and capacity. The
right part of the table presents the results ofstaéistical analysis using equations (1), (2),
and (3), separated by a project name.

In the statistical analysis, the team estimatedtime of squares of total, model, and error
separately, and then calculated pseudod®e to assess non-linear type of model
predictions by the equation below:

Pseudo-R= 1 — (SS error / SS total)

Finally, the root mean square (RMS) errors are ptesented to demonstrate the quality of
fit of models in the final column. Examining thesults of the statistical analyses, it shows
somewhat mixed results as three sites (MD, CA,N@yshow better fit using the NCHRP
3-115 equation while two sites (FL and TX) showtdetit from the SHRP2 equation.
Figure 1 through Figure 5 present speed-flow cufnas the five sensor data shown in
Table 1 for a visual presentation of the modeldiadpn the project. Starting from the
model FFS obtained from the proposed FFS modekpked-flow curve ends in a pre-
breakdown capacity that is obtained from the averpgeue discharge rate calculated from
the capacity model proposed previously. As sedhearfigures, the NCHRP model hold its
capacity up to a certain value whereas the SHRR#hoses its capacity right after the
starting point of the curve.
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Figure 1. Speed-Flow Curve Validation (I-895, MD)

Figure 2. Speed-Flow Curve Validation (I-4, FL)
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Figure 3. Speed-Flow Curve Validation (I-635, TX)

Freeway WZ Speed Flow Diagram [P-01-CA]
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Figure 4. Speed-Flow Curve Validation (I-805, CA)
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Figure 5. Speed-Flow Curve Validation (I-40, NC)
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F. VISSIM Analysis Results for On-ramp Merging Areas

VISSIM Results - 2 to 1 Lane Configuration

Upstream of the Merging Area

Downstream of the Meyd\rea

(pcphp\(ft) | 100| 300 500 700 90D 11p0300|1500| (pcphph\(ft) | 100 300] 504 700 900 11p0300| 1500
0 1575| 1598| 1574 1574| 1578 1573| 1573 1578 0 1575| 1599| 1574 1574| 1578 1573| 1573| 1578
250 1572] 1410| 1362| 1353| 1350| 1355 1362| 1380 250 1589 1603| 1603| 1605 1607| 1610| 1618| 1633
500 1571| 1133( 1071| 1065 1094| 1086 1118| 1154 500 1584 1591| 1587| 1585 1589 1591| 1607 | 1641
750 1485 979 | 812| 831 823 913 834 8496 750 158885/ 1576| 1574| 1571| 1580| 1580| 1600
1000 1569 773 | 710| 638 648 623 632 645 1000 158581| 1580| 1577| 1575| 1580| 1580/ 1594
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Proportion of Work Zone Capacity Available for Miire Flow - 2 to 1 Lane Configuration

Upstream of the Merging Area Downstream of the Meydirea
(pcphph\(ft) | 100f 300f 500 700 900 1100300|1500| (pcphph\(ft)| 100 | 300| 500 700 900 110@300|1500
0 1.00| 1.00, 1.00 1.00 1.901.00| 1.00| 1.0d 0 1.00| 1.000 1.00 1.00 1.00 1.00 1.p0 1.00
250 1.00| 0.8 0.86 0.86 0.86).86| 0.86| 0.86 250 1.00, 1.01 101 102 1.02 1.p2 103 1.03
500 1.00, 0.70 0.70 0.70 0.7®.70| 0.70] 0.7¢ 500 1.00f 1.00 1.01 101 1.01 1.p2 102 1.02
750 1.00{ 0.53 0.53 0.583 0.53.53| 0.53| 0.53 750 1.00, 1.00 100 100 1.00 1.p0 100 1.00
1000 1.000 049 045 040 0.4®.40| 0.40 0.44 1000 1.00f 1.0 1.00 1.00 1.00 1.p0 1j00 1.00
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VISSIM Results - 2 to 2 Lane Configuration

