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ABSTRACT

VENU MADHAV KUKKAPALLI Modeling the effect of a road construction project on
travel time at link-level (UNDER THE DIRECTION OF DR. SRINIVAS S.
PULUGURTHA)

Drivers observe variation in travel time due to congestion and delay on existing
transportation facilities. A road construction project has a significant effect on travel time,
leading to increased congestion, delay, and driver frustration. The effect on travel time due
to the road construction project decreases as the distance from the road construction project
location increases. The effect of the road construction project on travel time also extends
to other roads that are connected to the road with the construction project. It also depends
on traffic condition and time-of-the-day on these roads. Therefore, one needs to consider
spatial dependency, and the influence on links within the proximity of the road construction
project, over time, to model the effect of the road construction project on travel time at
link-level. Findings from such research will help proactively plan construction activities
on roads to mitigate mobility and congestion problems. Therefore, the goal of this research
is to model the effect of a road construction project on travel time at link-level and help
improve mobility of people and goods through dissemination or implementation of
proactive solutions. The objectives of this research are 1) to examine travel time and travel
time variations before, and during the road construction project period on a selected road,
2) to examine travel time and travel time variations on roads connected to the selected road
with the construction project, 3) to examine the effect of network characteristics and
develop models to estimate travel time on the selected road with the construction project

and other connected roads, 4) to examine and develop models to estimate travel time by



the time-of-the-day and the day-of-the-week during the road construction project period,
and, 5) to compare the models to estimate travel time during the construction project period
with models to estimate travel time before the construction project period.

Data, from the year 2011 to the year 2016, was gathered from the Traffic Incident
Management Systems (TIMS) and local agencies to identify a resurfacing construction
project period for modeling the effect of road construction project on freeways and
connecting arterial street links. The data obtained was processed by the time-of-the-day
and the day-of-the-week to compute travel time performance measures using the Microsoft
SQL 2012 software. A statistical t-test was conducted to examine the relationship between
the change in travel time before and during the construction project period.

The Statistical Package for the Social Sciences (SPSS) was used to check if the
travel time data followed a normal distribution. From the normality test results, it was
observed that the data followed a normal distribution. Generalized Linear Models (GLM)
were developed with the average travel time on a link in the vicinity of the road
construction project as the dependent variable. The characteristics of each link, such as the
volume/capacity (V/C), the number of lanes, the speed limit, the shoulder width, the lane
width, and whether the link is divided or undivided were considered as predictor variables
for modeling. The characteristics such as the upstream and downstream link length, the
upstream and downstream V/C, the upstream and downstream number of lanes, and, the
upstream and downstream speed limit were also considered as predictor variables for
modeling. Further, the time-of-the-day, the day-of-the-week, and the distance of the link
from the road construction project were considered as predictor variables for modeling.

The goodness-of-fit was assessed using the quasi likelihood under the independence model



criterion (QIC) and the corrected quasi likelihood under the independence model criterion
(QICC). The developed models were than validated using randomly selected samples for
the same construction project. The samples used for validation were not used for model
development.

The travel times before and during the construction project period are significantly
different than estimates obtained using the Bureau of Public Roads (BPR) travel time
equation. A decrease in travel time was observed during the construction project period on
the freeway links when compared to the before construction project period. Contrarily, an
increase in travel time was observed during the construction project period on the
connecting arterial street links when compared to the before construction project period.

The results obtained indicate that predictor variables such as, the V/C, the upstream
number of lanes, the upstream speed limit, the downstream V/C, and the downstream
number of lanes have a significant effect on travel time before the road construction project
period on freeway links. However, the V/C, the upstream link length, the upstream V/C,
the downstream link length, the downstream V/C, and the downstream number of lanes
have a significant effect on travel time during the road construction project period on
freeway links. The V/C, the speed limit, the upstream V/C, and the upstream number of
lanes have a significant effect on travel time before the construction project period on the
connecting arterial street links. Similarly, the V/C, the speed limit, the upstream V/C, the
upstream link length, the upstream number of lanes, and the downstream number of lanes
have a significant effect on travel time during the construction project period on the

connecting arterial street links.



Vi

ACKNOWLEDGEMENTS

| thank my advisor and mentor, Dr. Srinivas S. Pulugurtha, for his continued
guidance, support and encouragement. | offer my sincere appreciation for the learning and
practical opportunities he provided me during my Ph.D. program. My completion of this
dissertation would not have been accomplished without his support.

| also thank my committee members Dr. Martin R. Kane, Dr. Rajaram
Janardhanam, Dr. Shen-En Chen, and Dr. Didier Dréau for their support and valuable input,
which helped me to achieve quality results in my dissertation. | would like to extend my
appreciation to my friends and colleagues in the transportation research lab for their
insights and suggestions while working on my dissertation.

I would also like to thank the North Carolina Department of Transportation
(NCDoT) and the Charlotte Department of Transportation (CDoT) for providing valuable
data that helped me to complete this research.

At last but not the least, to my caring, loving, and supportive family members. |
feel a deep sense of gratitude for my mother, father, and brother who formed part of my
vision and taught me good things that really matter in life. Their patience and sacrifice will
remain as my inspiration throughout my life. I am also very much grateful to all my family

members for their constant inspiration and encouragement.



vii

TABLE OF CONTENTS

LIST OF TABLES. ...ttt bttt b e nan e X
LIST OF FIGURES ... .ot xii
CHAPTER 1: INTRODUCTION ...ttt 1
1.1 Construction ZONeS ON FIEEWAYS .........cciviiierieeieiiesiresieseesteesaesseesseessesseesseessesseeses 3
1.2 Problem STAtEMENT .........ciiiiieeie e 4
1.3 Objectives of ThiS DISSEIrtatiON ..........ccccvrvrieieiiiiesie e 6
1.4 Organization Of REPOIT.........ccuiiiiiiiiiii e 6
CHAPTER 2: LITERATURE REVIEW ......oo e 8
2.1 Congestion, Crashes and Delay Due to Construction ZOnes............ccccvevvevverveannnnn. 8
2.2 Travel Time Reliability .........cccovoiiiiiic e 9
2.3 Travel Time EsStimation or PrediCtion ...........ccccooeiiiinenenisieeeeee e 12
2.5 Travel Time Studies and Impacts of Travel Time Reliability...........ccccocerinnnenn. 18
2.4 Limitations Of Past RESEAICH .........ccceiiiiiiiiiie s 19
CHAPTER 3: DATA COLLECTION & METHODOLOGY ......ccooiiiiiiiiiieiieeiee e 20
3.1 Selecting the Study Area and a Road Construction Project ...........ccccvvevvevieiueenen. 20
3.2 Identifying Data Elements and Collecting Data...........ccccoecvevevivenvceniece e 23

3.3 Travel Time Data and Data ProCESSING ........cocvruerierieriiriesiesiiseeee e 28



viii

3.4 Examining the Relationship between the Travel Time Performance Measures before

and during the Construction Project Periods..........ccccecvveveiiievveve s 30
3.5 Conducting Pearson Correlation ANAIYSIS ..........cccooveieiieniiiie e 30
3.6 Developing Generalized Linear Models (GLM) .........cccooviiiiiniiiccee e 31
3.7 MOdEl ValdALION. ..o 34

CHAPTER 4: EXAMINING THE RELATIONSHIP BETWEEN TRAVEL TIME

PERFORMANCE MEASURES BEFORE AND DURING THE

CONSTRUCTION PROJECT PERIOD ......ocoiiiiiiiieiieeee e 36

4.1 Average Travel TIME (ATT) oot 36

4. 2 Planning Time (PT) or 95" Percentile Travel TIMe.......ccoovvivevvviseieeeseeeseeeas 40

4. 3 BUFFEr TIME (BT) weoeeieiiiiiisieeieiee e 44

4. 4 Buffer TIMe INAEX (BT) ...oouiiieieeieee e 49
4.5 Travel TIMe INAEX (TTI) et 54

4. 6 Summary of RelationShiPS ......cc.ccveiieiiiiicie e e 58
CHAPTER 5: MODEL DEVELOPMENT & VALIDATION ....ccccoiiiiiiiiiiciieiec 61
5.1 Travel Time Before the Construction Project Period for Freeway Links .............. 67

5.2 Travel Time Before the Construction Project Period for Connecting Arterial Street

5.3 Travel Time During the Construction Project Period for Freeway Links.............. 77

5.4 Travel Time During the Construction Project Period for Connecting Arterial Street



5.5 Comparison of V/C and Link-Level Travel TIMeS ........cccccvevevivevveieiiese e 94

5.5.1 Comparison of the V/C for the Freeway Links and the Connecting Arterial

Street Links During the Construction Project Period .............cccceveneee. 94

5.5.2 Comparison of Travel Time for the Freeway Links and the Connecting Arterial

Street Links Before and During the Construction Project Period.......... 98
CHAPTER 6: CONCLUSIONS ...ttt 103
6.1 Limitations and Scope for FUtUre Work...........ccccooeiiniiiiiiineeee e 105

REFERENCES ..o 107



LIST OF TABLES

Table 1 Summary of Travel Time Reliability Measures (Pulugurtha et al., 2015, 2017) 11

Table 2 Various Characteristics Considered for Modeling the Effect of the Resurfacing

CONSLIUCTION PrOJECT. .....ciuieiiiieieite e 27
Table 3 Raw Travel Time Data from INRIX, 2013.......c.ccoiiiiiiiieieeeeeee e 29
Table 4 T-test Results: Average Travel TIMe.......cccoveiiiieiiecece e 40
Table 5 T-test Results: Planning Time or 95th Percentile Travel Time ...........cccccevvvene. 44
Table 6 T-test Results: BUffer TIMe (BT).....cccviiiiiiiieieresenereseeeee e 49
Table 7 T-test Results: Buffer Time IndeX (BTI) ...coooveieiiiiiiiiieeeeee e 54
Table 8 T-test Results: Travel Time INdeX (TTI) coooveiiiie i 59
Table 9 Significance of Travel Time Performance Measures ..........cccccccevveevvevesieesnennns 59
Table 10. Validation Results from BPR ...........cccccoiiiiiiiiieici e 61

