
 

 

Kaan O
Profess
Departm
Enginee
Tandon
New Yo
 
Abdulla
Departm
Enginee
Tandon
New Yo

zbay, Ph.D
or 

ment of Civ
ering 
 School of 

ork Univers

h Kurkcu, 
ment of Civ
ering 
 School of 

ork Univers

Highw

N

U

D. 

vil and Urba

Engineerin
sity 

M.Sc. 
vil and Urba

Engineerin
sity 

way Repai

FI

S

NJDOT Res
Smm

In c

Departm
Bure

U.S. Depar
Federal H

an 

ng 

an 

ng 

Ha
As
Civ
En
Ru
 
 
Ma
Re
Civ
En
Ru

 

r Consolid
 

NAL REPO
July 2016

Submitted 

 

 

 

 

 

 
 
 

 
search Pro
mamunar R

 
 
 
 
 
 

cooperation
 

New Jerse
ent of Tran
eau of Res

And 
rtment of T

Highway Ad
 

ao Wang, P
sistant Pro
vil and Env
gineering

utgers Univ

atthew Mag
esearch Pro
vil and Env
gineering

utgers Univ

dation Fea

ORT 
6 

by 

 

oject Manag
Rashid 

n with 

ey 
nsportation
search 

ransportat
dministratio

Ph.D. 
ofessor 
vironmenta

versity 

ggio 
ogrammer
vironmenta

versity 

asibility 

ger 

n 

ion 
on 

FH

l 

l 

Bekir B
Depart
Urban 
Tando
Engine
New Y

HWA-NJ-20

Bartin, Ph.D
tment of C
Engineerin
n School o
eering 
York Univer

016-002 

D. 
ivil and 
ng 
of 

rsity 



 

 

DISCLAIMER STATEMENT 

The contents of this report reflect the views of the authors who are responsible for the 
facts and the accuracy of the data presented herein. The contents do not necessarily 
reflect the official views or policies of the New Jersey Department of Transportation or 
the Federal Highway Administration. This report does not constitute a standard, 
specification, or regulation. 
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EXECUTIVE SUMMARY 

The increasing number of work zones adversely affects the mobility and safety of 
travelers on already congested roadways. Drivers are constantly faced with unfavorable 
road conditions and unexpected delays due to work zones. Faced with growing number 
of work zones, the challenge for transportation agencies is to effectively manage the 
impacts of work zones to alleviate congestion and maintain the safety of motorists 
without disrupting project schedules. 

Coordinating work zone activities and improving communication among agencies have 
already been practiced by various State DOTs and transportation agencies, such as 
Oregon DOT, Great Lakes Regional Transportation Operations Coalition (GLRTOC), 
Caltrans, Washington State DOT, etc. A review of work zone coordination by other 
states is presented in the Current State of Practice section of this report. The list of the 
reviewed agencies and the tools they utilize for coordination purposes was summarized. 
It was found that there are no universal DOT policies that address how agencies should 
coordinate or consolidate projects. In addition, only a few states utilize computer tools 
specific to regional or corridor based work zone coordination. State DOTs mostly 
coordinate significant and long-term projects. However, the majority of roadway projects 
include minor repair, roadway maintenance, bridge maintenance, surveying, landscape, 
and utility work that require relatively short term work zones. There are more 
maintenance and minor repair projects than major overhaul or expansion projects.  

The Rutgers / NYU research team carefully reviewed the NJDOT state-of-practice. The 
review is based on the interviews with NJDOT experts. During the interviews the team 
investigated the types of projects undertaken by NJDOT and if there are already any 
practice of work zone coordination on New Jersey roadways. Based on the interviews, it 
can be stated that the Capital Program Management (CPM) project managers are in 
close communication during the project screening process, and therefore they are well 
aware of any other conflicting CPM projects in close proximity. However, because there 
is no combined and accessible-to-all database of work zones, it is not a straightforward 
task for all divisions to coordinate with each other. 

The project team, after consulting with the project panel and the NJDOT Mobility and 
Systems Engineering division, devised a work zone coordination framework that utilizes 
one common work zone database. Initially, the coordination framework involved two 
stages: Stage 1 included long-term coordination and Stage 2 included short-term 
coordination. Stage 1 would take advantage of the fact that Maintenance Engineering 
projects are known in the beginning of the each year. These projects get awarded and 
completed within less than a year. In this stage, it was initially proposed to create a 
database for aforementioned projects and make them visible to the decision makers 
and coordinate Maintenance projects around CPM projects. Stage 2 aimed to 
coordinate all work zones including CPM projects and maintenance projects in the short 
term. 
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As the first step, it was decided that coordination of maintenance projects with on-call 
consultants around CPM projects should be improved since they are relatively easier to 
coordinate than daily work conducted by NJDOT in-house. The research team met with 
Maintenance Operations on March 11, 2014 regarding the maintenance engineering 
projects. During the meeting with the Maintenance Operations group, the project team 
was informed that input and periodic update of each maintenance project in a database 
throughout projects’ delivery timeline would be cumbersome due to staff shortage. For 
demonstration purposes, the research team created a database for these projects that 
included all the maintenance engineering projects planned for 2014. However, this was 
not an ideal work flow because it required continuous back and forth communication 
between the research team and the NJDOT to simply update the status of all projects. 

As an alternative solution, the research team focused on Stage 2 coordination, namely 
focusing on short-term coordination only (e.g. less than a month), as suggested by the 
NJDOT Mobility and Systems Engineering division during the quarterly project meeting 
on January 29, 2015. In order to realize this objective, the research team utilized the 
OpenReach database. This database is being used on a daily basis by the traffic 
operation division, and it includes all events including information on historical work 
zones such as the time and date of work zone, how many lanes closed, description of 
work zone, and type of project. Based on the suggestions from the research panel, the 
team updated the work zone coordination framework. 

The Rutgers / NYU research team developed the Work Zone Coordination Spreadsheet 
(WCS) tool. WCS is an online user-friendly computer tool that is developed for providing 
NJDOT with an easy-to-use way to evaluate the feasibility and effectiveness of 
coordinating short and long term work zones and measure the benefits of various 
combinations of projects relative to each other and the do-nothing scenario. 

The key functional requirements of the tool identified as a result of the review of the 
current state of practice in the US, interviews with NJDOT experts and a number of 
meetings with prospective users of the tool can be listed as follows: 

• Integrate all scheduled and active construction projects in the OpenReach 
database and planned CPM projects. 

• Implement as an online tool that can be modified simultaneously by multiple 
users 

• Identify conflicts between work zone projects  
• Send conflict notification to involved parties 
• Be visible to all responsible parties  
• Offer varying user accessibility privileges  
• Estimate the benefits of conflict mitigation 
• Have the ability to save the analyses in a report format to be shared with the 

decision makers. 

Details on how to use the WCS tool are presented in the Work Zone Coordination 
Spreadsheet Tool section of the report. The tool is operational and being used by 
NJDOT. Rutgers / NYU team will continue to provide technical support to the users of 
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the tool.  This includes providing access to new users, fixing minor bugs, and ensuring 
that the tool remains available throughout this initial testing period.  

Future work is needed to continue the day-to-day maintenance and development of the 
tool based on the actual experiences of its users. One improvement will be automating 
the acquisition of all work zone project data from NJDOT in addition to the OpenReach 
database.  Similarly, the acquisition of traffic data can be improved to incorporate 
different on- and off-line databases maintained by NJDOT. This can be done given the 
current flexible database architecture of the WCS tool.  Finally, additional coordination 
and consolidation related tasks can be added based on the needs of the users of the 
tool to enhance the effectiveness of work zone operations in New Jersey.  
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INTRODUCTION 

The increasing number of work zones of different sizes along a corridor adversely 
affects the mobility and safety of travelers on already congested roadways. Drivers are 
constantly faced with unfavorable road conditions as a result of unexpected delays due 
to work zones. A survey conducted by the Federal Highway Administration (FHWA) 
showed that 32 percent of the respondents expressed dissatisfaction with work zones 
(1). In addition, work zone safety is an ongoing problem. In 2010, there were 37,476 
injuries and 576 fatalities. Although the number of work zone related accidents has 
decreased within the last decade, work zone safety is still a major problem in the United 
States. (2).  

Faced with growing number of work zones, the challenge for transportation agencies is 
to effectively manage the impacts of work zones to alleviate congestion and maintain 
the safety of motorists without disrupting project schedules. FHWA published 
Administrative Final Rule CFR part 630 Subpart J, “Work Zone Safety and Mobility” in 
2004, which requires state and local transportation agencies that receive federal funding 
to develop a Transportation Management Plan (TMP) to manage safety and mobility of 
work zones for “significant” projects. Key benefits of a TMP are to help address broader 
safety and mobility impacts of work zones at corridor and network levels, improve public 
awareness, and improve intra- and inter-agency coordination (3). 

Coordinating roadway projects is not a new concept to many state Department of 
Transportation (DOT)s, and regional and local transportation agencies. Intra-agency 
communication and coordination practices are conducted by various states such as 
Utah DOT’s I-15 Team and Traffic Management Committee, New York, New Jersey and 
Connecticut’s TRANSCOM program, Gary/Chicago/Milwaukee Corridor Action Team 
Program that involve several DOTs and Toll Authorities, and Oregon DOT’s Statewide 
Traffic Mobility Committee (4). These intra-agency communication practices aim at 
coordinating relatively long term and significant projects that have anticipated regional 
impacts. 

It should be noted that the majority of roadway projects include minor repair, 
maintenance, surveying, landscape, and utility work that require relatively short term 
work zones. USDOT reports that 70 percent of highway capital expenditures were 
allocated to system preservation (51.8 percent), expansion (18.3 percent) and 
enhancement (9 percent), where all these improvements require active work zones on 
existing roadways with traffic present (5). A similar trend can be observed for the State of 
New Jersey. The capital program for 2012 prepared by New Jersey Department of 
Transportation (NJDOT) shows that 44 percent of spending is allocated for roadway and 
bridge maintenance, as a part of its “fix-it-first” policy, given the poor condition of the 
existing infrastructure (6). These statistics indicate that there are more maintenance and 
minor repair projects than there are major overhaul or expansion projects. As it is 
beneficial for various agencies to collaborate for and coordinate relatively long term and 
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significant projects, it would be beneficial for state DOTs to effectively coordinate, plan 
and quantify the impact of these relatively short term yet frequent projects. 

There are several states that have been practicing corridor planning for coordinating 
short term and long term projects and streamlining project schedules to reduce the 
impact of work zones. California Department of Transportation (Caltrans), Michigan 
DOT and Missouri DOT coordinate multiple maintenance, utility, surveying and 
construction projects within a corridor. There are also other states that coordinate short 
term and long term projects on parallel routes to minimize the region-wide impacts of 
work zones.  

NJDOT can benefit from similar enhanced strategies of coordinating and planning 
projects of different scales, quantify the impact of various combinations of proposed 
work zones within a corridor or in a specific region, and reduce the negative impact of 
work zones. 

As stated in the RFP issued by NJDOT, “The main objective of this study is to 
understand the types of projects that can be coordinated – in terms of construction 
compatibility, design completion and construction schedules. The secondary objective 
would be to evaluate the effectiveness of coordinating short – and long-term projects 
using a cost-benefit analysis tool to measure the efficiency of various combinations of 
projects relative to each other and the status quo.” 

Various tasks have to be completed to realize these objectives. The most important 
steps are: 
 Conduct interviews with representatives from other state DOTs that have been 

practicing the coordination of various types of work zones. 
 Assemble a panel comprised of representatives from NJDOT units that are 

involved in work zone decision-making process and identify various types of 
projects put forth by NJDOT that require short term or long term work zones. 

 Work closely with NJDOT contacts to take advantage of TRANSCOM and its 
already existing regional structure to improve the communication and 
collaboration in terms of coordinating various repair activities in the region.  

 Through one-on-one and/or panel interviews with the identified key personnel, 
understand organizational flow within NJDOT for communicating, collaborating 
and scheduling of various types of work zones.  

 Determine, through expert interviews with NJDOT engineers and staff, what type 
of projects can be coordinated, anticipated challenges for coordinating various 
combinations of these projects and what the appropriate steps are to eliminate 
such challenges.  

 In close collaboration with the assembled panel, develop a framework for 
managing and coordinating work zone projects. 

 Develop a user-friendly spreadsheet based tool that will be used to calculate the 
cost effectiveness of various combinations of short term and long term work 
zones based on the developed work zone management and coordination 
framework. 
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 Explore the use of emerging web-based communication and collaboration 
technologies that are inexpensive and easy to deploy and maintain. This can be 
a secure web site that maintains a contact list of identified decision makers from 
NJDOT and other agencies with the goal of timely sharing of information and 
long and short term plans for work zone activities in the region. 