Upstream of the Merging Area

Downstream of the Meydirea

(pcphph\(ft)| 100 | 300| 500| 700 900 110Q300|1500| (pcphph)\(f)) 100 | 300| 500/ 700 900 110@300| 1500
0 1665| 1665 | 1665| 1665| 1665 1665| 1665| 1665 0 1665| 1665| 1665| 1665| 1665| 1665| 1665| 1665
250 1657| 1538 | 1538| 1538| 1538| 1538 1538| 1538| 250 1668 1666| 1664 | 1662| 1660| 1657| 1655| 1653
500 1657| 1401| 1401| 1401| 1401 1401 1401| 1401| 500 1668 1638| 1642| 1645 | 1649| 1652| 1656| 1660
750 1657| 1255 | 1255| 1255| 1255 1255 1255| 1255| 750 1668 1610| 1614 | 1618| 1622| 1627| 1631| 1635
1000 | 1657 1118|1118|1118|1118|1118{1118/1118] 1000 | 1668 1593| 1595| 1597 | 1598| 1600| 1601| 1603
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Proportion of Work Zone Capacity Available for Miire Flow - 2 to 2 Lane Configuration

Upstream of the Merging Area Downstream of the Meydirea
(pcphph\(ft)] 100 | 300| 500 70Q 900 110@300|1500]| (pcphpl)\(ft)) 100 | 300| 500, 700 900 110a300|1500
0 1.00| 1.00f, 1.00 1.0p 1.901.00| 1.00{ 1.0C 0 1.00| 1.00f 1.00 1.00 1.00 1.00 1,00 1.00
250 1.00f 092 0.92 0.92 0.92.92| 0.92| 0.92 250 1.00/ 1.00 1.00 1.00 1.00 1.p0 099 0.99
500 1.00{ 0.84 0.84 0.84 0.834.84| 0.84| 0.84 500 1.00/ 0.98 0.99 099 0.99 0.99 099 1.00
750 1.00f 0.75 0.7% 0.76 0.79.75| 0.75| 0.7 750 1.00| 0.97 0.97 0.97 0.97 0.8 0/98 0.98
1000 1.00| 0.677 0.6Y 0.7 0.60.67| 0.67| 0.674 1000 1.00f 0.9 0.9¢ 0.96 0.96 0.p6 096 0.96
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VISSIM Results - 3 to 2 Lane Configuration

Upstream of the Merging Area

Downstream of the Meydirea

(pcphph\(ft)| 100 | 300| 500/ 700 900 110@300|1500|(pcphp)\(ft)| 100 | 300| 500/ 700 900 110@300| 1500
0 1619| 1617 | 1616| 1618| 1614| 1620| 1614|1613 0 1619| 1617| 1616| 1617 | 1615| 1620| 1615| 1615
250 1621| 1564 | 1577| 1579| 1579| 1592| 1598| 1603| 250 1626 1682| 1696 | 1700| 1707| 1717| 1725|1731
500 1593| 1429| 1391| 1390| 1406| 1404| 1419|1425 500 1614 1643| 1648| 1651 | 1653 | 1656| 1665 1669
750 1612| 1385| 1236| 1248| 1248| 1266| 1261|1277| 750 1616 1620| 1617 | 1620| 1623 | 1634| 1636| 1653
1000 | 1618 1133|1109| 1096|1099|1113| 1116|1109 1000 | 1620 1593| 1599 1599 1599| 1606| 1605| 1610
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Proportion of Work Zone Capacity Available for Mame Flow - 3 to 2 Lane Configuration

Upstream of the Merging Area Downstream of the Meydirea

(pcphph\(ft)| 100 | 300| 500/ 700 900 110@300| 1500 (pcphpl\(ft)| 100 | 300| 500/ 700 900 110A300| 1500
0 1.00| 1.00/ 1.0 100 1.0 1.00 1.00 1/00 0 1.0000 1.1.00| 1.00 1.00 1.0p 1.0 1.00
250 1.00/ 0.95 095 095 0.95 0.95 095 095 250 0 1.0.04| 1.05| 1.03 105 1.05 1.06 1.06
500 1.00/ 0.877 0.87 087 0.87 0.87 086 086 500 0 1.0.02| 1.02| 1.03 1.08 1.03 1.04 1.04
750 1.00/ 0.78 0.78 0.78 0.78 0./8 078 078 750 0 1.0.00| 1.00, 1.01 101 1.01 1.02 1.02
1000 | 1.00| 0.7 0.70 0.70 0.70 0.f0 070 d.70 1000 .00 10.98| 0.98 0.98 0.99 0.99 0.99 1.00
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VISSIM Results - 4 to 3 Lane Configuration