Table 11 Normality Test Results for Before and During the Construction on Freeway and

Connecting Arterial Street LINKS ........cociiiiiiiieieiese e 63
Table 12 Descriptive Statistics — Freeway LINKS.........ccocoreiiiiriiniiniiiiee e 64
Table 13 Descriptive Statistics — Connecting Arterial Street LInkS ..........cccccooeiiiinnnnns 65
Table 14 Dependent and Predictor Variables ...........cccceoveiieiiiiec i 66

Table 15 Correlation Coefficients for Freeway Links Before the Construction Project

P IIOM ... e 68


file://///mosaic.uncc.edu/dfs/users/vkukkapa/windows/Desktop/VenuMadhavKukkapalli_DissertationReport_SP-Edits_20181112.docx%23_Toc529789684
file://///mosaic.uncc.edu/dfs/users/vkukkapa/windows/Desktop/VenuMadhavKukkapalli_DissertationReport_SP-Edits_20181112.docx%23_Toc529789684

Xi
Table 16 Comparison of Model Parameters for Freeway Links Before the Construction
PrOJECE PEIIOM.....c.ei ettt et re e 69

Table 17 Correlation Coefficients for Connecting Arterial Links Before the Construction

PrOJECE PEIIOM.....c.ei ettt n e 73

Table 18 Comparison of Model Parameters for Connecting Arterial Street Links Before the

Construction Project Period. .........c.cooiiiiiiiiieiee e 75

Table 19 Comparison of Model Parameters for Freeway Links During the Construction

Project Period Related to During and Before Travel Time.........c.ccccvvvvviveniennenne. 78

Table 20 Model During the Construction Project Period for Estimating V/C - Freeway

Table 21 Correlation Coefficients for Freeway Links During the Construction Project

P IIOA ..ot aaa e e 81

Table 22 Comparison of Model Parameters for Freeway Links During the Construction

PrOJECE PEIIOM.....c.ei ittt 83

Table 23 Comparison of Model Parameters for Connecting Arterial Street Links During

the Construction Project Period Related to During and Before Travel Time....... 86

Table 24 Model During the Construction Project Period for Estimating V/C — Connecting

AATTETTAL SETEET LLINKS ..ttt et seeneneeenennnnnnnnnns 88

Table 25 Correlation Coefficients for Connecting Arterial Links During the Construction

PrOJECE PEITOM. ... ..ttt bbbt 90

Table 26 Comparison of Model Parameters for Connecting Arterial Street Links During

the Construction Project PEriod .........ccvevveiiiiiii i 92


file://///mosaic.uncc.edu/dfs/users/vkukkapa/windows/Desktop/VenuMadhavKukkapalli_DissertationReport_SP-Edits_20181112.docx%23_Toc529789686
file://///mosaic.uncc.edu/dfs/users/vkukkapa/windows/Desktop/VenuMadhavKukkapalli_DissertationReport_SP-Edits_20181112.docx%23_Toc529789686
file://///mosaic.uncc.edu/dfs/users/vkukkapa/windows/Desktop/VenuMadhavKukkapalli_DissertationReport_SP-Edits_20181112.docx%23_Toc529789690
file://///mosaic.uncc.edu/dfs/users/vkukkapa/windows/Desktop/VenuMadhavKukkapalli_DissertationReport_SP-Edits_20181112.docx%23_Toc529789690
file://///mosaic.uncc.edu/dfs/users/vkukkapa/windows/Desktop/VenuMadhavKukkapalli_DissertationReport_SP-Edits_20181112.docx%23_Toc529789694
file://///mosaic.uncc.edu/dfs/users/vkukkapa/windows/Desktop/VenuMadhavKukkapalli_DissertationReport_SP-Edits_20181112.docx%23_Toc529789694

Xii

LIST OF FIGURES

Figure 1 Average Travel Time and Travelers Experience by Month (Source: FHWA, 2006)

................................................................................................................................. 2
Figure 2 Resurfacing Construction Project Study Corridor.........ccccccevvvevviieiienecrie s 23
Figure 3 Capturing Lane Widths Using Google Earth Pro Software..........c.cccccccvevvernennee. 26
Figure 4 Capturing Shoulder Widths Using Google Earth Pro ...........cccccvevevveivicieseenne. 26
Figure 5 Removing Outliers from the Model Database............cccooovveieiencicicse 34

Figure 6 Average Travel Time Before and During the Construction Project Period for

Morning Peak and Morning Off-peak Hours on a Weekday ............cccocevirvninnne. 37

Figure 7 Average Travel Time Before and During the Construction Project Period for

Evening Peak and Evening Off-peak Hours on a Weekday ...........ccccccoenvrnninnne. 37

Figure 8 Average Travel Time Before and During the Construction Project Period for

Morning Peak and Morning Off-peak Hours on a Weekend Day ........................ 38

Figure 9 Average Travel Time Before and During the Construction Project Period for

Evening Peak and Evening Off-peak Hours on a Weekend Day..............ccccu..e.. 39

Figure 10 Planning Time Before and During the Construction Project Period for Morning

Peak and Morning Off-peak Hours on a Weekday ............ccocvevvriveniviniceinennn, 41

Figure 11 Planning Time Before and During the Construction Project Period for Evening

Peak and Evening Off-peak Hours on a Weekday.............cccocvevviiveniviiciceinennn, 42

Figure 12 Planning Time Before and During the Construction Project Period for Morning

Peak and Morning Off-peak Hours on a Weekend Day ...........cccoevevviieiverirannnnn. 43



Xiii
Figure 13 Planning Time Before and During the Construction Project Period for Evening
Peak and Evening Off-peak Hours on a Weekend Day ............ccccoevviieiveiirennenn, 43

Figure 14 Buffer Time Before and During the Construction Project Period for Morning

Peak and Morning Off-peak Hours on a Weekday ............cccccvevviiveiviiicieciieennn, 45

Figure 15 Buffer Time Before and During the Construction Project Period for Evening

Peak and Evening Off-peak Hours on a Weekday............ccocouvrinieienencncneneen, 46

Figure 16 Buffer Time Before and During the Construction Project Period for Morning

Peak and Morning Off-peak Hours on a Weekend Day ...........ccccoevvieinerinnnnnne 47

Figure 17 Buffer Time Before and During the Construction Project Period for Evening

Peak and Evening Off-peak Hours on a Weekend Day ............ccccoevvivievveiieennenn, 48

Figure 18 Buffer Time Index Before and During the Construction Project Period for

Morning Peak and Morning Off-peak Hours on a Weekday..............ccccoveverunnnee. 50

Figure 19 Buffer Time Index Before and During the Construction Project Period for

Evening Peak and Evening Off-peak Hours on a Weekday .............cccccevevennnnnen. 51

Figure 20 Buffer Time Index Before and During the Construction Project Period for

Morning Peak and Morning Off-peak Hours on a Weekend Day ...............cc...... 52

Figure 21 Buffer Time Index Before and During the Construction Project Period for

Evening Peak and Evening Off-peak Hours on a Weekend Day............ccccevuee.. 53

Figure 22 Travel Time Index Before and During the Construction Project Period for

Morning Peak and Morning Off-peak Hours on a Weekday ...........cccccocevvrinnnnne. 55

Figure 23 Travel Time Index Before and During the Construction Project Period for

Evening Peak and Evening Off-peak Hours on a Weekday ..........ccccovevvveeiininnns 55



Xiv
Figure 24 Travel Time Index Before and During the Construction Project Period for
Morning Peak and Morning Off-peak Hours on a Weekend Day .............c.......... 56

Figure 25 Travel Time Index Before and During the Construction Project Period for

Evening Peak and Evening Off-peak Hours on a Weekend Day............c.ccccuee.. 57

Figure 26 Comparison of V/C for the Freeway Links During the Construction Project

Figure 27 Comparison of V/C for the Connecting Arterial Street Links During the

Construction Project Period ..........cocoiiiiiiiieieieie e 96

Figure 28 Comparison of V/C Ratios for the Freeway Links During the Construction

o (0] [T B =T T Lo BRSSPSR 97

Figure 29 Comparison of V/C Ratios for Connecting Arterial Street Links During the

Construction ProjeCt PriOd .........ccveivveiieiie et 97

Figure 30 Comparison of Travel Time for Freeway Links Before the Construction Project

P IO .. e e e e 98

Figure 31 Comparison of Travel Time for the Freeway Links During the Construction

PrOJECE PEITOM. ... ittt 99

Figure 32 Comparison of Travel Time Ratios for the Freeway Links Before and During the

Construction Project PEriod ..........coviiiiiiiieieesie s 100

Figure 33 Comparison of Travel Times for Connecting Arterial Street Links Before the

Construction Project Period ..........coeiiiiiiiiiieeie e 100

Figure 34 Comparison of Travel Times for Connecting Arterial Street Links During the

Construction ProjeCt Period ............cccvueiieiiieiie e 101



XV

Figure 35 Comparison of Travel Time Ratios for Connecting Arterial Street Links Before

and During the Construction Project Period ...........cccocevvveveiieevneie e 102



CHAPTER 1: INTRODUCTION

Travel demand has been progressively increasing with the continuous growth of
contemporary civilization and need for more movement of people and goods on the roads.
The effect of this increasing travel demand is persisting congestion on limited road
network, upsurge in air quality problem, and the absence of intact and reliable
transportation. Therefore, fastest-path to travel from an origin to a destination was adopted,
for years, by motorists. These motorists usually plan for some expected delay due to
recurring congestion, which is common today in many United States cities and towns.
However, motorists’ approach towards trip planning has been changing due to variations
and ambiguity in traffic condition. Further, non-recurring congestion on a day-to-day basis
concerns motorist the most. Situations that may lead to non-recurring congestion include a
crash, a mechanical failure of a vehicle, inclement weather, a special event, or, freeway or
arterial construction zone and activity. Therefore, the reliability of a route is playing a
prominent role in motorists’ departure and route choice decisions among various other
travel time performance measures (Pulugurtha et al., 2017).