This report is organized as follows. The following section presents an extensive review 
of the relevant literature. Specifically the studies that are related to work zone capacity, 
queue and delay estimation are reviewed. Current state of practice section distinguishes 
between the long-term and significant capital projects and short-term yet more frequent 
projects. It is argued that although many states already coordinate long-term projects 
starting at the conceptual design phase, following FHWA guidelines, not many states 
focus on the coordination of the short-term work zones. This section also describes the 
current state of practice by NJDOT. Description of the NJDOT practice is based on the 
one-on-one meetings with NJDOT staff from various divisions. Benefit Cost Analysis 
section presents the potential benefits of reducing work zone exposure. These benefits 
include not only reduction in congestion, but also in accident, environmental and vehicle 
maintenance costs. Proposed Work Zone Coordination Framework section describes 
ideal flow of decision making when work zone coordination is concerned. For this 
framework to be effective there must be a shared database that includes all the 
proposed work zones. In this project, the research team proposed that the OpenReach 
database which contains the active and dormant work zones planned for the next month 
and the Capital Program Management (CPM) Project Reporting System (PRS) 
database of long-term and significant projects be combined, and be accessible to all 
involved parties. Here, the computer tool developed for this research project, namely, 
Work Zone Coordination Spreadsheet (WCS) tool, plays a central role within this 
proposed framework. WCS tool utilizes the combined database and helps users 
determine if there are any potential conflicts. The Work Zone Coordination Spreadsheet 
Tool section describes the tool in detail. We conclude the report with a summary of the 
completed work and suggestions. 
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LITERATURE REVIEW 

Various State DOTs have been using various analytical tools to estimate delays due to 
work zones. Each agency has delay thresholds that will determine the appropriate hours 
of lane closures for minimal traffic delays. Several tools are available for estimating the 
effects of various transportation projects. These tools vary in level of complexity, and 
each tool offers different capabilities. Some tools were designed specifically for work 
zone applications, while other traffic analysis tools, although not designed specifically 
for work zones, can be used to analyze work zone situations.  

Several DOTs adopted spreadsheet-based tools for estimating the impacts of work 
zones. The spreadsheets estimate delay and queue lengths as the main output values 
using the graphical procedures explained in the Highway Capacity Manual (HCM). 
Calculations are usually carried out in Microsoft® Excel. For example, ALDOT uses a 
Microsoft® Excel-based lane closure analysis tool, "Lane Rental Model." The tool 
determines work zone capacity values based on the HCM.  These tools require very few 
inputs and give quick results. 

A brief summary of available tools for estimating work zone mobility impacts is 
presented in the sections that follow. 

Tools for Work Zones Capacity, Queue and Delay Estimation 

Deterministic Tools 

DELAY Enhanced 1.2 

DELAY Enhanced 1.2 is an application developed by FHWA’s Utah division to estimate 
the traffic impacts of incidents. The model is applicable to work zones as well. The tool 
uses the same deterministic queuing model used by other available tools. It requires 
minimal input data and presents results quickly. The accuracy of delay and queue 
estimation of the tool depends highly on the capacity assumptions and the accuracy of 
hourly volume data (7). 

QUEWZ 
Queue and User Cost Evaluation of Work Zones (QUEWZ) was developed by the 
Texas Transportation Institute. This tool can estimate the capacity of the short term 
work zone by using the HCM 2000 model. QUEWZ can estimate the work zone 
capacity, average speed, average queue length, and travel time costs for a given lane 
closure schedule at a work zone (7). It calculates the queue lengths based on the 
methodology found in HCM 1994. The tool needs more input data as compared to the 
methods already reviewed. It is easy to use and to obtain results quickly. It also has a 
simplistic diversion algorithm. The updated version of QUEWZ, QUEWZ-98, runs on 
DOS. The data required to run QUEWZ can be broken up into 4 sections (16): 
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 Lane closure configuration (number of lane closure, length and work zone 
capacity), 

 Schedule of activity (begin – end time for lane closure and activity) 
 Traffic volumes (Directional hourly volumes or Annual Average Daily Traffic 

(AADT)) 
 Other factors (cost update factor, heavy vehicle percentage etc.) 

 

QuickZone 
Developed by Noblis (formerly Mitretek) using FHWA funding, QuickZone has been 
mentioned in FHWA guidelines as one of the several suggested tools to determine work 
zone delays (17). It is coded as a program within Microsoft® Excel. QuickZone considers 
traffic engineering parameters (as specified in the Highway Capacity Manual) like 
volume, truck percentage, lane width, etc. It has been widely used, tested, and validated 
by State and local American DOTs. Current partners of FHWA using QuickZone 
include: Maryland SHA, CFLHD, Pennsylvania DOT, Ohio DOT, Wisconsin DOT, 
Washington DOT, Utah DOT, and North Carolina DOT. QuickZone’s data requirements 
are well established and flexible enough to accommodate projects with minimal 
available data as well as projects that have a wealth of detailed data. It is 
comprehensive and highly detailed. It incorporates various factors that have impacts on 
traffic delays at work zones. It is a user friendly spreadsheet that compares the impact 
of different work zone scenarios in terms of capacity, queue, delay and cost. For 
instance, users can compare the effect of nighttime work versus daytime work or the 
effect of diverting traffic to another road along a corridor. This software has evolved over 
time because of its use in many scientific studies. Currently, QuickZone version 2.0 is 
available and it is capable of the following operations (18): 

 Quantify corridor delay resulted by capacity reduction, 
 Estimation of delay impact based on different phases of construction, 
 Impact of different scenarios for construction staging such as time (peak, off-

peak), location and season (winter vs. summer), 
 Tradeoff analysis between construction cost and user cost, 
 Estimation of work completion incentives. 

 

WZCAT (Work zone capacity analysis tool) 
WZCAT was developed to estimate queue and delay for short-term work zones by using 
principles of Delay Enhanced software. This program works as an add-on to Microsoft® 
Excel. In 2007, WZCAT was upgraded to a newer version called WZCAT-R (19). Based 
on this upgrade, all the in-out ramp volumes upstream of the work zone are included for 
estimation. Moreover, the traffic flow adjustment factor (TFAF) can be applied to the 
historical data for the mainline, enter and exit ramps. Figure 1 shows a snapshot of the 
WZCAT-R software.  
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Simulation Tools 

Microscopic simulation models simulate the movement of individual vehicles based on 
theories of car following and lane-changing. Typically, vehicles enter a transportation 
network using a statistical distribution of arrivals (a stochastic process), and are tracked 
through the network over small time intervals (e.g., one second or a fraction of a 
second). Typically, upon entry, each vehicle is assigned a destination, a vehicle type, 
and a driver type. In many microscopic simulation models, each vehicle’s traffic 
operational characteristics are based on relationships developed in prior research and 
influenced by vertical grade, horizontal curvature, and super-elevation. Computer time 
and storage requirements for microscopic models are large, usually limiting the network 
size and the number of simulation runs that can be completed. Examples of microscopic 
simulation models include Traffic Software Integrated System/Corridor Simulation 
(TSIS/CORSIM), INTEGRATION, SimTraffic, Wide Area Traffic Simulation (WATSim), 
VISSIM, and Parallel Microscopic Traffic Simulator (PARAMICS). Schroder and 
Rouphail (22) summarized and compared work zone analysis tools in terms of analysis 
inputs.  
 

Table 1 lists the specifications of deterministic and simulation based work zone tools. 
Table 2 shows the summary of the survey of various States for assessing the traffic 
impacts at work zones compiled by Edara and Cottrell (24). The most common tool for 
determining the capacity at work zone appears to be the experience of the DOT staff. 
For the estimation of traffic impacts, HCM- based tools and spreadsheets are the most 
popular among DOTs.  
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Table 2.  Survey of State DOTs on Current Practices for Assessing Work Zone Traffic 
Impacts (24) 

State   Tools Used for 
Estimating Capacity   

Tools Used for Estimating Traffic Impacts: 
Queues and Delays   

Alabama    Oklahoma DOT Spreadsheet 

Arizona    QUEWZ 
Arkansas    QUEWZ 
California  Experience and HCM  Spreadsheet based on HCM  
Colorado   Guidelines in the “Lane 

Closure Policy” 
document   

Synchro/Sim Traffic and HCS   

Delaware   HCM    Delaware Transportation Model, HCS, Synchro, 
CORSIM   

Florida   Chapter 10 of FDOT’s 
Plan Preparation Manual 
and HCS 2000   

Chapter 10 of FDOT’s Plan Preparation Manual 
and HCS 2000   

Hawaii   HCM   • HCM and experience                               
• QuickZone in the future   

Illinois  HCS 2000, SIG/Cinema, 
HCM, and QUEWZ 

HCS 2000, SIG/Cinema, HCM-based  
spreadsheet, QuickZone and QUEWZ 

Indiana  HCM, Past data QUEWZ, QuickZone, Synchro, CORSIM 

Kansas   None Experience, if any    None   

Kentucky   Experience, no formal 
procedure   

•  No formal procedure                                        
•  Rare use of CORSIM   

Maine   Experience and HCM 
1994   

• Spreadsheet and Synchro/SimTraffic for partial 
closures                               
•  TRIPS (Travel Demand Model) for full closures 
of bridges or highways   

Maryland  MD-QuickZone (modified 
QuickZone) using HCM 
Value or University of 
Maryland Model or any 
user defined value 

MD-QuickZone (modified QuickZone)  

Massachusett
s   

Start with base capacity 
value and apply 
adjustment factors for 
lane widths, truck 
percentages, grades, etc. 
(similar to HCM)   

 •  Spreadsheet model (BASICQUE) based on 
‘Planning and Scheduling Work Zone Traffic 
Control’ publication of FHWA (Chapter 2, page 
15), published in 1981                               •  Also 
use QuickZone, TRANPLAN for complex projects 

Montana   No estimation   HCM, if used   

Nevada   HCM 2000    •  Currently Synchro, CORSIM, HCM  
•   QuickZone in the future    

New Jersey   HCM 1994   Spreadsheet based on HCM   

Ohio   QUEWZ-98   Ohio DOT Spreadsheet 

Oklahoma    Spreadsheet based on HCM  
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Oregon   •  Currently experience      
•  Actual traffic counts in 
future   

•  Currently CORSIM                             
• Aim to develop graph from CORSIM results and 
validate it with field data   

Pennsylvania    Actively using QuickZone 

Rhode Island   HCM 1997   •  Mostly HCM and experience                 
•  Occasionally QuickZone   

Tennessee   Mix of actual traffic 
counts and HCM 
procedures   

 Web-based Queue/Delay Prediction Model under 
development   

Texas   QUEWZ   QUEWZ and CORSIM   

Utah    DELAY Software for small projects, MINUTP 
(comprehensive planning model) for large projects

Washington   Mix of actual traffic 
counts and HCM 
procedures   

• Primarily QUEWZ                             
• Limited use of QuickZone   

Wisconsin   Experience and literature  Mainly spreadsheet based on HCM, but 
occasionally CORSIM and QuickZone   

Wyoming   HCM and Synchro   HCM and Synchro   

Based on the survey results, the DOTs’ software selection can be summarized as seen 
in Table 3. HCM based spreadsheets and software take first place among various 
alternatives for both capacity and queue-delay estimations. However the HCM based 
spreadsheets or software have limitations for assessing the impact of multiple work 
zones or long corridor work zones.  

Table 3. Software Usage Percentage by State DOTs Included in Table 2 
Software  Usage for Capacity  Usage for Queue and 

Delay 
HCM based spreadsheet, 
HCS  

51.7% 48.3% 

QuickZone 3.4% 34.5% 

QUEWZ 10.3% 20.7% 

CORSIM - 24.1% 

SYNCRO 3.4/% 20.7% 

Queue and Delay Estimation 

If traffic volume exceeds work zone capacity, congestion occurs and then queues and 
delays will form. Likewise, when the traffic volume is below the work zone capacity, 
vehicles may travel without congestion but at speeds lower than those travelled on 
freeways.  The additional time needed for vehicles to pass the same length of roadway 
when there is a work zone can be referred as a traffic delay caused by the work zone. 
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Moreover, because of the stochastic nature of flow, queues may form at a work zone 
even if the traffic flow falls below the capacity. 

There are various methodologies that can be used to estimate the queue length and 
delay in work zones. Generally, two types of queuing analyses (summarized in the 
following sections) are used to analyze the generation and dissipation of queues:  

(1) A deterministic queuing analysis, in which the arrivals of the vehicles are assumed to 
follow a uniform pattern, and  

(2), a stochastic queuing analysis. The stochastic analysis assumes that the distribution 
of the vehicle arrivals follows a probability distribution.  Some crude assumptions are 
taken into account in order to simplify such an analysis.  