Upstream of the Merging Area

Downstream of the Meydirea

(pcphph\(ft)| 100 | 300| 500, 700 900 110a300|1500| (pcphph\(ft)) 100 | 300| 500/ 700 900 110A300| 1500
0 1615| 1600 | 1619| 1624 | 1614 | 1617| 1617/ 1622 0 1615| 1601| 1618| 1624 | 1616| 1617| 1618| 1622
250 1617 1571 | 1584 | 1585| 1580 | 1574| 1568| 1563| 250 1620 1652| 1665| 1666| 1665| 1658| 1654| 1648
500 1612| 1481 | 1473| 1477| 1489| 1487| 1497| 1500| 500 1620 1639| 1643| 1650| 1651 | 1655| 1660| 1662
750 1612 1364 | 1365| 1378| 1380/ 1392| 1389| 1399| 750 1621] 1616| 1620| 1626| 1628| 1637| 1640| 1649
1000 | 1615 1308| 1272| 1266| 1272| 1289| 1285|1287| 1000 | 1618 1602| 1602| 1602 | 1605| 1616| 1613| 1621
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Proportion of Work Zone Capacity Available for Miire Flow - 4 to 3 Lane Configuration
Upstream of the Merging Area

Downstream of the Meydirea

(pcphph\(ft)| 100 | 300| 500 704 900 110@300|1500| (pcphph\(ft)| 100 | 300| 500/ 700 900 110A300| 1500
0 1.00| 1.00 1.00 1.0p0 1.00 1.00 1,00 1j00 0 1.00| 1.00, 1.0 1.00 1.00 1.00 10 1.00
250 1.00/ 0.97 0.97 098 098 0.98 0/98 J.98 250 1.00( 1.02 1.03 1.08 1.03 1.03 1/03 1.03
500 1.00/ 091 091 091 092 092 0/92 d.92 500 1.00{ 1.0 1.01 1.02 1.02 1.02 102 1.02
750 1.00/ 0.85 0.85 085 0.86 0.86 0/86 01.86 750 1.00( 1.00 1.00 1.01 1.01 1.p1 1jo1 1.01
1000 | 1.00| 0.79 0.79 0.79 0.79 0.80 0[80 .80 1000 | 1.00| 1.0 1.00 1.00 1.00 1.p0 1|00 1.00
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G. VISSIM Analysis Results for Off-ramp Diverging Areas

VISSIM Results - 2 to 1 Lane Configuration

Upstream of the Diverging Area

Downstream of thedbging Area

(Percentage)\(ft) 100 300 500 700 9040013001500 (Percentage)\(ft) 100 | 300| 500, 70Q 900 1100300( 1500
0.0% 157515981574 1574|1578/1573 1573 1578 0.0% 1578 1599| 1574| 1574| 1578| 1573| 1573| 1578
6.3% 15731594( 1572/ 1575|1573/1578 1579 1575 6.3% 1477 1493| 1473| 1479| 1472| 1479| 1475| 1469
12.5% 15701601| 1574|1574/1577/1573|15751576 12.5% 1378 1404| 1385| 1383|1382 1377|1374| 1377
18.8% 15341601| 157715761572/ 1571/ 1572|1574 18.8% 1242 1293| 1275| 1264| 1273| 1282| 1284| 1285
25.0% 14951601| 1568 1575/1571{1572/ 15751575 25.0% 1133 1203|1176| 1195|1197|1193|1200| 1200
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Proportion of Work Zone Capacity Available for Mi&ire Flow - 2 to 1 Lane Configuration

Upstream of the Diverging Area

Downstream of thedbging Area

(Percentage)\(ft) 100 | 300/ 500 700 900p1100/1300|1500| (Percentage)\(fty 100 300 500 70900 |1100|1300 1500
0.0% 1.00/ 1.00{ 1.00| 1.00| 1.00| 1.00| 1.00| 1.00 0.0% 1.00/ 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00
6.3% 1.00/ 1.00{ 1.00| 1.00| 1.00| 1.00| 1.00| 1.00 6.3% 0.94) 0.94| 0.94| 0.94| 0.94| 0.94| 0.94| 0.93
12.5% 1.00 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00 12.5% 0.87] 0.88| 0.88| 0.88| 0.88| 0.88| 0.87| 0.87
18.8% 0.97/ 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00 18.8% 0.79 0.82|0.82| 0.82| 0.82| 0.81| 0.81| 0.81
25.0% 0.95 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00 25.0% 0.72/ 0.76|0.76| 0.75| 0.75/ 0.75| 0.75| 0.75