Reliability is defined as the probability that a component or system will perform a
required function (without failure) during a time period, when used under stated operating
conditions (Ebeling, 1997). The reliability of a link, corridor or the road network, therefore,

could be defined as the ability to consistently provide an acceptable level of service (LOS)



to the motorist under stated environmental and operational conditions during a given period
(Pulugurtha et al., 2015; 2017).

Reliability as a performance measure is expected to be widely used in transportation
planning, for project prioritization, and for allocation of resources (FHWA, 2006). The
travel times are known to vary greatly from day-to-day, and motorists remember those few
unexpected days they experience through unexpected delays (FHWA, 2006). Figure 1
shows the communication of traffic condition in the past and how travel times could vary

by month (FHWA, 2006).

How traffic conditions have what travelers experience...
been communicated ... and what
they remember
TrEI'u'Ei '&rnual ava’age Tl‘a'lul'E|
Time Time
Trave times vary
greatly day-to-day

Jan Iy Dier Jan July Dec

Figure 1 Average Travel Time and Travelers Experience by Month (Source:
FHWA, 2006)

Reliability of a transportation network differs with situations that lead to non-
recurring congestion. It also varies by the type of road construction project. These road
construction projects include construction of new roads or lanes, pavement repair,
resurfacing, installation of pavement markers, etc., and often involve one or more lame
closures.

Accurate prediction of travel time for a given route or a freeway, however, remains
a challenging problem, as it is influenced by many different traffic and road parameters. In

addition, traffic would queue up upstream side of the construction due to the staggering,



queuing, and delay at the construction zone. Sometimes, vehicular traffic could also
migrate from the freeway links to the connecting arterial street links to avoid congestion
and major delays at the construction zone. These effects depend on the time-of-the-day and
the day-of-the-week.

1.1 Construction Zones on Freeways

The number of work zones in the United States has increased in recent years to
upgrade and expand the life span of highways and roads (Abdelmohsen, 2016). The
reconstruction and rehabilitation work zones can be found, almost, on all interstates and
freeways. Lane closures are required for different types of work activities, such as
pavement repairs, resurfacing, installation of pavement markers, etc. While work zones
serve to perform reconstruction and rehabilitation without completely shutting down traffic
operations, they have significant effects. These effects include reduced freeway capacity,
increased crash rates, increased fuel consumption and emissions, increased travel times,
increased queue lengths, and additional congestion and delay (Martinelli, 1996; Kim 2001).
Delay is one of the most significant problems associated with a work zone. In some cases,
highway traffic operations can completely fail due to congestion caused by work zones,
particularly during the morning and evening peak hours (Martinelli, 1996).

In short, road construction projects create physical changes on roads that result in
capacity reduction and travel time escalation during the construction project period.
Consequently, vehicles go through the construction zone at reduced speeds and with
fluctuated traffic flow rates (Jiang, 2002). These fluctuations in traffic flow, further, lead
to inconsistent travel times along the route. If the capacity can be predicted, a systematic

planning of traffic management can be executed for maintaining certain capacity, for



improving travel time, and for reducing delay (Zheng, 2011) in the construction zones.
Evaluating and predicting the effect of road construction projects on travel time variations,
by the time-of-the-day and the day-of-the-week, will help better understand their effect on
travel time variations or travel time reliability, and proactively adopt enhanced temporary

traffic control practices.

1.2 Problem Statement

Network characteristics such as traffic volume, capacity, and speed limit influence
travel times. Travel time increases as the traffic volume increases. On the other hand, travel
time decreases as the speed limit and the number of lanes increases. In addition, shoulder
width and lane width influence travel speed and travel time.

During the construction project period, speed limit is lowered from the actual speed
limit, which tends to reduce the vehicle speed and increase the travel time. Likewise, one
or multiple lanes may be closed during the construction project period. The reduction in
the number of lanes, lane width and shoulder width at the construction zone makes the road
difficult to accommodate high traffic volume. It also reduces the vehicle speed and
increases travel time.

Upstream and downstream links characteristics, such as link length, traffic volume,
capacity, number of lanes, and speed limit of upstream and downstream links, influence
the travel time. If the downstream number of lanes are lower compared to the subject link,
then the queue may build up resulting in an increase in congestion and travel time.
Similarly, if the upstream and downstream links have entry ramps or exit ramps that

connect to the arterial streets, they would influence travel time on the freeway and



connecting arterial street links. Therefore, the characteristics of downstream and upstream
ramps should be considered when modeling travel time of a link.

In addition to network and construction zone factors, parameters such as the time-
of-the-day and the day-of-the-week influence travel time. The traffic volumes are higher
during the morning and evening peak hours, than during off-peak hours. The variation in
traffic volume results in variation in travel time. Further, the construction activity is
scheduled when traffic volume is low (say, nighttime). The variation in travel time due to
construction activity at nighttime could be higher than during other times. Likewise, traffic
volume is higher during weekdays when compared with the weekend days. Travel patterns
and trip purposes are also different over the weekend when compared with the weekday.
Therefore, the time-of-the-day and the day-of-the-week should also be considered for
studying the effect of construction projects.

As stated previously, the construction on the freeway influences the travel time
performance on connecting arterial street links. The traffic volume on the connecting
arterial street links increases due to shift in traffic from the freeway links to the connecting
arterial street links. The shift in patterns depends on the characteristics of the connecting
arterial streets. Therefore, the characteristics of the connecting arterial street links such as,
traffic volume, speed limit, number of lanes, and road is divided or undivided need to be
considered for modeling and analysis.

The effect of a construction project decreases as the distance from the construction
project increases. To study the effect of a construction zone, spatially, the distance of each

link from the construction zone should also be considered.



1.3 Objectives of This Dissertation

The goal of this dissertation is to research and model the effect of a road

construction project on travel time at link-level. The objectives are:

1.

to examine travel time and travel time variations before, and during the road
construction project period on a selected road,

to examine travel time and travel time variations on roads connected to the selected
road with the construction project,

to examine the effect of network characteristics and develop models to estimate
travel time on the selected road with the construction project and other connected
roads,

to examine and develop models to estimate travel time by the time-of-the-day and
the day-of-the-week during the road construction project period, and,

to compare with models to estimate travel time before the construction project

period.

1.4 Organization of Report

The rest of the report consists of 5 chapters. Chapter 2 summarizes the past studies

on delay and congestion at construction zones, travel time estimations and predictions on

freeways, and the impact of travel time reliability. Also, the limitations of the past research

are presented in Chapter 2. Chapter 3 summarizes the data collection, data processing, and

methodology adopted to examine the effect of a road construction project on travel time at

link-level. The relationship between the travel time before and during the construction

project periods are discussed in Chapter 4. The analysis and results obtained from modeling



the effect of a road construction project on travel time are presented in Chapter 5. Chapter

6 summarizes conclusions, recommendations and scope for further research.



CHAPTER 2: LITERATURE REVIEW

This chapter presents a review of past studies that were carried out on congestion,
delay, and travel time variations in work zones. It also provides a discussion on
methodologies adopted by previous researchers.

2.1 Congestion, Crashes and Delay Due to Construction Zones

One of the major concerns at the work zones is traffic delay. Martinelli (1996)
developed a mathematical model to estimate the optimal length of the work zone, so that
the delay can be lowered on the freeways. Jiang (1999) predicted traffic flow rate by using
Kalman predictor model. The predicted traffic flow was used to assess congestion in work
zones.

Kim et al. (2001) developed a regression model to estimate the capacity at work
zones. They observed that contributing factors, such as the number of closed lanes, the
proportion of heavy vehicles, grade, and the intensity of work activity, have a significant
effect on capacity reduction. Chien et al. (2002) utilized a simulation-based technique to
demonstrate that delays may be underestimated by using deterministic queuing theory.

Ghosh-Dastidar and Adeli (2006) developed a neural network-wavelet micro-
simulation model to track the travel time of individual vehicle, for estimating traffic delay
and queue length at freeway work zones. The model developed was observed to be more
accurate than other microscopic simulation models. Zheng et al. (2011) compared different

traffic capacity predictions models from Highway Capacity Manual (HCM).



The comparison showed that neuro-fuzzy model is more accurate than other linear and
multi-linear regression models.

Ramezani and Benekohal (2011) investigated the mechanism of queue propagation
and dissipation at two potential bottlenecks at freeway work zones. They showed that,
when the volume exceeds the capacity of the transition area and the workspace, both
locations will be active bottlenecks. Fitzpatrick (2016) explained the operational
implications of reduced shoulder and lane widths on freeways; higher the shoulder width,
higher the speed. Abdelmohsen (2016) developed a novel multi-objective optimization
model for generating optimal tradeoffs between minimizing traffic delay and the
construction cost.

Venugopal and Tarko (2000) developed a regression model to estimate the number
of crashes at work zones. The cost of various construction projects was found to be a good
substitute for some of the exposure to risk variables, such as the number of on- and off-
ramps, the type of work, and the intensity of road work. Garcia et al. (2006) presented
possible options to improve safety at construction work zones on the freeways. Koilada et
al. (2018) identified risk factors, and recommended implementation of real-time work zone
information systems and dynamic lane merging system to control the safe transition of
vehicles within the work zone area.

2.2 Travel Time Reliability

Unexpected congestion on a day-to-day basis troubles traveler the most. Travelers

rely on travel time reliability, as measured from day-to-day or across different times of the

day for decision-making. Several studies focused on the importance of travel time
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measures. However, not many studies focused on travel time variations at construction
zones.