Deterministic Queuing Analysis 

In the deterministic approach, the queuing analysis can be carried out at a macroscopic 
or microscopic level. While macroscopic traffic models try to explain the relationships 
among traffic characteristics such as the relationship between flow and density, 
microscopic traffic models focus on single vehicle-driver units. Service time rates and 
the arrival of vehicles are seen as continuous at the macroscopic level. For the 
microscopic level, both the service time rates and the arrival of vehicles are believed to 
be discrete.  While macroscopic analyses are used when the rates of arrival and service 
time are high, microscopic analyses are regularly carried out when the rates are low. 

A deterministic macroscopic queuing model is used to analyze queue lengths and 
delays created by work zone bottlenecks. The model is built on the conversation of flow 
principles. Conversation of flow theory proposes that the number of vehicles entering a 
specific part of a roadway at a particular period of time must equal the number of exiting 
vehicles at the same time period under homogeneous roadway conditions.  When there 
is a work zone present on the freeway acting as a bottleneck, the number of exiting 
vehicles may be fewer than the entering vehicles. The difference refers to a queue that 
has formed upstream. The analysis simply treats the length of the queue as the 
difference between the arrivals and departures at a specific point.  

Figure 5 depicts the change in the traffic flow between 1 pm and 2 pm as result of a 
hypothetical work zone. This diagram is based on the deterministic queuing theory. The 
horizontal axis represents time and the vertical axis represents cumulative traffic volume 
arriving at the roadway link where the work zone is located. The slopes of lines 0-1, 1-2 
and 2-3 are the traffic flow rate between 12pm and 1pm, 1pm and 2pm and 2pm and 3 
pm, respectively.  Because of the capacity reduction due to the work zone, the actual 
flow rate is reduced to the level of 2'. The slope of line 1-2' represents the flow rate past 
the work zone. When the work zone is removed, the flow rate increases until it becomes 
equal to the maximum flow rate, the slope of 2-X. This is also equal to the slope of 0-C 
(See below for an explanation). When all the delayed traffic passes the work zone 
location after the work zone has been removed, the traffic flow returns to its normal rate. 
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In the absence of congestion all arriving cars are served because the line 0-C, which 
represents the cumulative capacity (maximum departure rate), has a steeper slope than 
the arrival rate of traffic. At 2', when all the lanes are cleared, traffic starts departing at 
capacity, thus the cumulative departure rate becomes equal to the maximum cumulative 
departure rate until the queue is cleared (point X).  

 

Figure 5. Delay and Queue Formation During Lane Closure 

Cassidy and Han (25) estimated the average delay due to work zones on a two-lane two-
way highway with one lane closure. They state that a number of different factors 
influence delay, and that these factors should be kept within acceptable ranges. One of 
the most important factors in their model was the length of the work-zone. According to 
Cassidy, delays incurred by motorists can be reduced or increased by changing the 
length of the work-zone. They estimated delays and queue lengths as a function of 
work-zone length. The model was also able to institute suitable green times and cycle 
lengths when there was a signal control on work-zone entrances. Their procedure 
estimates delay by estimating the right-of-way times in each cycle that takes place in a 
given time interval. When they predicted green times, they used deterministic queuing 
techniques to estimate delays. This method is more applicable to work-zone locations in 
which traffic demands constitute under-saturated conditions. 

Jiang (26) developed a model to estimate delays in which the work zone related delays 
were grouped under several different categories: vehicle deceleration prior to entering 
work zones, moving delays experienced by vehicles passing through work zones at 
lower speeds, acceleration delays experienced by vehicles accelerating after existing 
work zones, and queuing delays caused by the ratio of vehicle arrival to discharge 
rates. His model uses the vehicle queue-discharge rates to estimate traffic delays 
instead of the work zone capacity. According to his methodology, the total traffic delay 
at a work zone can be calculated with this formula (26): 

Time 

Cumulative Volume  

0 

1 
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ܣܮܧܦ ூܻ = ூ ሾ݀ௗܨ + ݀௭ + ݀ + (1 − ூ)݀௪ሿݐ +  ூ     (1)ܦ

where, 

FaI = hourly volume of arrival vehicles at hour I, 
dd = delay due to vehicle deceleration before entering work zone, 
dz = delay due to reduced speed through work zone, 
da = delay due for resuming freeway speed after exiting work zone, 
dw = delay due to vehicle queues during uncongested traffic, 
DI = delay due to vehicle queues during congested traffic. 

Chien and Schonfeld (27) proposed a modeling approach that determines how work zone 
lengths can be adjusted based on significant factors such as vehicle speeds and 
approaching traffic flow. They used deterministic queue analysis in their study and 
found that their method provides a useful approach for decreasing both traffic delays 
and costs. Because the user delay is represented as a constant average cost per 
vehicle hour, the delay in the model for each vehicle is assumed to be proportional to 
the time of the delay. The queue delay in the model is formulated as: ܥ = ௩ଶ ቀ1 + ொିೢబିொ ቁ (ܳ − ܿ௪)(ݖଷ +  ଶ     (2)(ܮସݖ
where, ܥ = the queue delay cost per maintained kilometer, ܿ௪ = the zone capacity, 
c0 = roadway capacity in normal conditions, ݒௗ = the average delay cost, ܳ = approaching traffic flow, ݖଷ = the setup time, ݖସ = the additional time required per work zone kilometer, ܮ = the work zone length. 

In addition to the queue delay, they also formulated moving delay and the total 
delay cost per maintained lane kilometer as the combination of these two cost functions: ܥ௩ = ቀ ଵೢ − ଵೌ ቁ ଷݖ)ܳ + ܳ ℎ݁݊ݓ    ௗݒ(ܮସݖ ≤ ܿ௪    (3) ܥ௩ = ቀ ଵೢ − ଵೌ ቁ ܿ௪(ݖଷ + ܳ ℎ݁݊ݓ    ௗݒ(ܮସݖ > ܿ௪    (4) 

where, 

௪ܸ = the average work zone speed, 

ܸ = the average approaching speed. 

Jiang and Adeli (28) also used a deterministic queuing model. Their model is based on 
the average hourly traffic flow and is appropriate for both short term and long term work 
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zones. Their estimated delay time consists of the upstream queue delay time (tq), and 
the moving delay time (tm) through the work space. ݐௗ = ݐ + ݐ         (5)ݐ = ∑ ቀ ்ା்శ∆ଶ ∆௧ቁ௧ାିଵ௧ୀ௧ ݐ (6)       = ∑ ௧ାିଵ௧ୀ௧ݐ∆         (7) 

where ݐ = the starting time at the work zone in hours ranging from 1 to 24, ܦ = the time period required to complete the maintenance for the work zone, ∆ݐ = the given time period, ܶ = the cumulative number of vehicles, ∆ݐ = the moving delay time. 

Stochastic Queuing Analysis 

Stochastic queuing analysis methods are usually used for estimating performance 
characteristics such as delay and queue length (29,30). Using a stochastic analysis 
method to estimate vehicle delay is comparatively hard because of the randomness and 
the uncertainty that take place in traffic flows. Therefore, in order to use these methods, 
several simplifications should be applied to the models. Two of the more common 
assumptions used to simplify this method are (1) the arrival of vehicles follows the 
Poisson process and (2) the mean arrival flow rate is constant.  

The stochastic queuing analysis tries to estimate the delay experienced by vehicles at a 
bottleneck, such as those found at a work zone, by defining the statistical distributions 
of queue lengths and delays. This analysis is also used for both under-saturated and 
saturated traffic conditions. The degree of saturation is determined by an intensity 
equivalent to the volume to capacity ratio. ߩ = ఒఓ                                                                     (8) 

where, 
ρ = traffic intensity, 
λ = mean vehicle arrival rate, 
μ = mean vehicle service rate. 

If the traffic intensity is less than 1, then the traffic conditions are undersaturated in this 
process. Likewise, if the intensity is greater than 1, it can be stated that there is no 
mathematical solution. In order to estimate the delay experienced by motorists, the 
queuing process should be converted into a deterministic queuing problem by using 
several time slices with different mean arrivals and service times.  

Since existing deterministic delay formulas are limited, there is an increased need for 
using stochastic delay models which provide calculations of queue size and delay 
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possibilities that may evolve over time. For that purpose, Brilon and Wu (31) developed a 
model to compute delays using Markov chain models. They proposed new formulas 
which are in good agreement with known empirical data. Heidemann (32) developed the 
probability generation function of the queue length and Laplace-transform of the delay 
distribution.  

Chitturi et al. (33) proposed a step-by-step methodology to estimate capacity, queue 
length, and delay for stopped queues at work zones. They estimated the total delay 
experienced by users by adding up the delay time due to queuing and the delay time 
due to slower speeds. Their model had twelve steps. Some of these steps can be 
skipped during the application. Steps 1 through 4 deal with speed reduction due to 
narrow lanes, less than ideal lateral clearance, the intensity of the work, and other 
factors that may influence speed. In Step 5, the speed that is adjusted in Steps 1 
through 4 is used to compute operating capacity. To adjust capacity of the work-zone, a 
truck adjustment factor is used in Step 6, and an adjusted capacity is computed in the 
next step. If demand is greater than capacity, the queue length at the end of every hour 
and the delay due to queuing are estimated in Steps 8 and 9. If demand is less than 
capacity, one can skip to Step 10, which estimates the delay due to speed reduction. In 
Step 11, Chitturi et al. estimate the total delay. In the final step they compute user cost. 
Although there were some adjustment factors that were both taken directly from the 
HCM and not designed for work zones in this methodology, there was a close similarity 
between the estimated results and the field data. 

Ramezani et al. (34) calculated the total delay for travel times. First they found the 
number of vehicles moving in the queue and then they found the length of the queue 
and the speed. From these variables they found travel times and used them to compute 
the delay. Ramezani and Benehokal (35) recently proposed a methodology for 
researchers to estimate queue length and delay. In their model, it is taken into 
consideration that throughout the work space and/or the transition area there may be 
more than one bottleneck found within the work zones. Their methodology utilizes 
speed-flow curves of the bottlenecks, the relationship between demand and capacities, 
and initial queue conditions. When the volume exceeds the transition area and the work 
zone capacity, there will be active bottlenecks at both locations. Likewise, if the 
approaching volume stays the same or goes to a higher level the back of the queue will 
reach the transition area and they will be dependent to one another. Therefore, the 
bottleneck in the transition area will be neutralized and the only remaining active 
bottleneck will be the one in work zone. If the volume is less than the capacity, again the 
work zone will be the only active bottleneck. They estimated queue length at the end of 
each minute using shockwave theory and then they computed shockwave speed. It was 
assumed that the vehicle speeds upstream of the queue are the same as the free flow 
speeds. Arriving volume is taken each minute and shockwave speed is calculated for 
each minute as well. They multiplied shockwave speed with the interval length and the 
previous interval’s estimated queue length. Finally, in order to find stable estimation of 
queue lengths, they used the moving average method. 
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Ullman and Dudek (36) developed a theoretical approach for estimating queue length 
during short-term roadwork on urban freeways. They argued that although traditional 
approaches such as macroscopic work zone analysis tools work well for rural and 
suburban work zones, they may severely overestimate traffic queues. This 
overestimation is mainly due to entrance and exit ramps being spaced relatively far 
apart whereas in urban areas the ramps are closely spaced, which enable users to 
embark on many diversion opportunities and routes. Their model is based on 
macroscopic fluid-flow analogies of traffic and considerations of the freeway corridor as 
a section of permeable pipe. This model was also calibrated to represent the magnitude 
of traffic queues at work zones on freeways in Texas. They used macroscopic fluid-flow 
theory to examine the diversion under lane closures using previously found data. The 
method required needs comparatively extensive inputs to estimate the corridor 
permeability factor relating to the diversion potential of roadway segments. They used 
Darcy’s Law to represent the relationship between traffic queuing and diversion. ݍ௦ௗ(ଵ) = ܣ݅ܭ = ᇱܭ ∆భതതതത்ா        (9)ݔ∆

where 

qside(1) = the flow permeating out the sides of the pipe through each segment, 
∆p1 = the average traffic stream pressure differential between roadway and the rest of 
the corridor within ∆x1, 
A = area through which flow is occurring, 
K = coefficient of permeability, 
TE = total energy of the traffic stream, and 
i = energy gradient across the permeable medium. 