Downstream Throughput for Various Off-ramp Volumes (2 to 1)
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VISSIM Results - 2 to 2 Lane Configuration

Upstream of the Diverging Area

Downstream of thedbging Area

(Percentage)\(ft) 100 | 300| 500 700 900 1100800 1500 (Percentage)\(f) 100 | 300| 500 70Q 900 110@300(1500
0.0% 1663 1665| 1665| 1665| 1665| 1665 1665/ 1665 0.0% 1666 1666| 1666| 1666| 1666| 1666| 1666| 1666
6.3% 1649 1665| 1665| 1665| 1665| 1665| 1665/ 1665 6.3% 1545 1562| 1562| 1562| 1562| 1562| 1562| 1562
12.5% 1600 1665| 1665| 1665|1665 1665|1665/ 1665 12.5% 1397 1456| 1456| 1456| 1456| 1456| 1456| 1456
18.8% 1559 1665| 1665| 1665|1665/ 1665|1665/ 1665 18.8% 1270 1357| 1357| 1357| 1357| 1357| 1357|1357
25.0% 1521 1665| 1665| 1665|1665/ 1665|1665 1665 25.0% 1135 1250 1250| 1250| 1250| 1250| 1250| 1250

250



Proportion of Work Zone Capacity Available for Miire Flow - 2 to 2 Lane Configuration

Upstream of the Diverging Area

Downstream of thedbging Area

(Percentage)\(fty 100 300 500 7p0 9aNLO0| 1300 1500| (Percentage)\(ft) 100 | 300| 500, 700 90p1100| 1300|1500
0.0% 1.00 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00 0.0% 1.00/ 1.00 1.0p1.00|1.00|1.00|1.00|1.00
6.3% 0.99 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00 6.3% 0.93| 0.94 0.940.94|0.94|0.94| 0.94| 0.94
12.5% 0.96 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00 12.5% 0.84 0.87 0.870.87|0.87|0.87|0.87|0.87
18.8% 0.94 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00 18.8% 0.76/ 0.81 0.8[0.81|0.81|0.81|0.81|0.81
25.0% 0.91 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00 25.0% 0.68 0.75 0.750.75|0.75|0.75| 0.75| 0.75
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VISSIM Results - 3 to 2 Lane Configuration

Upstream of the Diverging Area Downstream of thedbging Area
(Percentage)\(ft) 100 | 300| 500 700 900 1100300(1500| (Percentage)\(ff) 100 | 300( 500; 700 900 11003001500
0.0% 1619 1617|1616| 1618 1614|1620| 1614|1613 0.0% 1619 1617|1616| 1617|1615 1620| 1615|1615
6.3% 1609 1613|1610/ 1616| 1617|1618/ 1614|1611 6.3% 1507 1510( 1508| 1513| 1516|1519/ 1516|1514
12.5% 1590 1606| 1607| 1607| 1607| 1615| 1604| 1603 12.5% 1388 1404| 1405| 1405| 1403|1412 1399|1401
18.8% 1548 1607| 1612| 1599 1608| 1605| 1600| 1590 18.8% 1259 1309| 1316/ 1308| 1314| 1305| 1300( 1291
25.0% 1493 1600| 1603| 1603| 1596| 1596| 1590| 1580 25.0% 1115 1202| 1203|1199/ 1198|1203 11951190
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Proportion of Work Zone Capacity Available for Mame Flow - 3 to 2 Lane Configuration

Upstream of the Diverging Area

Downstream of thedbging Area

(Percentage)\(ft) | 100300 | 500| 700|900/110013001500 (Percentage)\(ft) | 100 300 50000 | 900 11001300 1500
0.0% 1.00 1.00| 1.00| 1.00| 1.00| 1.00 1.00| 1.00 0.0% 1.00 1.00{ 1.00| 1.00{ 1.00| 1.00| 1.00| 1.00
6.3% 1.00 1.00| 1.00{ 1.00| 1.00| 1.00 1.00| 1.00 6.3% 0.93 0.94| 0.94|0.94| 0.94| 0.94|0.94| 0.94
12.5% 0.980.99| 0.99/0.99/0.99] 0.99(0.99| 0.99 12.5% 0.86 0.87|0.87|0.87| 0.87| 0.870.87| 0.87
18.8% 0.96 0.99| 0.99/0.99/0.99] 0.99(0.99| 0.99 18.8% 0.78 0.81|0.81|0.81|0.81| 0.810.81| 0.81
25.0% 0.920.99| 0.99/0.99/0.99] 0.99(0.99| 0.99 25.0% 0.69 0.74|0.74| 0.74| 0.74| 0.74 0.74| 0.74
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VISSIM Results - 4 to 3 Lane Configuration