Kwon et al. (2011) proposed an empirical, corridor-level method to divide the travel
time unreliability or variability over a freeway section into incidents, weather, work zones,
special events, and inadequate base capacity or bottlenecks. Devarasetty et al. (2012)
studied travel behavior of managed lane users using a Bayesian efficient model.

Carrion (2012) performed a meta-analysis to determine the reasons behind the
difference among the reliability estimates. Beaud et al. (2012) estimated the willingness to
pay for travel time reliability using mean-dispersion approach and specific coefficient
approach. Both the approaches yield quite similar values for the willingness to pay. Li et
al. (2012) reviewed empirical measurement paradigms used to obtain willingness to pay
for reliability. In addition, they also estimated different models to derive values of
reliability, scheduling costs, and reliability ratios.

Nicholson (2015) stated that a few methods proposed in the past do not account for
the standard deviation of trip time, which is sensitive to correlation between the travel
speeds on the segments of a trip. Ignoring such correlations can result in substantial errors
when estimating the benefits of projects that are expected to result in an improvement in
reliability. Zhang et al. (2016) studied travel time performance of emergency vehicles and
proposed a utility-based model to quantify the travel time performance of emergency
vehicles.

Several travel time and related reliability performance measures were proposed and
used in the past. A summary of these performance measures is presented in Table 1.

Pulugurtha et al. (2016; 2017) evaluated the correlations between selected travel time
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performance measures. They observed that average travel time is correlated with travel
time-based measures, while buffer time index (BT]I) is correlated with travel time indices
and reliability measures. Buffer time is observed to be correlated with most travel time and

travel time reliability measures.

Table 1 Summary of Travel Time Reliability Measures (Pulugurtha et al., 2015,

2017)
Index “élgﬁzl:irsn/ Index Measure / Equation
NCHRP (1998) ; es\f?arlfg‘r:dof Askew (Van Lintet | (TT9O-TT50)/(TTS0~
Definition travel time al., 2004) TT10)
AASHTO (2008) On-time Avar (Van Lint & B
Definition performance Van Zuylen, 2008) (TT90-TT10)/TTS0
TranSvstems Probability Variability
fansy of on-time (Wakabayashi, TT85-TT15
Definition (2005)
performance 2010)
Buffer Time (BT) . Variability
(Lomax et al., TT9S-TTAv (Wakabayashi, TT80-TT20
2004) 9 2010)
Buffer Time Index B Variability
(BTI) (Lomax et 7;;‘7’5’ Tfﬁ)‘gg (Wakabayashi, TT70-TT30
al., 2004) Ave 2010)
First worst travel Acc_:eptable_Tr_aveI
time over a month Time Variation
- TT95 |ndeX P(TTavg+ATTV)
(Wakabayashi & Wakabavashi
Matsumoto, 2012) (Wakabayashi,
’ 2010)
Second worst Desired Travel
travel time over a Time Reduction
month TTe Index P(TTag—DTTR)
(Wakabayashi & (Wakabayashi,
Matsumoto, 2012) 2010)
Plann(lFr’w%Tlme Travel Time Index
(Wakabayashi & TTys (TTaII) (%ggn et TTavg /TTfree flow
Matsumoto, 2012) B
Planning Time Frequency of
Index (PTI) TT5/TTfree Congestion Percent of
R days/periods that are
(Sisiopiku & flow (Lyman et al., conaested
Islam, 2012) 2008) g
Travel Time
Variability (TTV) TT90-TT10
(Tuetal., 2007)
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Yesantarao and Pulugurtha (2017) and Kukkapalli and Pulugurtha (2018) examined
the travel time and travel time variations before, during, and after the completion of
selected road construction projects, along a selected route, by computing the ratios of travel
time performance measures before, during, and after the completion of selected road
construction projects.

2.3 Travel Time Estimation or Prediction

Delay in travel time leads to an increase in trip cost, vehicular emissions, and
energy consumption. Therefore, it is beneficial, though challenging, to use travel time
estimation as an effective index to identify measures for reducing traffic congestion and
improving reliability (Systematics, 2005).

Accurate travel time prediction is indeed important for, both, traffic managers and
travelers. Polus (1979) used arterial travel time data and developed regression and
statistical model to estimate the travel time. Nam and Drew (1996) estimated travel times
directly from flow measurements. The analysis of the flow measurements showed that
estimates have good agreement with empirical data measured at 30-second intervals.

Park et al. (1999) predicted link level travel times by utilizing spectral based
artificial neural network (SNN). Their results obtained were compared with different
conventional models. SNN was found to be more accurate in predicting travel times.

Uno et al. (2002) analyzed the relationship between traffic information and travel
time reliability. They stated that providing additional information, like short-term trends of
travel time, might improve travel time reliability. Zwahlen and Russ (2002) investigated

the accuracy of real-time travel time prediction systems (TIPS). Their results obtained
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showed that the real-time TIPS represent a definite improvement over any static non-real-
time display system.

Chien and Kuchipudi (2003) developed link-based / path-based Kalman filtering
algorithm model and tested the accuracy of the developed models. The results obtained
revealed that during peak hours, the historic path-based data used for travel-time prediction
are better than link-based data due to smaller travel-time variance and larger sample size.

Rice and Van-Zwet (2004) predicted travel time using current traffic situation in
combination with historical data. They observed a relationship between any future travel
time and the current status of travel times. Van-Lint (2004) compared state space neural
network model (SSNN), Kalman filtering model, and Witham and Richards’s traffic flow
model for predicting the travel times. Among these models, SSNN results in more accurate
predictions than the remaining models.

Van et al. (2005) proposed a freeway travel time prediction framework, which
explains the accuracy and robustness with respect to missing input data. Van-Lint and Van-
Zuylen (2005) proposed two reliability metrics; width and skew based on 10", 50", and
90" percentile for a given route, time-of-the-day, and day-of-the-week. The proposed
reliability metrics can be used in developing discrete choice models.

Li et al. (2006) focused on field evaluation of four-speed based travel time
estimation models, which are, the instantaneous model, the time slice model, the dynamic
time slice model, and the linear model. All the aforementioned models were observed to
underestimate the actual travel times.

Al-Deek and Emam (2006) presented methodology for multistate system reliability

analysis of transportation networks, by considering dependent link failures. Xu and Sun
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(2007) proposed macroscopic traffic model, which predicts the future speeds on link
segments. Xu et al. (2008) estimated travel times by adopting Extended Kalman Filtering
(EKF) framework. Their results demonstrated acceptable applicability and precision of the
method’s accuracy.

Steiner and Sick (2008) estimated travel time using time stamps and vehicle length
captured at subsequent detector stations. Their proposed approach considerably extends the
maximum distance for which travel time estimations can be carried out when compared
with the traditional travel time estimation methods.

Liu et al. (2010) predicted travel time on urban networks by proposing granular
computing theory based on rough dataset. Chang (2010) developed a logit-based choice
model to derive monetary values of travel time variations. Yang et al. (2010) proposed
Generalized Autoregressive Conditional Heteroscedasticity (GARCH) for travel time
forecasting. Their results predicted that the root-mean-square error, mean absolute error,
and mean absolute percent error are all decreasing with an improvement in transportation
system reliability.

Haseman et al. (2010) evaluated quantifiable travel mobility metrics for rural
interstates. They suggested that acquisition of work zone travel time data provides a
mechanism for assessing the relationship between crashes and work zone queuing.
Thakuriah and Tilahun (2012) proposed a methodology for utilizing real-time weather
information for predicting future speeds. Their methodology can be used for future weather
responsive travel time estimations.

Taylor (2012) developed Burr statistical model to best represent the travel time

reliability by utilizing day-to-day variability in travel times in urban areas. Further, Tu et
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al. (2012) discussed an empirical example based on a large dataset of freeway traffic flow
data from loop detectors, which revealed that the developed travel time reliability measure
is, both, intuitively logical and consistent.

Yildirimoglu and Geroliminis (2013) used historic and real-time traffic information
to provide travel time predictions. They proposed loop detectors, which result in promising
travel time predictions under varying traffic conditions. Fei et al. (2013) proposed Bayesian
inference based dynamic linear model (DLM) to predict short-term travel time with plate
recognition data. This method provides accurate and reliable travel times. Chen et al.
(2013) proposed a tendency-based model to estimate link-level travel time. Their results
revealed that the long-term and the combined-term tendency-based models have a lower
optimal boundary and higher optimization potential.

Jenelius and Koutsopoulos (2013) developed statistical models to estimate travel
time by using vehicle trajectories obtained from low frequency Global Positioning System
(GPS) based probes. Li et al. (2013) explored on how travel times are distributed on
different types of urban roads. Their predictions showed that the best fitting travel time
distribution for different road links, at 15-minute time intervals differ, for different traffic
congestion levels.

Wan et al. (2014) predicted travel time by developing a stochastic model. This
model utilizes Link-Node Cell Transmission (LN-CTM) to deliver probability travel time
distributions. Lei et al. (2014) proposed a path travel time reliability of urban expressways
with shock waves, by using a probability-based method. Tak et al. (2014) predicted travel

time using multi-level k nearest neighbor algorithm and data fusion method. Instead of two
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different models, when both the models were combined, the results are accurate with less
than 5% error.

Reza et al. (2015) developed Autoregressive Integrated Moving Average (ARIMA)
model to integrate traffic information from neighboring links in estimating short-term
travel time along a corridor due to an incident. Their results obtained revealed that travel
times for the successive segments were highly correlated.

Pulugurtha and Mangilipalli (2015) developed different models to estimate average
travel speed and travel time for assessing urban arterial street performance. Their results
obtained revealed that an increase in the number of signals per mile has a negative effect
on arterial street performance. Narayanan et al. (2015) examined travel time estimation
techniques that use historical, instantaneous, and predictive data. Their results obtained
revealed that dynamic predictive routing using multiple prediction horizons are better
estimates.