With the help of the hydrodynamic analogy, a shockwave is said to occur when traffic 
streams of varying stream conditions exist. A cumulative plot is the graphical 
interpretation of a function that represents the cumulative number of vehicles which 
pass an observer at a specific time interval, t (37).  

These plots are used to examine the flow of vehicles that pass a number of bottlenecks. 
Newel used these plots in the study of transportation as an examination tool, while 
Moskowitz introduced the technique to the area (38). Many researchers have used this 
analogy from fluid dynamics to characterize traffic flow. Lighthill and Whitham (39) were 
the first researchers who tried aforementioned analogy. They analyzed the existence of 
shock-waves and traffic, and their theory demonstrated that one dimensional waves can 
be applied to transportation in order to estimate the highway traffic flow behavior. 

Suppose that Figure 6 shows a traffic stream that is moving on a roadway at a given 
flow, speed, and density. Assume that a truck comes into the stream and slows down 
the continuing traffic. The effects of this behavior can be explained by using shock-wave 
theory. The vehicles that are in the platoon will adjust their spacing and this effect can 
be seen in the Figure 7. Given conditions, the speed of the shockwave between two 
conditions are given by (40) 



 

In more

Where,

w

q

k

The firs
speed. 
analogo
shock w
equatio

e general fo

,  

w : Speed 

q : Flow 

k : Density

st equation
The secon

ous to a sh
waves prod
ons basical

orm: 

of the shoc

y 

n above dem
nd equation
hock-wave 
duced at po
lly represen

Figure 

ݓ
ݓݍ

ckwave 

monstrates
n defines t
which prop
oint B are 
nt their mo

6. Shock W

20 

ݓ = ಳିಲಳିಲ

 = ݇ − ݇ݓ = ೕିೕି 

s the relatio
he speed a
pagates al
propagated

odel. 

Wave Flow

ಲಲ    

  

 

onship betw
at the chan
ong a road
d in the ba

w-Density C

ween flow,
nge of traffi
dway. Figu
ckward dir

Curve (40) 

  

  

  

, density, a
ic condition
re 7 shows
rection. The

 

(10)

(11)

(12)

and 
ns, 
s that the 
ese two 



 

The ma
they us
bottlene
shock-w
maximu

Work Z

Capaci
rate at 
uniform
roadwa

Althoug
measur
dischar
Bham a
concep
is base
estimat
proper 
to estim
queues
volume
conjunc
a trans

Most of
work zo
value o

ajor differen
se different
eck. Shock
wave analy
um queue 

Zone Capa

ty is define
which pers

m section o
ay, traffic, a

gh there ar
rement me
rge and ma
and Khazra
ptual or ope
ed on mean
tion is used
definition t

mate the de
s form unde
e analysis, 
ction with v
ition or act

f the studie
one capaci
of all 5-minu

Figure 

nce betwee
t methods t
kwave ana
ysis captur
reach.  

acity Estim

ed in the H
sons or veh
f a lane or 
and control

re different 
ethods used
aximum flo
aee (42) spe
erational. In
n queue dis
d to schedu
to avoid tra
elay and us
er work zon
calculated 
vehicle cou
tivity area. 

es covered
ity. Dixon e
ute flow rat

7. Shock W

en shock-w
to explain v
lysis studie
res more re

mation 

ighway Ca
hicles can 
roadway d

l conditions

approache
d to calcula
w rates du

ecified that
n their view
scharge or 
ule a lane c
affic conges
ser cost sin
ne conditio
by taking v

unts at spe
 

 in this liter
et al. (43) ide
te observa

21 

Wave Time

wave and d
vehicles th
es the spat
ealistic beh

apacity Man
be reasona

during a giv
s” (41).  

es in the lit
ate work zo

uring conge
 work zone

w, the conc
r breakdow
closure, th
stion. The 
nce it reflec
ons. The op
vehicle cou
cific measu

rature revie
entified wo

ations within

e-Space Di

determinist
at are que
tial dimens
havior of qu

nual (HCM
ably expec
ven time pe

terature, th
one capac
ested and u
e capacity d
ceptual def

wn flow rate
en the brea
mean queu
cts the exp
perational d
unts in a g
urement lo

ew focus o
ork zone ca
n queue co

agram(40)

tic queuing
ued upstre

sion of queu
ueues and 

) as “the m
cted to trav
eriod unde

e majority 
ity relies up
uncongeste
definitions 
finition of w
es. For insta
akdown flo
ue dischar

pected aver
definition is
iven time in

ocations, su

on the conc
apacity as t
onditions. J

 

 models is
eam of a 
ues. There
it determin

maximum h
verse a poin
r prevailing

of the 
pon queue
ed conditio
are either 

work zone c
ance, if ca

ow rate will 
rge is most
rage flow r
s based up
nterval in 
uch as at th

ceptual def
the 95th pe
Jiang (44) id

 that 

efore, 
nes the 

hourly 
nt or a 
g 

e 
ons. 

capacity 
pacity 
 be the 
tly used 
rate once 
pon a 

he end of 

finition of 
ercentile 
dentified 



22 

 

work zone capacity as “the traffic flow rate just before a sharp speed drop followed by a 
sustained period of low vehicle speed and fluctuating traffic flow rate”.  Al Kaisy et al. (45) 
described work zone capacity as a mean queue discharge rate at the end of the work 
zone transition area. Maze et al. (46) defined work zone capacity as the average of the 
10 highest volumes during the before and after queuing conditions. Benekohal et al. (47) 
defined work zone capacity as the discharge flow from platooning vehicles within 
continuous traffic condition. Dudek and Richard (48) stated the work zone capacity is the 
mean queue discharge rate at a freeway bottleneck.    

Factors Affecting Capacity 

Base capacity estimation assumes standard conditions such as dry roadway surface, 
good weather, and familiar drivers. In most cases, however, standard conditions are not 
applicable.  There are several factors which affect capacity, classified by the HCM 2010 
as roadway conditions, traffic conditions, traffic control conditions, environmental 
conditions and technology. Table 4 shows the factors which have an impact on work 
zone capacity. 

Table 4. Conditions Effecting Work Zone Capacity (41)  
Roadway Traffic Control Environmental Technology Work Zone 

-Number of lanes -Vehicle type -Traffic 
signals 

-Weather (rain, 
snow) 

-ITS 
strategies 

-Work zone 
layout 

-Road type -Lane 
distribution 

    -Intense of 
activity 

-Lane and 
shoulder width 

 -Traffic 
signs 

 -Light (daylight, 
dark) 

 -Ramp 
metering 

-Working 
time 

-Speed limit -Driver 
population 

      -Duration of 
project 

-Grade    -Turn 
restriction
s 

    -Reduced 
speed limit 

-Ramp  -Heavy 
vehicle ratio 

      -Lane, 
shoulder 
closure 

-Lateral distance     -Lane 
closure 
location,  and 
time  

Weng and Meng (50) defined work zone capacity as a function of sixteen different 
factors, which are shown below in Figure 8. Several studies were conducted to find out 
the individual or combined effect of each factor on work zone capacity. According to 
studies performed by Al-Kaisy and his colleagues, there was a 7 percent reduction in 
work zone capacity during off-peak hours compared to peak hours and a 16 percent 
reduction during weekend days compared to days during the week (45, 51). Work activity 
reduced capacity by 6 percent at the work zone sites they studied. Left lane closures 
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Table 5 summarizes some of the previous studies on work zone capacity and the 
corresponding capacity estimations.  

The capacity estimation model developed by Krammes and Lopez (54) was adopted by 
HCM 2000 (41). According to this model, capacity is estimated by the multiplication and 
interaction of reduction factors with base capacity, which is assumed to be 1,600 
vehicles per hour per lane (vphpl) regardless of any conditions. Several adjustments 
were made to the base capacity value, including adjustments for the intensity of the 
work activity, the effect of heavy vehicles, and the presence of ramps in specific work 
zone locations. 

ு݂ = ଵଵା(ாିଵ)      (13) 

ܥ  = ሾ1600 − ܫ − ܴሿ ∗  ு݂ ∗ ܰ     (14) 

where, ு݂ = adjustment for heavy vehicles as defined ்ܲ= proportion of heavy vehicles,  ்ܧ= passenger car equivalent for heavy vehicles, ܥ = adjusted mainline capacity (veh/hr); 
I = adjustment factor for type, intensity, and location of the work activity (±160 pc/h/ln), 
R = adjustment for ramps, 
N = number of lanes open through the short-term work zone. 

A study by Dixon et al. (43) estimated work zone capacity values for rural and urban 
freeways in North Carolina. This study found that both the intensity of the work zone 
activity and the type of study site, i.e., rural or urban, had strong effects on work zone 
capacity. For example, for two-lane to one-lane configurations in rural sites with heavy 
work intensity, the capacity was 1,210 vehicles per hour per lane in the activity area. For 
urban areas with the same lane operations under moderate and heavy work zone 
intensity, the activity area capacity was 1,560 vehicles per hour per lane and 1,490 
passenger cars per hour per lane, respectively. This study also reported an activity area 
capacity of 1,440 vehicles per hour per lane for three to one lane operation with 
moderate work intensity in urban sites (See Table 5). 
 
Jiang (44) assessed vehicle speeds and queue-discharge rates at work zones in addition 
to traffic capacity. The traffic data used in this study was collected from four different 
work zones on four-lane freeways in Indiana. Jiang (44) used low vehicle speeds and 
fluctuating traffic flow rates as the indicators of congestion at work zones. Therefore, 
work zone capacity was defined as the traffic flow rate just before a sharp speed drop, 
followed by a sustained period of low vehicle speed and fluctuating traffic flow rate. 
Study results indicated that capacity at work zones varied between 1,258 and 1,689 
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passenger cars per hour per lane (pcphpl), and that a heavy vehicle ratio had an effect 
on capacity. 
 

Table 5. Studies on Work Zone Capacity 

Note: vphpl = vehicles per hour per lane; pcphpl = passenger car per hour per lane. 

Study Year Location 
Road 
Type 

#of 
Work 
Zone
s 

Length 
of Study 

Capacity at  
Work Zone 

Krammes and 
Lopez (54) 

1992 Texas Freeway 33 4 years 1,600 pcphpl 

Dixon et al.(43) 1996 North Carolina 
Rural, 
Urban 
Freeway 

24 9 months 1,440 vphpl 

Jiang (44) 1999 Indiana Freeway 4 
19 
months 

1,258-1,689 
pcphpl 

Maze et al. (46) 2000 Iowa 
Rural 
Freeway 

1 19 days 
1,400-1,600 
pcphpl 

Al-Kaisy et al. 
(45) 

2000 Ontario Freeway 2 3 days 
1,750-2,150 
pcphpl 

Kim et al. (55) 2001 Maryland Freeway 12 
Not 
reported 

1,228-1,790 
pcphpl 

Schnell et al.(58) 2002 Ohio 
Interstate, 
State  

4 
Not 
reported 

866-2,982 vphpl 

Al-Kaisy, Hall 
(53) 

2003 Ontario 
Urban 
Freeway 

6 
Different 
for sites 

1,853-2,252 
pcphpl 

Sarasua et al. 
(59) 

2004 South Carolina Interstate  23 1 year 1,460 pcphpl 

Benekohal et 
al. (47) 

2004 Illinois Interstate 11 1 day 597-1,294 vphpl 

Lee et al. (60) 2008 Wisconsin 
Urban 
Freeways 

8 4 months 
1,134-2,643 
pcphpl 

Heaslip et al. (61) 2008 
Florida, 
Massachusetts 

Interstate 2 
7 and 10 
days 

1,245-1,992 
vphpl 

Benekohal et 
al. (57) 

2010 Illinois Interstate 3 AM, PM 868-1,604 vphpl 

Bham and 
Khazraee (42) 

2011 Missouri Interstate 1 4 days 
1,194-1,404 
vphpl 

Weng and 
Meng (50) 

2012 

Maryland, 
North Carolina, 
California 
Indiana, South 
Carolina, 
Ontario, Texas 
Toronto,Florida

Rural, 
Urban 
Freeway 

182 
Not 
Reported 

1,180-2,090 
vphpl 

Edara et al. (24) 2012 Missouri 
Urban 
Interstate 

2 2 day 
1,149-1,301 
vphpl 
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Al-Kaisy et al. (45) investigated freeway capacity at a reconstruction site with long-term 
lane closures. They also considered the effect of important control and extraneous 
variables like temporal variation, grade, the day of week, and weather conditions. They 
used data from a construction site on Gardiner Expressway, for both directions, in 
Ontario. The normal three-lane configuration was reduced to two lanes at the 
construction zone in each direction and the approximate length of the work site in each 
direction was 1,640 feet. The study found that the capacity varied within a wide range, 
between 1,750 pcphpl and 2,150 pcphpl, and with a mean value of 1,943 pcphpl. Later, 
Al-Kaisy and Hall (53) added four more Ontario construction sites to this dataset. 
Individual investigations were used to estimate a base capacity for freeway 
reconstruction sites and determine the effect of important factors including heavy 
vehicles, driver population, rain, site configuration, and work zone activity. A generic 
work zone capacity model (R2=0.63) was created for freeway reconstruction sites using 
a base capacity value of 2,000 pcphpl. The model was expressed using the following 
equation: 
ܥ  = ܥ ∗ ு݂ ∗ ௗ݂ ∗ ௪݂ ∗ ௦݂ ∗ ݂ ∗ ݂ ∗ ݂     (15) 

where, Cୠ =  base capacity (2000 pcphpl), C =  work zone capacity, fୌ =  heavy vehicle adjustment factor,  fୢ =  driver population adjustment factor (1.0 for peak hours-weekdays, 0.93 for off-
peak  

weekdays, 0.84 for weekends), f୵ =  work activity adjustment factor (1.0 for no work activity, 0.93 for work activity at 
site), fୱ =  adjustment factor for side of lane closure (1.0 for closure of right lanes, 0.94 for 

closure of left lanes), f୰ =  rainy weather adjustment factor (1.0 for no rain, 0.95 for light or moderate rain, 
0.90 for heavy rain), f୪ =  light conditions adjustment factor (1.0 daytime, 0.96 nighttime), and f୧ =  interactive effect (1.03 for left-lane closures during weekday-off peak, 1.08 for 
weekends when work activity is present, 1.02 for left-lane closures during 
weekends, 1.05 for rain during weekends, 1.0 for all other conditions). 
 