Upstream of the Diverging Area

Downstream of thedbging Area

(Percentage)\(ft) 100 | 300| 500, 700 900 1100300|1500) (Percentage)\(ff) 100 | 300| 500 700 90D 11003001500
0.0% 1615 1600| 1619| 1624|1614/ 1617/1617|1622 0.0% 1615 1601| 1618|1624/ 161616171618 1622
6.3% 1609 1596| 1609|1623 1614|1614/1615| 1608 6.3% 1508 1493| 1504| 1520| 1513|1516/ 1516|1508
12.5% 1583 1596| 1607|1618| 1607|1608 1602 1594 12.5% 1383 1396| 1406| 1413| 1405| 1404|1398/ 1394
18.8% 1512 1595| 1603| 1606| 1601| 1593| 1587|1569 18.8% 1228 1298 1309| 1310| 1305|1293 1287|1269
25.0% 1382 1577| 1587| 1596| 1586| 1580| 1569|1546 25.0% 1034 1185/ 1192| 11971191/ 1188|1177/ 1161
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Proportion of Work Zone Capacity Available for Mame Flow - 4 to 3 Lane Configuration

Upstream of the Diverging Area Downstream of thedbging Area
(Percentage)\(ft) | 100300| 500| 700/ 900|110013001500, (Percentage)\(ft) | 100 300 500’00| 900 (11001300 1500
0.0% 1.00 1.00{1.00{1.00|1.00{1.00| 1.00| 1.00 0.0% 1.00 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00
6.3% 1.001.00{1.00{1.00|1.00|1.00|1.00| 1.00 6.3% 1.00 1.00|1.00|1.00|1.00{1.00{1.00| 1.00
12.5% 0.980.99(0.99/0.99|0.99/0.99/0.99| 0.99 12.5% 1.00 1.00{ 1.00{ 1.00{ 1.00| 1.00|1.00| 1.00
18.8% 0.940.99/0.99/0.99/0.99/0.99| 0.99( 0.99 18.8% 0.99 1.00| 1.00| 0.99|0.99| 0.99|0.99| 0.99
25.0% 0.860.98/0.98/0.98/0.98/0.98| 0.98| 0.98 25.0% 0.98 0.99| 0.99/0.99|0.99| 0.99|0.99| 0.99

Downstream Throughput for Various Off-ramp Volumes (4 to 3)
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H. VISSIM Analysis Results for Weaving Areas

VISSIM Results - 2 to 1 Lane Configuration

Upstream of the Weaving Area

Downstream of the Wepirea

r(;/t?c')‘)*\rgg 100 | 300| 500| 700 900 110@300| 1500 r(;/tf’(l‘)‘\rgg 100 | 300| 500/ 700 900 110QL300| 1500
0.00 | 1575 1576| 1574| 1577| 1575| 1575| 1578| 1573  0.00 | 1575 1576| 1574| 1576| 1574| 1574 1579] 1573
0.20 | 1114 1333|1366/ 1387| 1403| 1393| 1355| 1457 0.20 | 1395 1588 1600/ 1634| 1649 1629 1601| 1602
040 | 810| 997| 10191044|1139|1137|1125|1152| 0.40 | 1269 1536| 1567| 1593| 1620| 1634| 1606| 1599
0.60 | 779| 918 942 934 1070056 | 1001 1074| 0.60 | 1046 1409 1542| 1593| 1601| 1611| 1586| 1622
0.80 | 805| 948 10081091|1323|1151|1228|1254| 0.80 | 725| 1183 1342| 1591| 1638 1662| 1629| 1653
1.00 | 515| 860| 10441285| 1444|1335/ 1460|1470 1.00 | 438| 807| 10511407| 1310|1475 1447|1453
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Proportion of Work Zone Capacity Available for Mame Flow - 2 to 1 Lane Configuration