Kim and Mahmassani (2015) developed compound probability distribution
approach (Gamma-Gamma Model) for collecting both vehicle to vehicle and day-to-day
variability in predicting travel time reliability. Their developed model estimates a
systematic way of quantifying, comparing, and assessing different types of travel time
characteristics.

Wang et al. (2016) integrated spatial and temporal autocorrelations of road traffic
network by developing a novel space time delay neural network (STDNN) model that
captures the autocorrelation locally and dynamically. Their results obtained showed that
STDNN exceed the Naive, ARIMA, and Space Time Autoregressive Integrated Moving

Average (STARIMA) models in prediction accuracy.
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Hojati et al. (2016) proposed a Tobit model to quantify the effects of traffic
incidents on freeway travel time reliability. Their results obtained revealed that models
with random parameters offer a superior statistical fit for all types of incidents. Woodard
et al. (2017) introduced a method called Travel Time Reliability Inference and Prediction
(TRIP) to predict the probability distribution of travel times using GPS data from mobile
phones. Their proposed method delivers accurate predictions of travel time for large scale
road networks.

Marti (2016) estimated travel time directly from electronic toll collection devices.
Bahuleyan and Vanajakshi (2016) predicted travel time on urban arterial networks utilizing
data from GPS based probe vehicles. Chen et al. (2016) explored the problem of finding
the K reliable shortest paths (KRSP) in stochastic networks under travel time uncertainty,
by proposing deviation path approach. Their proposed approach determined KRSP under
various travel time reliability values within reasonable computational times.

Ma et al. (2017) developed Markov chain approach for estimating the probability
distribution of trip travel times from link travel time distributions. Kou et al. (2017) used
trip scheduling model and binary logit model to estimate the value of travel time reliability.
Their results revealed that the value of travel time reliability differed significantly for
different income and time constraint levels, and transportation modes.

Xiao (2017) explained the role of scheduling preferences and cost benefit analysis
on travel time reliability. Cost-benefit analyses of travel time reliability improvements
yielded consistent results, even if departure time adjustments are not accounted. Departure
time adjustments decrease congestion, which strongly mitigates the cost of travel time

variability.
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Pulugurtha and Imran (2017) explored a simulation-based approach to develop
travel time performance-based thresholds for basic freeway sections. Pulugurtha and
Kodupuganti (2017) used real-world travel time data to develop travel time and reliability
thresholds for freeway links from planning perspective.

2.5 Travel Time Studies and Impacts of Travel Time Reliability

Lomax and Schrank (2002) explained that the use of mobility and reliability can
provide a framework to analyze how the land use and transportation systems serve the
needs of traveler’s and businesses. Pesti et al. (2007) identified efficient ways to improve
traffic conditions on freeway work zones. They used different control systems at the work
zone locations.

Fosgerau and Karlstrom (2010) extracted the value of reliability using the
formulation of scheduling utility model. Their results obtained showed that the mean and
standard deviation of trip duration depends on the start time of the trip. Dong et al. (2014)
discussed statistical and heuristic models for traffic flow prediction. The combination of
both statistical and heuristic model, termed as a hybrid model, estimated accurate results.

Morrison and Lowell (2016) studied the short-term impacts of employment on
travel time reliability. They predicted that travel time increases from 0.71 to 0.24 minutes
per one-way commute trip, for each additional 10 workers added per square kilometer.
Hajbabaie et al. (2016) presented decision-making framework on travel time reliability by
considering variations in traffic demand levels, inclement weather condition, and incidents
that occur on freeways. These framework can help improve operational performance of
freeway facilities. Beaud (2016) analyzed traveler’s willingness to pay for travel time

reliability, by utilizing a microeconomic model of transport mode choice.
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Pulugurtha et al. (2017) surveyed perceptions of motorists to assess the value of
travel time, the willingness to pay, and the value of reliability. The computed values were
used to illustrate the monetary impact of transportation projects and alternatives
(Pulugurtha et al., 2017; Duddu et al., 2018).

2.4 Limitations of Past Research

Past researchers have developed various models for predicting and estimating the
travel time reliability on freeways, travel time measures, and improving the reliability on
freeways or work zones. In addition, past researchers also concentrated on reducing crash
occurrence, delay, and congestion at work zones or construction zones, comparing different
prediction models, and the accuracy of travel time reliability models for the freeways.

In the past studies, there is meager to no studies on examining the effect of a road
construction project on travel time at link-level. Further, past researchers have not explored
the role of construction location characteristics, such as the number of lanes open and
closed during the construction, the speed limit, the shoulder width, the lane width, the
upstream and downstream link characteristics, the time-of-the-day, and the day-of-the-
week and the distance of a link from study corridor on travel time. Further, the effect of
construction project on the connecting arterial street links was meagerly explored.

This research focuses on the effect of a road construction project on travel time at
link-level using characteristics pertaining to the network, construction zone, upstream and

downstream links, and connecting arterial street links.
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CHAPTER 3: DATA COLLECTION & METHODOLOGY

This chapter presents details pertaining to the study area, data collection, and
analytical process adopted in this research.

3.1 Selecting the Study Area and a Road Construction Project

The city of Charlotte, North Carolina was selected as the study area for modeling
the effect of a road construction project. The list of recent road construction projects on the
freeways was collected from the Charlotte Department of Transportation (CDoT) and the
Traffic Incident Management System (TIMS) maintained by the North Carolina
Department of Transportation (NCDoT). The collected road construction projects were
started and completed from year 2013 to year 2015. Constructions projects prior to year
2013 were not considered as travel time data is not available for most of the links in the
study area. The date of completion was set as year 2015, as research efforts were initiated
during the spring of year 2017.

The precedent is to collect real-world and most recent travel time data which lasted
for at least six months during the road construction project period, in and around the
Charlotte city limits. There could be significant changes within the vicinity of a road
construction project, such as new developments that affect the travel time at link-level. It
is hard to assess the change in travel times and travel time variations due to a road
construction project in such cases. Therefore, multi-year road construction projects were

not considered in this research.
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From the list of road construction projects, a resurfacing construction project which
lasted for six months on 1-485 in Charlotte, North Carolina was considered for analysis and
modeling. The number of lanes closed during the construction is one-lane in both the
directions, while two lanes were open for traffic in both the directions. The resurfacing
construction project was started in June 2015. It was completed in six months. The data
was collected for six months before the start of the resurfacing construction project and six
months during the construction of the resurfacing project.

An aerial view of the resurfacing construction project is shown in Figure 2. The red
color section in the figure is the actual extent of the construction project. Arterial streets
that connect to the freeway are also shown in the figure. Upstream and downstream links
were also identified and considered for analysis and modeling and are shown in blue color.

The length of the road construction project is around 8 miles. However, data related
to upstream and downstream links, for up to 3 miles, were also collected. Since, the effect
of the road construction project varies with time and space, the variation in travel times
were checked along the upstream and downstream section to capture adequate distance
from the study corridor. Similarly, links on the connecting arterial streets were also selected
to account for the variations in travel times over the space and time.

For this research, 39 freeway links and 60 connecting arterial street links were
selected for analysis and modelling purposes. Data related to four time periods, morning
peak, morning off-peak, evening peak, and evening off-peak hours, during a weekday and
weekend day for each freeway and connecting arterial street link was gathered. Overall,
312 samples (39 freeway links x 4 time periods x 2 days of the week) on the freeway links

and 480 samples (60 freeway links x 4 time periods x 2 days of the week) on the connecting
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arterial street links were considered. After selecting the samples, outliers, links that are less
than 0.3 miles and null values were removed. From the final database, 80% of the samples
were used for the modeling the travel time and the remaining 20% was used for validating
the developed travel time model.

The selected resurfacing construction project corridor (1-485) was operating at 65
miles/hour speed limit during the study period. Data relevant to resurfacing construction

project was collected and is discussed next.
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Figure 2 Resurfacing Construction Project Study Corridor

3.2 Identifying Data Elements and Collecting Data

Travel time increases as the traffic volume increases. Similarly, a section would
attract higher traffic volume if the number of lanes is more. In addition, travel time
increases if the speed limit is lower. Similarly, travel time increases if the lane width and

the shoulder width are lower (due to a decrease in motorist comfort level when driving).
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Therefore, traffic volume, capacity, speed limit, the number of lanes, the shoulder width,
and the lane width were considered for analysis and modeling.

One or more lanes may be closed for construction. The speed limit, the lane width,
and the shoulder width may be reduced along the construction section, which in turn
increases the travel time. Therefore, the number of lanes closed during the construction
project period, the reduced work zone speed limit, the shoulder width, and the lane width
were collected from TIMS for modeling.

Upstream and downstream traffic volume, the speed limit, the number of lanes, and
the link length could have an influence on the travel time on a link in the construction
section. Therefore, the characteristics of upstream and downstream links were identified
and considered for modeling.

Further, construction on the freeway links could influence the operational
performance of connecting arterial street links. During the construction project period
when one or more lanes are closed on the freeway construction zones, travelers tend to
change their paths and migrate to the connecting arterial streets to avoid congested sections
and minimize their total travel delay. Therefore, connecting arterial street link
characteristics, such as, traffic volume, the capacity, the number of lanes, divided or
undivided, the shoulder width, and the lane width were also captured and added to the
database for modeling purposes. In addition, the distance of a link from the construction
zone was also collected since the effect on travel time decreases with an increase in the
distance from the construction zone.

During the morning or evening peak hours, the traffic volume is typically higher

than when compared with the off-peak hours. Traffic volume would also change with
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respect to the time-of-the-day. Similarly, during the weekdays, the traffic volume is higher
when compared with the weekend days. Therefore, the time-of-the-day and the day-of-
week at which travel time data was collected is also added to the database, for each link.
The time-of-the-day considered are morning peak (7TAM-9AM), morning off-peak
(10AM-12PM), evening peak (5PM-7PM), and evening off-peak (10PM-12AM) hours.
Monday through Friday was considered as the weekday, while Saturday and Sunday were
considered as the weekend.