Maze et al. (46) conducted an investigation of a work zone on a rural interstate highway 
(I-80) in Iowa. They measured the number of vehicles that passed through a work zone 
lane closure prior to and during congested operations, with the intention of 
understanding driver behavior at the work zone. They collected data for 19 days at the 
work zone; to find the maximum work zone capacity they calculated the average volume 
of the ten highest volumes immediately before and after the queue was measured. They 
found that the capacity at the work zone varied between 1,400 pcphpl to 1,600 pcphpl.  
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Kim et al. (55) developed a new freeway work zone capacity estimate methodology that 
uses various independent factors, which contribute to capacity reduction. These 
independent factors are: the number of closed lanes, location of closed lanes, 
proportion of heavy vehicles, lateral distance to open lanes, work zone length, work 
zone grade, and intensity of work zone. Data was collected in Maryland at 12 work zone 
sites with four to one and four to two lane closures in one direction. A work zone 
capacity estimate multiple regression model was developed to establish a functional 
relationship between work zone capacity and several key independent factors including 
the number of closed lanes, proportion of heavy vehicles, grade, and intensity of work 
activity. The stepwise regression analysis of the proposed model was promising with an 
R2 value of 0.993. Model results were also compared with existing capacity models 
using the root mean square (RMS) error. The new capacity model is depicted by the 
following equation: 

ݕݐ݅ܿܽܽܥ  = 1857 − ܮܥܯܷܰ 168.1 − ܮܥܱܮ 37.0 − ܸܪ 9 + ܦܮ 92.7 ܮܹ 34.3 − − ுܫܹ 106.1 − ܩ2.3ܹ ∗  (16)     ܸܪ

where, NUMCL = number of closed lanes, LOCL = location of closed lanes, HV = proportion of heavy vehicles, LD = lateral distance to open lanes, WL = work zone length WIୌ = work zone intensity WG = work zone grade. 
 

Schnell et al. (58) studied the feasibility of using commercially available traffic simulation 
and prediction tools to estimate queue lengths at work zones for the Ohio Department of 
Transportation. The simulation and prediction tools used in the study included HCS, 
Synchro, CORSIM, NetSim and QueWZ92. They collected field data from 4 different 
work zones (2 interstate and 2 in-state) at highways in Ohio. The values obtained from 
the field data were compared with the outputs of each tool. They found that, although 
they were visually appealing simulation packages, Synchro and CORSIM had 
inaccuracies in their queue length predictions. They concluded that none of the tools 
except QueWZ92 and ODOT Spreadsheet were designed to adequately model work 
zones operating at or above capacity.  
 
Karim and Adeli (62) developed an adaptive computational model for estimating work 
zone capacity, queue length, and delay. In their model, they proposed various factors 
that affect work zone capacity, including the number of lanes, number of open lanes, 
work zone layout, length, lane width, percentage of trucks, grade, speed, work intensity, 
darkness factor, and the proximity of ramps. A radial-basis function neural network 
(RBFNN) model was used to determine the mappable quantifiable and non-quantifiable 
factors which described the work zone traffic control problem in relation to the 
associated work zone capacity. To test the network model they created look tables of 40 
examples of work zones and ODOT estimated work zone capacities. The network was 
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tested with 27 work zone capacity values that had been observed in previous studies. 
The network model was implemented for three different scenarios. These examples 
illustrated the significance of accurately estimating work zone capacity, the demand 
reduction factor, and the work scheduling on queue delay and length. Based on the 
RBFNN model, the root mean square error was estimated as 165 vph, which is an 
acceptable range for practical purposes.    
 
Sarasua et al. (59) investigated various factors affecting the capacity of short-term lane 
closures at interstate work zones in South Carolina. In their study they organized a 
survey to assess current practices for short-term work zone closures on the Interstate 
system. They distributed this survey to all of the State DOTs, Puerto Rico, and the 
District of Columbia. Eleven returned surveys provided information about the threshold 
lane volume used by transportation agencies. Over half of the survey respondents used 
threshold lane volume to decide the suitability of lane closures. Table 6 shows the 
formally adopted threshold lane volume by several state DOTs. Later, Sarusa et al. 
collected one year field data (for flow, speed, and queue length) at 23 work zone sites 
on 2, 3 and 4 lane roadways, with a different number of lanes closed at each site. By 
using the passenger car equivalent flow and speed data, they developed a model which 
can estimate the capacity at work zones based on the vehicle make up, number of 
lanes open at the work zone, and work zone intensity. The final model is as follows: 

ௐܥ  = (1460 + (ܫ ∗ ு݂ ∗ ܰ      (17) 

where, C = work zone capacity (veh/hr), I = work zone intensity (ranges from –160 to +160 pc/h/ln), fୌ = heavy-vehicle adjustment factor as defined in HCM (41), and N = number of open lanes.  

Table 6. Threshold Lane Volumes Adopted by DOTs (59) 
State  Threshold Lane Volume  

Connecticut  1,500 to 1,800 vphpl  

Missouri  1,240 vphpl  

Nevada  1,375 to 1400 vphpl (7% trucks)  

Oregon  1,400 to 1,600 pcphpl  

South Carolina  800 vphpl  

Washington  1,350 vphpl  

Wisconsin  1,600 (rural) and 2,000 pcphpl (urban)  

 

Benekohal et al. (47) presented a methodology for estimating speed and capacity in 
freeway work zones. The underlying principle of this methodology is that operating 
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factors in work zones, which include work intensity, lane width, lateral clearance, and 
other factors, cause motorists to reduce their speed. The collected video data included 
11 Illinois interstate two-to-one work zone lane closures with eight long-term and three 
short-term work sites. Work zone intensity was quantified and correlated with 
consequent speed reduction using field data for long-term work zones and driver survey 
data for short-term work zones. Based on these relationships an anticipated work zone 
operating speed was computed using a speed-flow relationship developed from the 
project data. The model is represented by the following equation: 

ௗܥ  = ೀܥ ∗  ு݂ ∗  (18)      ܨܲ

where, Cୟୢ୨ = adjusted capacity, Cో = capacity at operating speed U, fୌ= heavy – vehicle adjustment factor as defined in HCM (41), and PF = platooning factor. 

In this study, a step by step approach was defined to estimate work zone capacity. 
These steps can be summarized as follows: estimating speed reductions due to narrow 
lane width and clearance, work intensity, and any other factors. The operating speed (ܷை) is calculated by subtracting the estimated speed reductions from the free flow 
speed. Based on operating speed, ܥೀ is defined by the speed-flow curve. By 
estimating the heavy – vehicle adjustment factor (fୌ) and deciding the platooning 
factor (PF), the adjusted work zone capacity can be found by Eq.(18).  
 
Weng and Meng (50) used an ensemble tree approach to develop a work zone capacity 
model.  They describe their model as a set of decision trees which determine the 
affecting factors on work zone capacity. 182 sets of data were used to develop models 
for the following states:  Maryland, Texas, North Carolina, California, Indiana, Ontario, 
Toronto, South Carolina and Florida. They observed that in comparison to the decision 
tree method, the ensemble tree yielded stable results. More specifically, the reproduced 
ensemble tree approach outperformed the existing capacity estimation methods by 
providing more accurate results. 

Besides numerical methods, field data can also be used to estimate work zone capacity. 
HCM 2000 (41) suggested that the capacity definition should be the maximum flow rate 
at sustainable conditions for 15 minutes. Benekohal et al. (57) developed a technique 
called the “h-n” or “h minus n” method to estimate work zone capacity by using field 
data. The model’s main idea is to estimate the missing capacity caused by the 
underutilization of roadways. H denotes headway in seconds and n denotes headway 
threshold for free flow traffic. If the observed headway is higher than 8 seconds then this 
value is replaced with a reduction of 4 seconds from the observed headway. Capacity 
values estimated by the “h-n” method were greater than the ones estimated by the HCM 
2000 method.   
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Lee et al. (60) developed a tool to predict delays and queues for short-term lane closures. 
In order to evaluate and enhance their tool, they collected field data that contained 
information on the traffic flow and the queuing patterns during work zone operations on 
selected urban freeways. The field data showed that the roadway capacity varied 
between 1,134 pcphpl and 2,643 pcphpl, depending on the number of lanes closed and 
the intensity of the work zone activity.  
 
Heaslip et al. (61) proposed an enhanced methodology for measuring the capacity at 
work zones. They investigated the impact of driver behavior at work zones and found 
that driver behavior influences flow quality when drivers encounter changing roadway 
conditions and lane configurations. This study used data collected from two highways, 
one in Florida for 10 days and the other in Massachusetts for 7 days. The data indicated 
that the average capacity was 1,992 vphpl for the Florida site and 1,245 vphpl for the 
Massachusetts site. Using field observations they also calculated the driver behavior 
factor, which was based on the assessment of factors including driver familiarity, driver 
adaptability, driver aggressiveness, and driver accommodation tendencies that are 
unique for different demographic groups. 
 
Bham and Khazree (42) recorded a video stream of the traffic in the presence of a work 
zone at I-44 in Missouri. They used an Autoscope software package to count the 
number of vehicles traversing the work zone area. Both breakdown flow and maximum 
sustained flow rates methods were used to estimate the work zone capacity. The 
averages of 15-minutes maximum sustained flow rates were observed to be 1,307 vphpl 
and 1,406 vphpl for westbound and eastbound directions, respectively. The average of 
11 breakdown flow rates (range of 1,194-1,404) was estimated to be 1,295 vphpl. It was 
found that the mean discharge queue rate 1,072 vphpl was significantly smaller than the 
observed breakdown flow rate.  
 
Edara et al. (24) estimated the work zone capacity for four different short-term work 
zones in Missouri. Maximum sustained flow, rescaled cumulative flow, and the 85th 
percentile flow techniques were all used to estimate work zone capacity. The capacity 
values estimated by the queue discharge flow methods were found to be more accurate 
when compared to other methods. They conducted a nationwide survey with several 
State DOTs. The estimated capacity values by Edara et al. were close to the capacity 
values estimated by the HCM method for Missouri. The survey results showed that the 
work zone capacities used by the other state DOTs were higher than the estimated 
values.  Table 7 shows values of the work zone capacity by different State DOTs.   
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Table 7. Work Zone Capacity Values Adopted by State DOTs (24) 
State 2 to 1 3 to 1 3 to 2 2 Two-way 

one-lane 
(TWOL) 

Two-way 
one-lane  (with 
median  
crossover) 

Florida 1,800 vph — 3,600 vph 1,400 vph — 
Wisconsin 1,500 

pcphpl 
1,500 vph 1,500 

pcphpl 
— 1,400 pcphpl 

Nevada 1,500–
1,600 
pcphpl 

1,500–
1,600 
pcphpl 

1,500–
1,600 
pcphpl 

1,500–
1,600 
pcphpl 

1,500–1,600 pcphpl 

Massachusetts 1,500 vph 1,500 vph 3,000 vph 850–1,100 
vph 

 

Hawaii 1,600 
pcphpl 

1,600 
pcphpl 

1,600 
pcphpl 

600-800 
pcphpl 

 

Iowa 1,450 vphpl — 1,450 vphpl — — 
New York 1,800 

pcphpl 
1,600 
pcphpl 

1,700 
pcphpl 

— 1,800 pcphpl 

New Jersey 1,300–
1,400 vphpl 

1,200–
1,300 
pcphpl 

3,000–
3,200 vph 

600–750 
vphpl 

1,200–1,500 vphpl 

Note: vph = vehicle per hour; vphpl = vehicles per hour per lane; pcphpl = passenger car per hour per lane. 
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CURRENT STATE OF PRACTICE IN COORDINATING PROJECTS 

Significant Projects 

The National Cooperative Highway Research Program (NCHRP) Report on Guidance 
for Implementation of the AASHTO Strategic Highway Safety Plan (8) lists various 
strategies for transportation agencies to improve coordination, planning and scheduling 
of work zone activities. Coordination may involve county and local highway agencies 
and contractors as well as highway agency personnel representing different divisions 
such as maintenance, construction, design and surveying, traffic operations. Some of 
the strategies recommended in the NCHRP (8) report are: 
 
Coordinating activities so that they can be scheduled to overlap, or not overlap, as 
appropriate. 
 Work zones on two parallel corridors can reduce the alternative route choices for 

travelers, which could increase congestion caused by work zones. Such projects 
need to be scheduled at different times.  