Upstream of the Weaving Area

Downstream of the Wepirea

r(;/t?c')‘)*\rgg 100 | 300| 500 700 900 110a300| 1500 r(;/tf’(l‘)‘\rgg 100 | 300| 500/ 700 900 110@300| 1500
000 | 1.00/ 1.00 100 1.00 1.00 100 1joo 200 000 .00fL1.00] 1.00 1.00 1.0p 1.0 1.00 1.00
020 | 071] 085 086 087 088 089 0/o0 doo 020 .89p1.01] 1.02 1.02 102 1.02 1.02 1.02
040 | 051| 0.64 0.66 067 069 0F1 073 074 040 .8100.98| 099 1.02 1.02 1.02 1.02 1.02
0.60 | 0.49] 058 060 061 063 064 065 d67 060 .6600.90| 0.96 1.02 1.02 1.02 1.02 1.02
080 | 051] 063 066 069 073 076 079 ds82 080 .46D0.67| 0.85 1.02 1.02 1.02 1.02 1.02
100 | 0.33] 047 066 084 086 089 0j91 094  1.00 .30p0.47| 068 0.87 089 090 0.92 0.93
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VISSIM Results - 2 to 2 Lane Configuration

Upstream of the Weaving Area Downstream of the Wepirea

(Volume (Volume | 4, | 300 | 500 700 900 110a300|1500

ratio)\(ft) 100 | 300| 500 700 900 110@300|1500 ratio)\(ft)

0.00 1665| 1665| 1665| 1665| 1665| 1665| 1665| 1665 0.00 1665 1665 | 1665 1665|1665| 1665| 1665| 1665

0.20 1317| 1608| 1608| 1608| 1608| 1608| 1608| 1608 0.20 1375 1621 | 1621 1621|1621| 1621| 1621|1621

0.40 985| 1453 1576| 1576| 1576| 1576| 1576| 1576 0.40 974| 1480| 158R21582|1582|1582| 1582|1582

0.60 665| 961 12081398| 1398|1398 1398|1398 0.60 539| 866 | 11661389|1389| 1389| 1389|1389

0.80 483 | 647 827 997 1150150|1150|1150 0.80 282| 444 | 647 850 879 924 969 1014

1.00 683 | 902| 11491396| 1503 1551|1600| 1648 1.00 227 435| 602 619 636 653 60 687
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Proportion of Work Zone Capacity Available for Mame Flow - 2 to 2 Lane Configuration

Upstream of the Weaving Area Downstream of the Wepkrea
r(;/t?c')‘)*\rgg 100 | 300| 500, 704 900 110(300|1500 r(;/tf’(l‘)‘\rgg 100 | 300| 500/ 70d 900 110@300|1500
0.00 1.00 1.00 1.00 1.00 1.0Q.00| 1.00| 1.0d 000 | 1.00 1.00 1.00 1/00 1.00 1.00 11.00
020 | 0.79] 097 097 097 0.90.97| 0.97| 0.97 020 | 083 097 087 097 097 0.99700.97
040 | 0.59| 0.87 0095 0.95 0.99.95| 0.95 0.95 040 | 058 089 095 0095 0.95 0.99500.95
0.60 | 0.40| 0.58 0.73 0.84 0.89.84| 0.84/ 0.84 060 | 032 052 0J0 0/83 0.83 0.88300.83
0.80 | 0.29| 0.39 0.49 0.60 0.69.69| 0.69| 0.69 0.80 | 0.1F 027 089 051 053 0.5%800.61
1.00 | 041 054 069 0.84 0.9®.93| 0.96] 0.99 100 | 0.14 0.26 0.36 0[37 (.38 0.390 00.41
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VISSIM Results - 3 to 2 Lane Configuration

Upstream of the Weaving Area

Downstream of the Wepkrea

r(;/t?g‘;\rgg 100 | 300| 500/ 700 900 110@300|1500 r(;/t?g‘)*\rgg 100 | 300| 500/ 700 900 110@300| 1500
0.00 | 1617 1616/ 1613| 1612 1613| 1620| 1616|1617| 0.00 | 1616 1616/ 1614|1612 1613| 1621| 1617| 1618
0.13 | 1338 1566/ 1583| 1562| 1553| 1518| 1507|1590 0.13 | 1441 1649| 1659 1647| 1640/ 1605| 1596| 1650
0.27 | 1130 1410| 1448| 1464 | 1493| 1465| 1441|1500] 0.27 | 1250 1590| 1636 | 1654| 1657 | 1636| 1616| 1660
0.40 958 | 1199 1308| 1396| 1408| 1376|1358/ 1375]  0.40 942 | 1386 1590 1636 1643| 1624| 1616/ 1619
0.53 767 | 1088 1268| 1355| 1457/ 1338|1378/ 1399]  0.53 672| 1127 1412| 1578| 1594| 1579] 1566 1569
0.67 603| 851| 11051306|1403|1345|1409|1429] 0.67 452| 766 10651339| 1322 1393|1401/ 1386
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Proportion of Work Zone Capacity Available for Mame Flow - 3 to 2 Lane Configuration