A detailed summary of various characteristics considered for modeling the effect
of the resurfacing construction project on travel time at link-level is presented in Table 2.
The network characteristics, such as the capacity, the speed limit, and the number of lanes,
summarized in Table 2 were gathered from the CDoT regional travel demand model and
aerial images. Traffic volume before and during the construction project period were
collected from the CDoT regional travel demand model. The average width of all lanes, for
each freeway and connecting arterial street link, was captured using the Google Earth Pro
software and added to the database. A pictorial representation of lane width captured for
each link using the Google Earth Pro software is shown in Figure 3. Similarly, the shoulder
width was also captured at two random points, using the Google Earth Pro software, for
each freeway and connecting arterial street link. The captured shoulder width using the
Google Earth Pro software is shown in Figure 4. The average shoulder width is computed

and used for analysis and modeling.



Figure 3 Capturing Lane Widths Using Google Earth Pro Software

Figure 4 Capturing Shoulder Widths Using Google Earth Pro
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Table 2 Various Characteristics Considered for Modeling the Effect of the
Resurfacing Construction Project

Parameters

Characteristics

Freeway Link Parameters

Traffic Volume

Capacity

Number of Lanes

Speed Limit (mph)

Lane Width (ft)

Shoulder Width ()

Upstream and Downstream Link
Parameters

Number of Lanes Closed

Upstream Link Length (mi)

Upstream Link Traffic Volume

Upstream Link Speed Limit (mph)

Upstream Link Number of Lanes

Upstream Link Capacity

Downstream Link Length (mi)

Downstream Link Traffic Volume

Downstream Link Speed Limit (mph)

Downstream Link Number of Lanes

Downstream Link capacity

Connecting Arterial Street Link
Parameters

Traffic Volume

Capacity

Number of Lanes

Speed Limit (mph)

Lane Width (ft)

Shoulder Width (ft)

Divided/Undivided

Upstream Link Length (mi)

Upstream Link Traffic Volume

Upstream Link Speed Limit (mph)

Upstream Link Number of Lanes

Upstream Link capacity

Downstream Link Length (mi)

Downstream Link Traffic Volume

Downstream Link Speed Limit (mph)

Downstream Link Number of Lanes

Downstream Link Capacity

Other Parameters

Time-of-the-day

Day-of-the-week

Distance of the Link from the Study
Corridor (D) in Miles
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3.3 Travel Time Data and Data Processing
Travel time data was downloaded from the Regional Integrated Transportation

Information Systems (RITIS) website in a raw unprocessed format. The raw data file
usually has Traffic Message Channel (TMC) code (tmc_code), time-stamp
(measurement_tstamp), speed (speed), average speed (average speed), reference speed
(reference_speed), travel time (travel time_minutes), and score (confidence_score). A
snapshot of unprocessed raw travel time data is shown in Table 3. Each field in a typical
raw data file is briefly described next (INRIX, 2013).

1. Traffic Message Channel (TMC) defines link identity.

2. Speed is the current estimated space mean speed for the TMC or link in miles per

hour.

3. Average speed is the historical average mean speed for the link, for that hour-of-the-

day and day-of-the-week in miles per hour.

4. Reference speed is the calculated “free flow” mean speed for the link in miles per

hour. It is the 85th percentile point of the observed speeds on that link.

5. Travel time is the current estimated travel time it takes to traverse the link in minutes.

6. Confidence score is an indicator of data type (30 indicates real-time data; 20 indicates

real-time data across multiple segments; 10 indicates historical data).

The data requested has average travel time at 1-minute interval, for different study

periods (before and during). The data processing and mining was performed using
Microsoft SQL Server 2012. A data dictionary was developed to explain all data elements

in the processed database.
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In the database, there are a few missing values and blank cells for some considered

links. By using SQL query, the missing and blank cells were removed prior to analysis and

modeling. The database consists of real-time data and historic data. Only real-time data

(confidence score = 30) was considered for the analysis and modeling.

Table 3 Raw Travel Time Data from INRIX, 2013

tmc_code measurement tstamp speed average_speed reference speed travel time seconds confidence score

125N04663
125+04666
125N04662
125+04665
125N04665
125+04664
125N04664
125N04661
125N04660
125+04667
125N04667
125N04666
125-04662
125-04661
125-04664
125-04663
125-04660
125-04666
125-04665
125+10198
125-04667

12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00
12/1/2014 0:00

64

W th O 0N O\
-1 O \D ' lh n

59
65
61
61
63
58
59
63
66
66
68

60
61

59
65
61
61
63
58
59
63
66
66
68
67
60
61

38.86
38.1
3598
104.89
75.02
21.46
41.29
31.03
28.66
40.34
36.46
35.25
104.64
64.08
104.87
19.57
109.41
32.67
37.26
41.69
4521

30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

Overall, travel times were extracted for, both, the freeway construction project links

and the connecting arterial street links within the vicinity of the resurfacing construction

project. Similarly, travel times were extracted for links within three miles upstream and

downstream of the actual construction activity zone, to capture the travel times while

entering and leaving the construction zone.

The data was used to compute travel time performance measures such as, the

average travel time, the 95th percentile travel time (planning time, PT), the buffer time

(BT), the buffer time index (BTI), and the travel time index (TTI). Several factors, such as
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the time-of-the-day, the day-of-the-week, all weekdays of a year, all weekends of a year,
and all days are considered when computing and evaluating the travel time performance

measures before and during the construction project periods.

3.4 Examining the Relationship between the Travel Time Performance Measures before
and during the Construction Project Periods

To check the statistical significance of change in travel times and travel time
performance measures, one-tail paired t-test was performed at a 95% confidence interval.
The null hypothesis is ‘HO: Average travel time remained the same before and during the
construction project period (i.e., mean difference between average travel times before and
during the construction is zero). The alternative hypothesis is ‘H1: Average travel time
increased during the construction project period when compared to the before period (i.e.,
the mean difference between average travel times during and before is greater than zero).
The same procedure was adopted to test the difference in PT, BT, BTI, and TTI.
3.5 Conducting Pearson Correlation Analysis

The average travel time (dependent variable) on the considered freeway links and
the connecting arterial street links were checked for normality distribution, for the before
and during the construction project period data. To check the distribution of data, SPSS
tool was used. From the descriptive statistics in SPSS, statistics and significance values
were examined. Null hypothesis is that the data is normally distributed, while the alternate
hypothesis is that the data is not normally distributed. In the test for normality,
Kolmogorov-Smirnov and Shapiro-Wilk were used for interpreting the statistical
significance. Generally, if the sample size is less than 2000, Shapiro-Wilk significance is

used for testing the normality of the samples (Ghasemi & Zahediasl, 2012). If the
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significance value is greater than 0.05, the alternate hypothesis is rejected, indicating that
the data is normally distributed.

The correlation between the average travel time and all the predictor variables
pertaining to network characteristics, construction zone characteristics, upstream and
downstream characteristics, connecting arterial street link characteristics, the time-of-the-
day, the day-of-the-week and the distance of a link from the study corridor were examined
using SPSS software. The computed Pearson correlation coefficients lie between -1 and
+1. If the P-value is less than or equal to 0.05, at a 95% confidence interval, two variables
are considered as strongly correlated with each other. The correlation between the
dependent variable and each predictor variable was first examined. The correlation
between the predictor variables was then examined to select predictor variables that are not
correlated to each other for modeling. This was done to minimize the effect of
multicollinearity and improve the accuracy of the travel time estimates. The generalized
linear models (GLM) was then developed to model the effect of a road construction project
before and during the construction project period.

3.6 Developing Generalized Linear Models (GLM)

A linear model specifies the relationship between a dependent variable (say, Y) and
a group of predictor variables (X1, Xz...). The general form of a liner model is shown as
Equation 1.

Y = Cot+C1 X1+ CoXot+ C3Xat+ CaXat...... +CXk e Equation 1

In Equation 1, C, is the regression coefficient for the intercept, while Cy, Ca..., Ck

are regression coefficients for the predictor variables 1, 2, ... k. Y is the dependent variable

(average travel time).
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The structural form of a linear regression model describes the patterns of
interactions and associations. In addition, the model parameters also provide measures of
strength. However, the data may not be normally distributed all the time. A GLM is more
appropriate if data is non-linearly (example, log-link) distributed. The general form of a
GLM is as shown in Equation 2.

Y = EXp [CotC1X1+ C2X2+ C3X3+ C4X4+...... +CkXk] Equation 2

The basic assumptions of GLM are listed next (Lesson 6: Logistic Regression, Penn

State).

= The data related to ‘Y~ are independently distributed.

= The dependent variable ‘Y’ may not be normally distributed. Therefore, it assumes a
distribution from an exponential family, such as binomial, Poisson, multinomial, or
normal.

= GLM does not assume a linear relationship between the dependent variable and the
predictor variables. However, it assumes a linear relationship between the transformed
response in terms of the link function and the predictor variables.

= The predictor variables may even be power functions, or some other non-linear
transformations of the considered original predictor variables.

= The homogeneity of variance is not necessary. Over-dispersion (when the observed
variance is greater than the model assumes) may occur in some cases.

= Errors are independent but are not normally distributed.

=  GLM uses maximum likelihood estimation (MLE) rather than ordinary least squares
(OLS) to estimate the parameters, and, therefore, depends on higher sample

approximations.
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Goodness-of-fit measures rely on sufficiently large samples. The quasi likelihood
under the independence model criterion (QIC) and corrected quasi likelihood under the
independence model criterion (QICC) were considered to test the goodness-of-fit in this
research. In general, a lower QIC and QICC indicates a good model. In addition, the
difference between QIC and QICC should be lower for a valid model estimation.