 Separate projects on the same route (resurfacing, surveying, and utility) should 
be scheduled to occur at the same time or as close together as possible to 
minimize disruption to traffic and to take advantage of the already deployed work 
zone traffic control. 

 
Coordinating work zone activities and improving communication among agencies have 
already been practiced by various State DOTs. The Oregon Transportation Investment 
Acts was passed in 2001 and 2002 and dedicated $2.5 billion over a 10-year period to 
upgrade Oregon’s highways, interchanges, and bridges. Oregon DOT (ODOT) 
recognized the need for the coordination of projects with the objective of managing and 
minimizing traffic operational impacts at the network level (9).  
 
With more than 100 active work zones to manage during each summer period, ODOT 
created a Statewide Traffic Mobility Manager and Mobility Operations Center. The 
purpose of the Center was to follow the current congestion due to active work zones 
and coordinate the work zone lane closures to reduce delays. All project schedules 
were loaded into a common project database by each district and the project schedules 
and mobility impacts were then evaluated by the Mobility Operations Center, which had 
the authority to command a reschedule of work zone activities if acceptable delay 
thresholds were exceeded. They coordinated projects on different corridors by using a 
“Region Mobility Schedule” to see conflicts between the work affecting critical route 
pairs and coordinated activities (10). Figure 9 shows a snapshot of the Region Mobility 
Schedule spreadsheet.   
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Caltrans coordinates multiple construction and maintenance projects within a corridor. 
For maintenance projects, a complete corridor can be closed off to traffic during the 
night while the maintenance teams perform the required work. They also coordinate 
construction projects that are much longer in duration with different projects in one 
corridor (13).  
 
Caltrans develop a single corridor or regional TMP when multiple projects are in the 
same corridor or on corridors within the same traffic area. The TMP Manager 
coordinates the development and implementation of corridor and regional TMPs. The 
TMP team includes representatives from the Department’s Divisions of Construction, 
Maintenance, Project Management, and Traffic Operations for each of the affected 
Districts and local law enforcement, transit, and emergency services agencies (14). They 
use a web-based lane closure system (LCS) to review the details of a lane closure 
request, check for potential conflicts, approve or mitigate requests, ensure that the 
closure is consistent with any corridor TMPs, and monitor closure progress. Figure 12 
shows a snapshot for the Caltrans web-based LCS system.  
 
As an example of the Caltrans work zone consolidations strategy, a 10-mile stretch of I-
405 and four () miles of the southbound lanes were closed for 53 hours, from July 15 to 
July 17, 2011.  The closure enabled workers to demolish half of the Mulholland Drive 
Bridge so they could widen the expressway between the Westside and the San 
Fernando Valley. For the weekend of September 29th, 2012, the same stretch of I-405 
was fully closed so workers could demolish the northern side of the bridge during phase 
2. Multiple agencies (maintenance, utility, survey, and others) took to the closed 10-mile 
section of highway to perform their work. Figure 13 shows the full lane closure for both 
ways during the Mulholland Drive Bridge construction.  



 

 

Figuure 12. Calttrans LCS 
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Web-baseed Lane Cloosure Systeem (15) 
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Table 8. Work Zone Coordination Practive of Selected State DOTs 

Agency Description Computer Tool 

Caltrans 
Reviews the details of a lane closure request, 

check for potential conflicts, approve or 
mitigate requests. 

Web-based lane closure 
system (LCS) 

WSDOT 
Coordinates mid to long term events including 
construction, maintenance and special events

CIA tool 

Indiana 

Follows a lane closure policy that includes a 
statewide lane closure map and close-up lane 
closure maps for each of the four major urban 

areas in the State.  

- 

Ohio 

Follows a policy that includes the queue 
analysis methodologies for determining the 
lane closure restrictions and suggestions for 

mitigation strategies.  

Web-tool to calculate 
estimated queue length 
and determine permitted 

lane closure hours 

Missouri 
Coordinates lane closures across district 

boundaries, considering the statewide impact 
of work zones on traffic 

- 

Oklahoma 

Coordinates its projects and activities with the 
local highway agencies, utility contractors and 

maintenance forces during the project 
planning phase 

- 

GLRTOC 
Coordinates various types of roadway 

projects via a Google Maps based interactive 
computer tool. 

Web-based computer tool 
that shows various types of 

work zones 

Oregon  
Coordinates all work zone lane closures to 

reduce delays 
MS Outlook 

In summary, there are no universal DOT policies that address how agencies should 
coordinate or consolidate projects. In addition, only a few states utilize computer tools 
specific to regional or corridor based work zone coordination. State DOTs mostly 
coordinate significant and long-term projects. There are more maintenance operations 
(M&O) and utility work projects than significant and long-term projects. FHWA rule 
requires agencies to consider the planning and coordinating of M&O activities. 
According to this requirement, the following efforts are suggested: 

 Overall system-wide impacts of M&O activities are minimized and better 
managed.  

 Coordinate and combine multiple M&O activities into a single larger project.  
 Perform M&O activities as part of planned construction projects (whenever 

possible) as opposed to M&O work being completed individually.  
 Coordinate, implement, and manage M&O and construction activities at the 

regional/district/corridor level to minimize overall impacts. 
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Table 9. List of NJDOT Interviews 
Interviewee Date 

Dave Lambert, Manager, Capital Program Management April 15, 2013 

Andrew Tunnard, Director, Maintenance Operations April 16, 2013 

John Gahwyler, Regional Maintenance Engineer, Region North June 25, 2013 

Harish Bhanderi, Manager, Roadway Maintenance and 
Engineering Operations 

July 2, 2013 

Thomas Saylor, Manager, Capital Program Management July 2, 2013 

Mark Hauske, Engineer, Capital Program Supporter July 2, 2013 

Scott Thorn, Project Manager, Capital Program Management July 3, 2013 

Jim Hadden, Transportation Systems Management July 8, 2013 

Jeevanjot Singh, Transportation Systems Management July 8, 2013 

Sheryl Grant, Supervisor, Bureau of Program Systems 
Management Division of Capital Program Support 

October 16, 2013 

Maintenance Operations - Andrew Tunnard, Harish Bhandari, 
Ahmad Ghorbani, Parth Oza, Gerald Oliveto and Jaime 
Oplinger. 

March 11, 2014 

Ahmad Ghorbani, Maintenance Operations April 22, 2014 

CPM Projects 

Several management groups in NJDOT can hand down a decision for determining CPM 
projects’ needs. These management entities can be from safety, bridge, pavement 
management or they can be from planning division, a metropolitan planning 
organization or external stakeholders. The process of screening problems and awarding 
projects takes about 2 to 4 years (Limited scope projects can take one year to award). 
There are approximately 50 CPM projects per year and these are bid to contractors. 
Their duration may vary between 6 months to several years. 

Coordination of CPM projects plays an important role in the impact of work zones to the 
traffic. NJDOT already combines capital project work zones that are in close proximity at 
the problem screening stage. For instance, if there is a major work zone planned on a 
specific route, project management team finds out about other necessary work planned 
(e.g. overpass improvements, resurfacing, etc.) and combines them at the planning 
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some kind of communication between the Operations projects and CPM projects. 
However, there are not any efforts to coordinate these two different project types. 
Coordination would highlight the conflicts between these projects and allow managers 
to take critical decisions that might result in time and money savings. 

Majority of maintenance engineering projects are conducted by NJDOT personnel. 
These work zones are performed on need-basis. Maintenance projects are more 
frequent than any other types of projects. However, they are relatively harder to 
coordinate since they are scheduled within a couple of days. 

Local Aid Projects 

Local aid projects are the projects funded partially by the NJDOT, bid and awarded by 
the local agencies primarily on non-state roadways and streets. NJDOT usually does 
not have prior knowledge of these projects. Although these projects are on local 
roadways, they can also affect the connecting state roadways. If a list of these local 
projects were available to NJDOT, a better communication with the local agencies can 
lead to coordination of work zones. 

CPM projects are planned years in advance, and coordination with other CPM projects 
is already being done in NJDOT. However, the relation between CPM projects and 
other types of projects should be improved. For this purpose, better information 
exchange between CPM projects, traffic operations, utility and local aid projects should 
be established. Maintenance engineering projects with on-call consultants are relatively 
easier to coordinate than daily works conducted by NJDOT maintenance crews.  

Transportation Systems Management Projects 

Transportation systems management projects are funded by NJDOT Mobility and 
Systems Engineering division. These projects are few and far between and usually 
involve the installation of intelligent transportation systems equipment such as radar 
detectors, cameras, tag readers, electronic displays on roadways. 
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BENEFIT COST ANALYSIS 

Expected benefits of coordinating work zones are the reductions in direct costs such as 
travel time and delay costs, accident costs and vehicle operating costs. Congestion cost 
values will be obtained from the Road User Cost manual to be in accordance with the 
current NJDOT cost calculations. Accident costs and vehicle operating costs will be 
adopted from the previous studies conducted by the research team, and will be updated 
for the current year values. Costs associated with work zone coordination are the costs 
of modifying project schedules, design and penalty costs.  
 

Congestion Costs 

The monetary value of travel time (VOT) plays a crucial role in determining cost 
changes since all these cost categories are related to travel time.  Travel time costs 
may consist of time devoted to waiting, accessing vehicles and the actual travel time 
depending on the mode choice of the traveler. Apogee Research estimated congestion 
costs in a study in Boston and Portland (63) areas using VOT as the 50% of the average 
wage rate for work trips and 25% for other trip purposes. K. Gwilliam (64) concluded that 
work travel time should be valued at 100% wage rate based on a review of international 
studies. He also pointed out that non-work travel time should be valued at 30% of the 
hourly wage rate.  

Likewise, USDOT (65) suggests value of travel time should be between 50% and 100% 
of the hourly wage rate depending on travel type such as personal and business. These 
VOT studies did not include user characteristics, mode of travel, or time of day choices 
in the estimation process. To consider these issues, some studies conducted stated 
preference surveys to estimate VOT for different modes of travel and trip purposes 
(66,67,68).In this report, it is assumed that the VOT ranges based on average hourly 
wages as recommended by the USDOT (65). 

Two vehicle types: passenger cars and trucks were considered. For passenger cars, the 
VOT range, based on the hourly wage, is assumed to be between 80% and 120% of the 
average hourly wage within peak period, and between 35% and 60% of the average 
hourly wage within off-peak periods, respectively. For trucks, the VOT range, based on 
the hourly wage, is assumed to be 100% within both off-peak and peak periods. U.S. 
Department of Labor (69) stated average hourly wages for all jobs in New Jersey. The 
report specifies that, in 2012, the average hourly wage for all employments was $25.00 
per hour. The hourly wage for trucks in transportation and warehousing was $21.37 per 
hour. Table 10 shows the VOT ranges, as suggested by the USDOT (65), used in our 
analysis. 
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Table 10. Value of Time Ranges (65) 
Time Period Passenger Cars Trucks
Peak $20 -  $30 $21.37
Off-Peak $8.75 - $16.25 $21.37

The Bureau of Public Roads travel time function was used to calculate time loss. Thus, 
the total cost of congestion between a given origination-destination (OD) pair can be 
calculated by the time loss of one driver along the route, multiplied by total traffic 
volume (Q) and the average value of time (VOT).  