Upstream of the Weaving Area

Downstream of the Wepirea

r(;/t?c')‘)*\rgg 100 | 300| 500 70d 900 110@300| 1500 r(;/tf’(l‘)‘\rgg 100 | 300| 500 700 900 110@300| 1500

0.00 | 1.00] 1.0 1.00 1.00 1.00 1.00 1joo 100 000 .00fL1.00] 1.0 1.00 1.00 1.0 1.00 1.00
013 | 0.83| 094 096 096 096 006 097 d97 013 .89p1.01] 1.00 1.00 1.01 101 1.01 1.01
027 | 0.70| 0.9d 090 090 090 0681 0/91 d91 027 .77p1.01| 1.00 1.01 1.01 1.01 1.01 1.01
040 | 059) 070 079 0.86 086 086 0|86 (86 040 580086 1.0] 1.0l 101 101 1.01 1.01
053 | 047| 062 075 0.86 086 086 0/86 (86 053 .4200.63| 0.83 098 098 098 098 0.98
0.67 | 0.37| 052 065 078 086 086 0/86 (86 067 .2800.45 065 083 084 085 086 0.87
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VISSIM Results - 4 to 3 Lane Configuration

Upstream of the Weaving Area

Downstream of the Wepirea

r(;/t?g‘;\rgg 100 | 300| 500, 700 900 11Q@300|1500 r(;/t?c')‘)‘\rgg 100 | 300| 500/ 700 900 110a300| 1500
0.00 | 1616| 1615| 1617| 1616| 1614| 1620| 1617| 1612]  0.00 | 1616 1615| 1616| 1616| 1615| 1621| 1619 1613
0.10 | 1422| 1593| 1606| 1591| 1587| 1561| 1553| 1612]  0.10 | 1482 1642| 1647| 1640| 1637| 1612| 1604/ 1652
0.20 | 1248| 1487| 1532| 1542| 1559 1520| 1506| 1548]  0.20 | 1294 1587| 1633| 1647| 1646| 1614| 1603| 1633
0.30 | 1021| 1300| 1408| 1489| 1494 | 1453| 1432| 1454] 030 | 964| 1396 1570| 1620 1624 1592| 1578/ 1586
0.40 827| 1113 1325| 1420| 1487| 1375/ 1405| 1422]  0.40 | 717| 1087 1385| 1547 1564/ 1510| 1517/ 1511
0.50 653| 861 11151326|1394|1341|1387/1407] 050 | 510| 754/ 10281312|1327|1349| 1374 1366

262



Proportion of Work Zone Capacity Available for Mame Flow - 4 to 3 Lane Configuration

Upstream of the Weaving Area

Downstream of the Wepkrea

r(;/t?g‘;\rgg 100 | 300| 500, 700 900 11Q@300| 1500 r(;/t?c')‘;\rgg 100 | 300| 500/ 704 900 110a300| 1500
0.00 | 1.00/ 1.0 1.00 1.00 1.0@.00| 1.00] 1.04 0.00 | 1200 1.00 1.00 100 1.00 1.00 f1.00
010 | 0.87| 097 097 097 0.90.97| 0.97| 0.97 010 | 092 100 1.00 100 1.00 1.00f1.00
020 | 076/ 0.8 0.94 094 0.99.94| 0.94/ 0.94 020 | 080 1.00 1.00 1/00 1.00 1.0®0 L 1.00
030 | 065 079 0.88 091 0.90.91| 0.91] 0.91 030 | 060 086 1.00 1/00 1.00 1.00 f1.00
0.40 | 055 064 077 0.88 0.88.88| 0.88 0.8¢ 040 | 0.4 063 081 095 .95 0.995D0.95
0.50 | 0.44| 053 066 0.78 0.8%.85| 0.85 0.8 050 | 032 046 064 081 (.82 0.8B400.85
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