GLM is sensitive to outliers. Therefore, link lengths which are less than 0.3 miles
were removed from the model database. Such links may have uncertain and unexplainable
travel times which could affect the model parameters.

Data related to crashes at the construction zone were not known from the TIMS
database. The travel time due to the effect of crashes could be outliers and need to be
removed to minimize the effect of such incidents on travel time. In addition, outlier’s data
could skew the GLM results. Therefore, the average travel times inside the oval shaped
boundary (Figure 5) were considered as outliers and removed prior to conducting the
analysis and developing the models.

The data for freeway and connecting arterial street links was checked for outliers
for, both, before and during the construction project periods. The outliers were removed
prior to conducing the analysis and modeling. The results obtained from the analysis and

modeling are presented in chapters 4 and 5.
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Figure 5 Removing Outliers from the Model Database

3.7 Model Validation

The Root Mean Square Error (RMSE) and the Mean Absolute Percentage Error (MAPE)
were used for validating the model. RMSE measures the differences between values
predicted by a developed model and the recorded values (Chai & Draxler, 2014). Similarly,
MAPE measures the accuracy of the values predicted by the developed model (Chai &
Draxler, 2014). If the values of RMSE and MAPE is closer to zero, then the model indicates
the best fitted model. Formulas representing RMSE and MAPE are presented as Equation

3 and Equation 4.

Y (Actualprr—Estimatedarr)?

RMSE = \/ ----------- Equation 3

n

| Actual_ATT—Estimated_ATT

_1l¢n
MAPE = —3i, Actual ATT

----------- Equation 4



where,
N = number of the observations,
Actual_ATT = Recorded average travel time, and,

Estimated_ATT= Estimated average travel time from the developed model.
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CHAPTER 4: EXAMINING THE RELATIONSHIP BETWEEN TRAVEL TIME
PERFORMANCE MEASURES BEFORE AND DURING THE CONSTRUCTION
PROJECT PERIOD

It is important to examine if there exists any significant relationship between the
average travel time and other travel time performance measures before and during the
construction project period. Data obtained and processed for the resurfacing project was
analyzed to examine the relationships between the travel time performance measures
before and during the construction project period, for all the considered time periods. As
stated in Chapter 3, a one-tail paired t-test was used to examine the difference in means
and significance between before and during the construction project period travel time
measures.

4.1 Average Travel Time (ATT)

Figure 6 shows the average travel time on the selected freeway links and connecting
arterial street links, before and during the construction project period, for morning peak
and morning off-peak hours during a weekday. The average travel times before and during
the construction project periods are same on almost all the freeway links and connecting
arterial street links, in case of morning peak and morning off-peak hours on a typical
weekday. Figure 7 shows the average travel times before and during the construction
project periods, for evening peak and evening off-peak hours on a weekday. The average
travel time is almost same during both the time periods on freeway links. However, the

average travel times are greater during the construction project period on majority of the
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connecting arterial street links when compared with the before construction project period,

in case of evening peak and evening off-peak hours on a typical weekday.
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Figure 6 Average Travel Time Before and During the Construction Project Period
for Morning Peak and Morning Off-peak Hours on a Weekday
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Figure 8 and Figure 9 shows the average travel time before and during the
construction project period for morning peak, morning off-peak, evening peak, and evening
off-peak hours on a typical weekend day. All the four time periods on a weekend day have

similar travel times on most of the freeway and connecting arterial street links for

considered time periods on a weekend day.
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Figure 9 Average Travel Time Before and During the Construction Project Period
for Evening Peak and Evening Off-peak Hours on a Weekend Day

The mean differences, t-stat, and t-critical values computed using the average travel
times are summarized in Table 4. The means of the average travel time during the
construction project period are lower than the means of the average travel time before the
construction project period on the freeway links. The t-stat and t-critical (one-tail test)
results indicate that there was a significant decrease in the average travel time on freeway
links at a 95% confidence interval. However, the mean average travel time on the
connecting arterial street links increased during the construction project period when
compared with before the construction project period. The mean difference is
comparatively higher on connecting arterial street links during the construction project
period, during the evening peak hours (weekday), when compared with the freeway links

at a 95% confidence level. This could be because the vehicular traffic might have shifted
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to the connecting arterial street links during the construction project period to avoid major

delays on the freeway links.

Table 4 T-test Results: Average Travel Time

7AM-9 AM 10AM - 12 PM 5PM-7PM 10PM - 12 AM
Weekday | Weekend | Weekday | Weekend | Weekday | Weekend | Weekday | Weekend
Freeway Links

During 1.01 0.95 0.96 0.93 1.40 0.94 1.03 1.00
Before 116 0.98 1.00 0.98 1.54 1.00 1.05 1.02
Diff. between means | -0.15 -0.03 -0.04 -0.05 -0.14 -0.06 -0.02 -0.02

Mean

t-Stat -2.91 -6.50 -4.15 -5.43 -0.64 -3.90 -1.36 -1.16
P(T<=t) one-tail <0.01 <0.01 <0.01 <0.01 0.26 <0.01 0.09 0.13
t Critical one-tail 1.69 1.69 1.69 1.69 1.69 1.69 1.69 1.69

Connecting Arterial Links
During 2.25 1.66 181 178 2.58 1.83 1.66 167
Before 2.24 171 171 1.65 2.24 171 147 148
Diff. between means |  0.01 -0.05 0.10 0.13 0.34 0.12 0.19 0.19

Mean

t-Stat 0.07 -1.91 5.48 5.77 6.75 5.06 8.9 8.27
P(T<=t) one-tail 0.47 0.03 <001 | <001 | <0.01 | <0.01 | <0.01 <0.01
t Critical one-tail 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67

4. 2 Planning Time (PT) or 95" Percentile Travel Time

Figure 10 shows the computed PTs on the selected freeway links and connecting
arterial street links, before and during the construction project periods, for morning peak
and morning off-peak hours during a weekday. The PTs are same on majority of the
freeway links. However, the PTs during the construction project period are generally
greater than before the construction project period on almost all the connecting arterial

street links.
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Figure 10 Planning Time Before and During the Construction Project Period for
Morning Peak and Morning Off-peak Hours on a Weekday
Figure 11 shows the PTs on the selected freeway links and connecting arterial street
links, before and during the construction project periods, for evening peak and evening off-
peak hours on a weekday. The PTs are same on majority of the freeway links. However,
the PTs during the construction project period are generally greater than before the

construction project period on almost all the connecting arterial street links, in case of both

the study hours.
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Figure 11 Planning Time Before and During the Construction Project Period for
Evening Peak and Evening Off-peak Hours on a Weekday

Figure 12 and Figure 13 shows the computed PT’s before and during the
construction project period on the selected freeway and connecting arterial street links for
morning peak, morning off-peak, evening peak and evening off-peak hours on a typical
weekend days. Similar trends were observed on the weekend days where PT’s has shown
an increase on connecting arterial street links during the construction project period when
compared with before the construction project period. The PT’s are observed to be similar

on the freeway links before and during the construction project period.
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Figure 12 Planning Time Before and During the Construction Project Period for
Morning Peak and Morning Off-peak Hours on a Weekend Day
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The mean differences, t-stat, and t-critical values computed using the PTs are
summarized in Table 5. The mean differences in the PT during and before the construction
project period followed similar trend as the average travel time. The PT is significantly
higher before the construction project period when compared with during the construction
project period, at a 95% confidence level, during all the considered time periods. In
addition, the mean PTs on connecting arterial street links are significantly higher during
the construction project period when compared with mean PTs before the construction
project period. As stated earlier, vehicular traffic might have shifted from the freeway links

to the connecting arterial street links during the construction to avoid the non-enduring

delays.
Table 5 T-test Results: Planning Time or 95th Percentile Travel Time
7AM -9 AM 10AM - 12 PM 5PM-7PM 10PM - 12 AM
Weekday \ Weekend | Weekday ] Weekend | Weekday \ Weekend | Weekday ] Weekend
Freeway Links
Mean During 1.06 0.93 0.97 0.91 2.11 0.92 117 1.10
Before 1.42 0.95 0.98 0.96 2.21 0.97 113 1.06

Diff. between means | -0.36 -0.02 -0.01 -0.05 -0.10 -0.05 0.04 0.04

t-Stat -4.23 -2.46 -0.28 -3.59 -0.37 -4.25 0.44 0.51
P(T<=t) one-tail <0.01 <0.01 0.39 <0.01 0.36 <0.01 0.33 0.31
t Critical one-tail 1.69 1.69 1.69 1.69 1.69 1.69 1.69 1.69

Connecting Arterial Links
During 3.73 2.26 2.63 2.60 4,62 2.72 2.34 2.40
Before 3.19 1.97 241 2.26 3.84 2.36 1.85 1.84
Diff. between means 0.54 0.29 0.22 0.34 0.78 0.36 0.49 0.56

Mean

t-Stat 5.32 5.62 434 4,75 5.60 517 6.78 6.12
P(T<=t) one-tail <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
t Critical one-tail 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67

4. 3 Buffer Time (BT)
Figure 14 shows the BTs on the selected freeway links and connecting arterial street

links, before and during the construction project periods, for morning peak and morning
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off-peak hours on a weekday. The BTs on a few freeway links are greater than before the
construction project period when compared with during the construction project period.
The freeway links on which they were higher varies by the time period. On the other hand,
the BTs during the construction project period are generally greater than before the
construction project period on almost all the connecting arterial street links, in case of both
the time periods. The trends on connecting arterial street links are similar for BT and PT

based graphs.