Vehicle Operating Costs 

There are many contributing factors to the operating costs of a vehicle. Some of these 
factors are the type of vehicle, environmental conditions, road, design, and flow speed 
of traffic. The factors are more specifically, the depreciation cost, cost of fuel, tires, oil, 
insurance and parking/tolls. While some costs are unit costs per mile, the depreciation 
cost is defined by a function of mileage and vehicle age. The depreciation cost function, 
which is estimated in an early NJDOT project conducted by Ozbay (75), is utilized in this 
report.  From the American Automobile Association (AAA) and USDOT reports, the 
other categories aforementioned; cost of fuel, oil, tires, insurance, parking and tolls are 
obtained. 

Accident Costs 

The costs associated with an accident can be separated into two distinct groups, where 
it is defined as accident costs as the economic value of damages caused by a vehicle 
accident/incident (Table 11). The first group is the cost of foregone production and 
consumption, which can be converted into monetary values. Life-injury damages 
compose the second group, which require more elaborate techniques in order to 
convert into monetary values. The accident cost function is used to convert the 
estimated number of accidents into a dollar value.  It accomplishes this by estimating 
this number of accidents that occur over a period of time and then multiplying the 
number of accidents by their unit cost values. Although the cost of each individual 
accident varies with its own circumstances, similar accidents tend to have costs that 
correspond to the same range. 
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Table 11. Components of Accident Costs (74) 
Pure Economic Costs 
Major costs Description 
Medically related costs Hospital, Physician, Rehabilitation, 

Prescription 
Emergency services costs Police, Fire, ambulance, helicopter 

services, incident management services 
Administrative and legal costs Vehicle repair and replacement, damage 

to the transportation infrastructure 
Life Injury Costs 
Employer costs Wages paid to co-workers and 

supervisors to recruit and train 
replacement for disabled workers, repair 
damaged company vehicles, productivity 
losses due to inefficient start-up of 
substitute workers 

Lost productivity costs Costs due to pain, suffering, death and 
injury 

Travel delay costs Productivity loss by people stuck in crash 
related traffic jams 

The accidents are separated into the three categories of fatal, injury, and property 
damage. The traffic accident database of New Jersey was used to develop the accident 
occurrence rate functions for each of these three types. Annual accident rates by 
accident type are closely related to the characteristics of traffic volume and roadway 
geometry.  

Traffic volume is represented by the average annual daily traffic, while the roadway 
geometry of a highway section is based on engineering design. The possibility of 
accident occurrence is closely affected by the many features of roadway geometric 
design. The various features are too detailed to be considered in a function, so 
highways are classified function type. These functional types are Interstate, freeway-
expressway, and local-arterial-collector, where it is assumed that each type has its own 
unique roadway design features. By classifying the types in this way, it is possible to 
work with only two variables: road length and number of lanes.  

Nine different functions were developed corresponding to the three accident occurrence 
rate functions for each accident type for each of the three highway function types. 
These functions were found through regression analysis. The number of accidents in a 
given year is reported for each highway function type, using the available data obtained 
from detailed accident summaries for the years 1991 to 1995 in New Jersey. The 
statistical results of the estimation of accident occurrence rate functions can be found in 
Ozbay et al (76). 



49 

 

The unit cost of each type of accident directly affects the cost estimates. The National 
Safety Council (70) reported the average unit cost per person for three accident types, as 
shown in Table 12. These values are comprehensive costs that include a measure of 
the value of lost quality of life which was obtained through empirical studies based on 
observed willingness to pay by individuals to reduce safety and health risks. 

Table 12. Average Comprehensive Cost by Injury Severity (71) 
Accident Type Cost 
Death $4,459,000
Incapacitating injury $225,100 
Nonincapacitating evident injury $57,400 
Possible injury $27,200 
No injury $2,400 

This accident cost estimation can only be approximated as the studies in relevant 
literature show varying unit costs. One National Highway Traffic Safety Administration 
(NHTSA) study (71) study reports that each fatality produces a lifetime economic cost of 
$977,000, where over 80% of this cost is a direct result of lost workplace and household 
productivity. Additionally, this study quotes the cost of a critically injured survivor as $1.1 
million (71). A study by FHWA (72) reported the comprehensive cost of each accident by 
severity, as shown in Table 13. 

Table 13. Average Comprehensive Cost by Accident Type FHWA (72) 
Accident Type Cost 

Fatal $4,156,490
Incapacitating $287,757

Evident $57,551
Possible $30,374

Property Damage Only $3,197
Note: All costs are in 2016 dollars, converted from 1994 values using 2.5% discount rate. 

A recent poll conducted by American Association of State Highway and Transportation 
Officials (AASHTO) (73) reported accident costs by severity. The reported values shown 
in Table 14 reflect the average accident costs used by 24 states for prioritizing safety 
projects. 

Table 14. Average Cost by Accident Type AASHTO (73) 
Accident Type Cost 
Fatality $2,435,134 
Major Injury $483,667 
Incapacitating Injury $245,815 
Minor Injury $64,400 
Injury $59,898 
Possible or Unknown Injury $23,837 
Property Damage $6,142 
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The unit accident costs reported by the FHWA (72) are used for the purpose of this report 
(see Table 11). In order to align the cost estimates based on the accident types 
available in NJDOT accident database, we regroup accident types in FHWA (72) into 
fatality, injury (incapacitating), and property damage accidents. 

The accident cost functions are presented in Table 14. These functions are based on 
unit accident cost for each accident type. The accident cost functions used in this study 
were first developed by Ozbay et al. (74), and later improved by Ozbay et al.(74,75) with a 
new accident database.  

Maintenance Costs 

A Total of 61 resurfacing projects between 2005 and 2006 in New Jersey were 
considered (6). Here, roadway infrastructure costs and resurfacing costs are equated. 
The average number of lanes, length in miles and total project costs formed the data, 
while roadway traffic volume was not included. Consequently, a simple resurfacing cost 
function based on number of lanes and length was developed.  

Table 15 summarizes the cost functions used in the analysis. 

Table 15. Cost Functions (75) 
Cost Total Cost Function Variable Definition Data 

Sources 
Vehicle 
Operating 

ܥ = 7208.73 + 0.12 ቀ݉ܽቁ + 2783.3ܽ + 0.143݉ a: Vehicle Years AAA (77)

USDOT (78) 

KBB (79) 

Congestion ܥ
=

۔ۖۖەۖۖ
ܳۓ ݀,ܸ ቆ1 + 01.15 ൬ܳܥ൰ସቇ ܸܱܶ                                          ݂݅ ܳ ≤ ܳܥ ݀,ܸ ቆ1 + 01.15 ൬ܳܥ൰ସቇ ܸܱܶ + ܳ ൬ܳܥ − 1൰ ܸܱܶ     ݂݅ ܳ ≥ ܥ

Q= Volume (veh/hr) 
d= Distance (mile) 
C= Capacity (veh/hr) 
VOT= Value of time 
($/hr) 
V0= Free flow speed 
(mph) 

Mun(80) 

Small and 
Chu (81) 

Accident Category 1: 
Interstate-
freeway 

ܥ = 127.5ܳ.. ..ܯ ..ହଷ+114.75ܳ.଼ହܮ ..ହܯ ..ସଽ+198,900ܳ.ଵܮ ..ସଶܯ  .ସହܮ

Q= Volume 
(veh/day) 
M= Path length 
(miles) 
L= no of lanes 

FHWA (72) 

USDOT (82) 

Category 2: 
principal arterial 

ܥ = 178.5ܳ.ହ଼. ..ܯ ..ସଷ+18,359ܳ.ସହܮ ..ଷܯ  .ସܮ

Category 3: 
arterial-collector-
local road 

ܥ = 229.5ܳ.ହ଼. ..ܯ ..+9,179.96ܳ.ସܮ ..଼ଵܯ  .ହܮ

Maintenance ܥெ = 800,950ܰ.ଷ଼ସܮ.ସଷ 
N: Number of lanes 
L: Length of  project Ozbay et 
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information for each project continually throughout the project delivery and maintain a 
relatively complex database. It requires additional manpower and coordination from the 
maintenance operations department, which is not always straightforward to obtain. 

As an alternative solution, the research team focused on the short-term (e.g. less than a 
month) coordination, as suggested by the NJDOT Mobility and Systems Engineering 
division during the quarterly project meeting on January 29, 2015. In order to realize this 
objective, the research team utilized the OpenReach database.  

OpenReach is a web-based, multi-modal, regional (NY/NJ/CT) inter-agency tool that (84):  

• Links dozens of transportation & police operations centers 
• Provides direct access for decision makers  
• Integrates incidents/construction/travel times/video  
• Includes variable message signs/HAR  
• Serves as database for travel info systems (e.g. NJ 511 System) 

It includes three independent but integrated systems of TRANSCOM Region, NJ 
Statewide and Delaware Valley Regional Planning Commission (DVRPC). OpenReach 
is used by the Traffic Management Centers in NJ for their daily traffic management 
activities. It includes not only active and dormant work zones in the state but also work 
zones in the TRANSCOM database, and also includes incidents and infrastructure 
assets. OpenReach is being used on a daily basis by the Traffic Management Centers 
in NJ for their daily traffic management activities, and it includes all events including 
information on historical work zones such as the time and date of work zone, how many 
lanes closed, description of work zone and type of project. Information in OpenReach is 
used to populate Daily Construction Report that is sent out to involved parties and 
information for the NJ 511 System. 

In addition, the Mobility and Systems Engineering division requested that the 
OpenReach database be fed in the WCS tool automatically without having to import the 
database manually by the staff. 

Based on the suggestions from the research panel, the team updated the work zone 
coordination framework as shown in Figure 21. 

Based on this updated coordination framework, the OpenReach database and CPM 
PRS database is fed into an extended online database, called Work Zone Coordination 
Spreadsheet (WCS). OpenReach database is obtained through TRANSCOM via 
periodic XML feeds and updates itself automatically, and CPM PRS database is 
obtained from NJDOT manually. It should be noted that for short-term coordination, the 
inclusion of the entire CPM PRS database is not necessary, since the OpenReach 
database already includes the work zone information of these projects. Therefore, the 
team imports only the CPM projects that are in their final design or earlier phases to 
avoid double counting in the WCS.  
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WORK ZONE COORDINATION SPREADSHEET (WCS) TOOL 

Work Zone Coordination Spreadsheet (WCS) tool is an online computer tool developed 
for NJDOT. This user-friendly tool is aimed at providing NJDOT with an easy-to-use way 
to evaluate the feasibility and effectiveness of coordinating short and long term work 
zones and measure the benefits of various combinations of projects relative to each 
other and the status quo. 

The WCS tool was distributed to 15 NJDOT traffic operations and CPM division staff on 
November 17, 2015. The tool was then updated based on the comments / suggestions 
received on December 21, 2015. 

The key functional requirements of the tool can be listed as follows: 
• Integrates all scheduled and active construction projects and planned CPM 

projects. 
• Available online and can be modified simultaneously by multiple users. 
• Identifies conflicts between work zone projects. 
• Sends conflict notification to involved parties. 
• Visible to all responsible parties. 
• Offers varying user accessibility privileges.  
• Estimate the benefits of conflict mitigation. 
• Ability to save the analyses in a report format. 

The interactive tool is developed using Javascript as the main development 
environment. It provides users the following applications:  

 Project Visualization: Users can either add various types of projects, or query 
projects based on various criteria, such as project status, SRI number, time 
frame, milepost range, county, project manager and structure.  Users can map 
the project location on Google Maps on the same window. Users can also view 
project timeline as a Gantt chart. 

 Lane Closure Analysis: Users can estimate the queue and delay estimation of 
lane closures for any selected project from the list. 

 Conflict Analysis:  Once the WCS tool determines the list of projects that are in 
conflict with any selected project, users can click on a conflicting project from the 
list and view a Gantt chart that show the project timeliness of both project on the 
same chart.  

 Benefit Cost Analysis: Users can estimate the benefit of coordinating / 
consolidating projects that are in conflict with each other. 

 Link and Volume Characteristics (such as number of lanes, hourly volume and 
AADT. 

 Reporting: Users can save / print the selected analyses in a report format. 
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Figure 23 shows the application flowchart of the WCS tool. Details of each module will 
be presented in the next sections. 

“Lane Closure Analysis” and “Benefit Cost Analysis” modules of the WCS tool depend 
on hourly volumes and link capacities. In particular, the benefit of coordinating work 
zones will be realized through reducing the economic costs of vehicular queues. Hourly 
vehicular delays and queue lengths can only be estimated using roadway volumes. 

In order to determine hourly volumes on each link of NJ highways the research team 
gathered three different databases from NJDOT. These are: 

 ESRI shape file of NJ Straight Line Diagrams 
 Sensor Counts Database 
 Sensor Information Database. 

ESRI Straight Line Diagrams Database: The research team obtained the ESRI shape 
file of the New Jersey Straight Line Diagrams (SLD) from NJDOT. The database behind 
the SLD shape file includes information on the links of major highways and county roads 
in NJ, such as link length, number of lanes, annual average daily traffic (AADT), zip 
code, etc.  The dataset contains 51,190 unique roadway links. Details of the ESRI 
shape file of NJ SLD are given in the Appendix. 

Sensor Counts Database: Sensor counts database includes short term sensor counts 
of the last five years. It has directional 48-hour duration hourly volumes collected at 
various highway locations in the state. The dataset shows the sensor ID, direction, 
begin and end hour of volume counts and hourly volumes in each direction of traffic 
flow. Each sensor has multiple days of data with varying start and end hours. However, 
this dataset does not have the information about the highway which the sensor is 
located. 

Sensor Information Database: Sensor information dataset includes information on all 
the sensors that are used for collecting hourly volumes on NJ highways. The available 
information includes sensor ID, sensor type, highway SRI number, sensor milepost, zip 
code, and X and Y coordinates.  

In short, the necessary data to obtain hourly volumes are available in these three 
databases separately. A C programming code is used to parse the data and create links 
between each dataset. Estimation of hourly link volumes is shown in Figure 24. 
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Figure 23. AApplication Floowchart of WCCS Tool 
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At the bottom right of the results window, there is a list of nearby sensors. These are the 
other close sensors to the selected link, sorted in ascending order based on proximity. 
For example, if users would like to calculate the hourly volumes based on the second 
closest sensor, 11c149r in this case, then they can simply click on the name, and the 
results will update themselves based on the readings of this selected sensor. 

As mentioned before, the validity of the hourly volumes for the selected locations 
depend on the accuracy of the link’s AADT value and the sensor readings. For some 
reason, if the hourly values seem out of the ordinary, users can include their comments 
at the bottom of the hourly volumes table. In addition, if up-to-date hourly volume data is 
available for the selected link, users can change the contents of the table simply by 
clicking on each cell and changing the values. 

Lane Closure Analysis 

This module of the WCS tool is used to generate the delays and queues resulting from 
a particular lane closure scenario. The estimation of delay and queue due to lane 
closure is based on the Road User Cost Model developed by Urban Engineers, Inc. for 
the NJTA, as shown below: 
 
If a particular lane is closed, the capacity is calculated using the calculations specified in 
the Road User Cost Model developed by Urban Engineers, Inc. Capacity is calculated 
as follows: 

Work Zone Capacity = Normal Operating Capacity * (1 - (12 - lane width) * (0.1)) * number of 
lanes 
 

For a given hour the queue and delay are calculated as follows:  

If Volume > Capacity  
    Queue = (Volume – Capacity) + Queue 
 

If Capacity > Volume  
    Queue = 0 

Delay = (Delay+ (Queue / Capacity))*0.5 

Figure 28 shows the start window for this module. As done in the Traffic Volumes 
module, the SRI number, the direction of travel and the milepost for the desired link is 
input, and the details for the proposed lane closure is inserted in the respective boxes. 
Users can either schedule a lane closure between pre-set hours using the Schedule 
option, or find the optimal start and end hours using the Optimize option. 
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SUMMARY AND CONCLUSIONS 

The increasing number of work zones adversely affects the mobility and safety of 
travelers on already congested roadways. Drivers are constantly faced with unfavorable 
road conditions and unexpected delays due to work zones. Faced with growing number 
of work zones, the challenge for transportation agencies is to effectively manage the 
impacts of work zones to alleviate congestion and maintain the safety of motorists 
without disrupting project schedules. 

A review of work zone coordination by other states is presented in the Current State of 
Practice section of this report. It was found that there are no universal DOT policies that 
address how agencies should coordinate or consolidate projects. In addition, only a few 
states utilize computer tools specific to regional or corridor based work zone 
coordination. State DOTs mostly coordinate significant and long-term projects. 
However, the majority of roadway projects include minor repair, roadway maintenance, 
bridge maintenance, surveying, landscape and utility work that require relatively short 
term work zones. There are more maintenance and minor repair projects than major 
overhaul or expansion projects.  

The research team carefully reviewed the NJDOT state-of-practice. The review is based 
on the interviews with NJDOT experts. Based on the interviews, it can be stated that the 
CPM project managers are in close communication during the project screening 
process, and therefore they are well aware of any other conflicting CPM projects in 
close proximity. However, because there is no combined and accessible-to-all database 
of work zones, it is not a straightforward task for all divisions to coordinate with each 
other. 

The project team, after consulting with the project panel and the NJDOT Mobility and 
Systems Engineering division, devised a work zone coordination framework that utilizes 
one common work zone database. Initially, the coordination framework involved two 
stages: Stage 1 included long-term coordination and Stage 2 included short-term 
coordination. Stage 1 takes advantage of the fact that Maintenance Engineering 
projects are known in the beginning of the each year. These projects get awarded and 
completed within less than a year. In this stage, it was initially proposed to create a 
database for aforementioned projects and make them visible to the decision makers 
and coordinate Maintenance projects around CPM projects. Stage 2 aimed to 
coordinate all work zones including CPM projects and maintenance projects in the short 
term. 

The research team developed the Work Zone Coordination Spreadsheet (WCS) tool. 
WCS is an online user-friendly computer tool that is developed for providing NJDOT 
with an easy-to-use way to evaluate the feasibility and effectiveness of coordinating 
short and long term work zones and measure the benefits of various combinations of 
projects relative to each other and the do-nothing scenario. 
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The key functional requirements of the tool identified as a result of the review of the 
current state of practice in the US, interviews with NJDOT experts and a number of 
meetings with prospective users of the tool can be listed as follows: 

• Integrate all scheduled and active construction projects in the OpenReach 
Database and planned CPM projects. 

• Implement as an online tool that can be modified simultaneously by multiple 
users 

• Identify conflicts between work zone projects  
• Send conflict notification to involved parties 
• Be visible to all responsible parties  
• Offer varying user accessibility privileges  
• Estimate the benefits of conflict mitigation 
• Have the ability to save the analyses in a report format to be shared with the 

decision makers. 

Details on how to use the WCS tool are presented in the Work Zone Coordination 
Spreadsheet Tool section of the report. The tool is operational and being used by 
NJDOT. Rutgers / NYU team will continue to provide technical support to the users of 
the tool.  This includes providing access to new users, fixing minor bugs, and ensuring 
that the tool remains available throughout this initial testing period.  

Future work is needed to continue the day-to-day maintenance and development of the 
tool based on the actual experiences of its users. One improvement will be automated 
the acquisition of all work zone project data from NJDOT in addition to the OpenReach 
database.  Similarly, the acquisition of traffic data can be improved to incorporate 
different on- and off-line databases maintained by NJDOT. This can be done given the 
current flexible database architecture of the WCS tool.  Finally, additional coordination 
and consolidation related tasks can be added based on the needs of the users of the 
tool to enhance the effectiveness of work zone operations in New Jersey.  
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APPENDIX 

ESRI STRAIGHT LINE DIAGRAMS SHAPE FILE (85) 
 
New Jersey Road Centerlines Data 
An enhanced version of New Jersey Road Centerlines Data is available for download 
on the New Jersey Geographic Information Network (NJGIN) web site. The data set is 
downloadable in ESRI File Geodatabase 9.3 format and ArcView Shapefile format. 
These databases include the following files:  
File geodatabase: Roads_NJ  

 Feature Class: Road_Centerlines_NJ  
 Alternate Names table: Road_Altnames_NJ  
 Labeling table: Road_Labeling_NJ  
 Linear Referencing Systems table: Roads_LRS_NJ  

 
DATA OBJECTS  
Feature Class Attributes – Road_centerline_NJ  
Current road geometry.  

 Segment identifier (SEG_GUID, replaces SEG_ID from previous version of road 
centerlines)  

 Highest order highway route or local road designation (highway route takes 
precedence over local road in this field) 

 Address ranges  
 ZIP codes (numeric) and ZIP names (text)  
 Municipality codes (GNIS)  
 State  
 Primary local road or highest order highway route name (local road name take 

precedence over highway route name in this field) 
 Local road names  
 Highway route names 
 Highway route shields and subshields (includes modifiers for alternate, business, 

etc.) 
 Highway route numbers  
 Status (active, under construction, planned)  
 Surface (improved, unimproved)  
 Platform levels (at grade-separated interchanges/overpasses)  
 Travel direction (both, increasing)  
 Access (restricted, non-restricted)  
 Jurisdiction (public, private)  
 Feature Status (draft, final)  
 Update Date (date of most recent update) 
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TABLES 
Roads_LRS_NJ Contains information about linear referencing systems supported by 
route measures applied to the Road_centerlines_NJ feature class geometry. The table 
includes fields for the Standard Route Identifier (SRI), Route Type (ROUTE_TYPE, as 
defined by NJDOT) and five separate linear referencing system (LRS) route measures. 
These LRSs enable dynamic display of data based on distance along a route as well as 
measure-based calculations about features. These fields are maintained by NJDOT 
except for New Jersey Turnpike and Garden State Parkway LRS measures, which are 
maintained by the New Jersey Turnpike Authority (not available in current release).  
 
Standard Route Identifier (SRI)  
The SRI is a 17 character code that identifies the full length of each highway route or 
local road using the following convention: CCMMRRRRSD-QIPPPPP. CC stands for 
two-digit county code (00-21). The value is 00 for Highway Authority Routes, Interstate 
Routes, US Routes, and State Routes. MM stands for the two-digit municipality code 
(00-99). The value is 00 for Highway Authority Routes, Interstate Routes, US Routes, 
State Routes, County 500 Series Routes and Other County Routes. RRRR is the four-
digit route number. For numbered routes (Interstates, State and US routes and most 
County and Other County routes), this number is the posted route number. S is the 
route suffix if one exists (B - Business; A - Alternate; S – Spur, etc.). If a suffix does not 
exist, the "_" character is used. D is the primary direction in which the route runs. For 
undivided routes, or the primary direction of divided routes, the "_" character is used. 
Secondary directions on divided highways will use the appropriate directional 
abbreviation (N, S, E, W). Ramps will include the ‘suffix’ portion, denoted as QIPPPPP.  
 
Route Type  
Interstate, US Highway and State Highway designations are considered higher order 
routes than Highway Authority Routes by NJDOT. The full hierarchy follows in 
descending order:  

1. Interstate  
2. US Highway  
3. State Highway  
4. Highway Authority Route  
5. 500 Series County Route  
6. Other County Route  
7. Local Road  
8. Ramp  
9. Alley  
10. Park / Military  

 
Linear Referencing Systems (LRS)  
The various LRSs are separated by a three-character prefix to the milepost fields. The 
table can be joined to the Road_centerline_NJ based on the SEG_ID field with a one-to-
one relationship.  
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 SLD (Straight Line Diagram): This LRS was developed to support many systems 
internal to DOT. The SLD mile posting schema for divided roads (multiple 
centerline representation) increases in the direction of travel on the segment. For 
example, mile posting the Garden State Parkway primary segments (northbound, 
or ‘south to north’ direction of travel) begins at zero in Lower Township, Cape 
May County. The secondary segments (southbound, or ‘north to south’ direction 
of travel) begins at zero in Montvale Borough, Bergen County.  

 For undivided, or single centerline routes, mileposts generally follows the 
convention of ‘south to north’ or ‘west to east’, though this is not absolute. 
Milepost values for this system are based on field inventories of route lengths 
and may differ from physical milepost marker locations observed in the field. 

 PAR (Parent): It correlates milepost values between non-primary segments of 
divided routes and the analogous primary segment, or between a ramp and the 
primary route segment that the ramp serves.  

 MMS (Mile Marker Signs): This was derived from the field locations of mile 
marker signs, and has been developed for Interstate, US, and State highways.  

 TPK (Turnpike): The Turnpike Authority has developed a highly detailed LRS that 
supports their specific operations for the Turnpike and Garden State Parkway. 

 
Roadway Features Database  

Another database related to the centerlines data is the roadway features database. This 
database contains 112 tables for different roadway features such as bridge locations, 
AADT, lane count, median width, speed limits, etc. For each segment-based feature, 
SRI, start milepost, and end milepost of the segment is defined. Using this three fields in 
any of the feature tables, it is trivial to relate the selected feature to the centerline data 
(shape file).  

For the purposes of this study, lane counts and AADT features are extracted from the 
database related to the corresponding geographical segments in the centerline data. 

 

 

 