7AM - 9AM Weekdays 10AM - 12PM Weekday

plﬁ v 16
A — 14
e 2 :\ &1,
g5 & £ 1
g 15 | \\ = 08
€1 i . A IR £ 06 |
Tos ‘ VAN R & i It
- ’\/A\/—-j\ N \\V_>*- | NN j ET— w4 W Em— | L Ty —\
0 ST, -~ ~ - - — N —— — ——
1 3 5 7 9 1113 15 17 19 21 23 25 27 29 31 33 35 37 39 1 3 5 7 9 1113 1517 19 21 23 25 27 29 31 33 35 37 39
Freeway Links Freeway Links
m= BT During = = = BT Before BTDuring = == BTBefore
7AM - 9AM Weekday 10AM - 12PM Weekday
7 3
6 &
| (>
as A 8 ,
24 A E
e M/\ } £
& | ! P
g N g
a g “'\,, ﬂ A l]‘L ,‘:\‘,l A l; m
'AA | f% ¥

o =

1357 911131517192123252729313 94143454749515355575961 13537 91113151719212325272931333537394143454749515355575961
Connecting Arterial Links Connecting Arterial Links

e BT During = = = BT Before =BT During = == BT Before

Figure 14 Buffer Time Before and During the Construction Project Period for
Morning Peak and Morning Off-peak Hours on a Weekday
Figure 15 shows the BTs on the selected freeway links and connecting arterial street
links, before and during the construction project periods, for evening peak and evening off-
peak hours on a weekday. The BTs on a few freeway links are greater than before the

construction project period when compared with during the construction project period.



46

The freeway links on which they were higher varies by the time period. On the other hand,
the BTs during the construction project period are generally greater than before the
construction project period on almost all the connecting arterial street links, in case of both

the time periods.
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Figure 15 Buffer Time Before and During the Construction Project Period for
Evening Peak and Evening Off-peak Hours on a Weekday
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Figure 16 Buffer Time Before and During the Construction Project Period for
Morning Peak and Morning Off-peak Hours on a Weekend Day

Figure 16 shows the computed BT’s before and during the construction project
period on the freeway and connecting arterial street links for morning peak and morning
off-peak hours on a weekend day. The BT’s before the construction project period were
higher on most of the links when compared with during the construction project period.
However, BT’s during the construction project period on connecting arterial street links
are higher when compared with before the construction project period. BT’s has not shown
any change during the evening off-peak hours on a weekend day. On connecting arterial
street links, BT’s increased during the construction project period when compared with
before the construction project period.

Figure 17 shows the computed BT’s before and during the construction project

period on the freeway and connecting arterial street links for evening peak time and evening
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off-peak hours on a weekend day. The BT’s are similar on the freeway links before and
during the construction project period. However, on the connecting arterial street links,
BT’s were higher during the construction project period when compared with before the

construction on project period.
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Figure 17 Buffer Time Before and During the Construction Project Period for
Evening Peak and Evening Off-peak Hours on a Weekend Day
The mean differences, t-stat, and t-critical values computed using the BTs are
summarized in Table 6. The mean BTs are higher during the construction project period,
during evening off-peak hour, when compared with the before construction project period.
This could be possible since most of the construction activities commence during evening
off-peak, as interruption to vehicular traffic would be minimum. In addition, from the t-

stat and t-critical results, there was a decrease in mean travel times from before to during
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the construction project period. However, it is not significant on the freeway links,
excluding the morning peak (weekend day).

The mean BTs during the construction project period are significantly higher when
compared with the before construction project period on the connecting arterial street links.
The BT on the connecting arterial street links increased significantly from before to during
the construction project period, at a 95% confidence level. The mean difference in BTs is
high particularly during the evening peak (weekday) and evening off-peak (weekday and

weekend day) hours.

Table 6 T-test Results: Buffer Time (BT)

7AM-9AM 10 AM - 12 PM 5PM-7PM 10PM-12 AM
Weekday \ Weekend | Weekday \ Weekend | Weekday ] Weekend | Weekday | Weekend
Freeway Links
During 0.39 0.27 0.11 0.08 0.90 0.09 0.26 0.21
Before 0.40 1.12 0.11 0.10 1.03 0.10 0.21 0.16
Diff. between means | -0.01 -0.85 0.00 -0.02 -0.13 -0.01 0.05 0.05

Mean

t-Stat -0.17 -1.71 0.05 -1.18 -0.82 -1.47 0.68 0.75
P(T<=t) one-tail 0.43 <0.01 0.48 0.12 0.21 0.07 0.25 0.23
t Critical one-tail 1.69 1.69 1.69 1.69 1.69 1.69 1.69 1.69

Connecting Arterial Links
During 1.47 0.60 0.81 0.81 2.04 0.89 0.67 0.73
Before 1.18 0.42 0.70 0.60 1.60 0.65 0.37 0.36
Diff. between means 0.29 0.18 0.11 0.21 0.44 0.24 0.30 0.37

Mean

t-Stat 459 4.67 321 3.92 462 489 5.57 5.08
P(T<=t) one-tail <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
t Critical one-tail 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67

4. 4 Buffer Time Index (BTI)

Figure 18 shows the computed BTIs on the selected freeway and connecting arterial
street links, before and during the construction project periods, for morning peak and
morning off-peak hours on a typical weekday. The trends on freeway links and connecting

arterial street links seems to be higher before the construction project period when
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compared with during the construction project period for morning peak hours on freeway
links and connecting arterial street links, and for morning off-peak hours on connecting

arterial street links. BTIs are similar on the freeway links during morning off-peak hours.
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Figure 18 Buffer Time Index Before and During the Construction Project Period for
Morning Peak and Morning Off-peak Hours on a Weekday
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Figure 19 Buffer Time Index Before and During the Construction Project Period for
Evening Peak and Evening Off-peak Hours on a Weekday

Figure 19 shows the computed BTIs on the selected freeway and connecting arterial
street links, before and during the construction project periods, for evening peak and
evening off-peak hours on a weekday. The trends on freeway links seems to be consistent
during the peak hour. However, the differences between before and during construction
project periods are very high on a few freeway links. Except on a couple of connecting
arterial street links, the trends in computed BTIs are similar before and during the
construction project periods.

Figure 20 shows the computed BTIs before and during the construction project
periods on selected freeway links and connecting arterial street links for morning peak and
morning off-peak hours on a typical weekend day. BTIs were higher on freeway links and

connecting arterial street links for morning peak hours. However, the BTIs were higher
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before the construction project period when compared with during the construction project

period of morning off-peak hours, on both freeway and connecting arterial street links.
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Figure 20 Buffer Time Index Before and During the Construction Project Period for
Morning Peak and Morning Off-peak Hours on a Weekend Day
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Figure 21 Buffer Time Index Before and During the Construction Project Period for
Evening Peak and Evening Off-peak Hours on a Weekend Day

Figure 21 shows the computed BTIs before and during the construction project
period on freeway and connecting arterial street links for evening peak and evening off-
peak hours on a weekend day. The trends are similar to the BTIs for morning peak and
morning off-peak hours, for both the freeway and connecting arterial street links.

The mean differences, t-stat, and t-critical values computed using the BTIs are
summarized in Table 7. The results from the t-test analysis showed that the BTIs are nearly
equal during and before the construction project period, on the freeway links, except during
the morning peak period on a weekday and weekend day. Therefore, there is no significant
change in BT before and during the construction project period on the freeway links.

The mean differences in BTIs are significantly higher on the connecting arterial

street links. The BTI has increased significantly during the construction project period
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when compared with before the construction project period. The mean difference is higher
particularly during the morning peak and evening peak hours on a weekday. When the
vehicular traffic shifts from the freeway links to the connecting arterial street links during
the construction project period, travel times increase significantly, and so is BTI. This
seems to be during the peak hours. The BTI during night-time off-peak hour on a weekday
did not show any increase or decrease when before and during construction project period

data are compared.

Table 7 T-test Results: Buffer Time Index (BTI)

7AM -9 AM 10 AM - 12 PM 5PM-7PM 10PM-12 AM
Weekday \ Weekend | Weekday | Weekend | Weekday | Weekend | Weekday | Weekend
Freeway Links
During 17.30 12.57 11.07 11.94 65.19 1251 21.89 19.40

M leefore | 3151 | 1079 | 1304 | 1238 | 6623 | 1238 | 2159 | 1554
Diff. between means | -14.21 1.78 -1.97 -0.44 -1.04 0.13 0.30 3.86
-Stat 406 | 283 | 105 | 057 | 015 | 014 | 007 0.72
P(T<=t) one-tail <001 | <001 | 015 | 029 | 044 | 044 | 047 0.24
t Critical one-tail 169 | 169 | 169 | 169 | 169 | 169 | 169 169

Connecting Arterial Links
During 96.16 64.24 73.56 74.32 111.70 | 80.80 62.23 64.11
Before 159.78 73.89 108.19 98.72 196.39 96.56 62.14 59.90
Diff. between means | -63.62 -9.65 -34.63 -24.40 -84.69 -15.76 0.09 421

Mean

t-Stat -4.80 -1.43 -5.73 -3.22 -5.47 -3.20 0.02 1.00
P(T<=t) one-tail <0.01 0.08 <0.01 <0.01 <0.01 <0.01 0.49 0.16
t Critical one-tail 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67

4.5 Travel Time Index (TTI)

Figure 22 shows the computed TTIs on the selected freeway links and connecting
arterial street links, before and during the construction project periods, for morning peak
and morning off-peak hours on a weekday. The TTIs were higher on the freeway links for
both the time periods. However, TTIs were lower for most of the links on connecting

arterial streets during the construction project period, for both the time periods.
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Figure 22 Travel Time Index Before and During the Construction Project Period for
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Figure 23 shows the TTIs on the selected freeway links and connecting arterial
street links, before and during the construction project periods, for evening peak and
evening off-peak hours on a weekday. The TTIs are close to each other, in case of both the
study hours, except on a few links. However, the TTIs on majority of connecting arterial
street links during the construction project period are greater than before the construction

project periods, in case of both the time periods.
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Figure 24 Travel Time Index Before and During the Construction Project Period for
Morning Peak and Morning Off-peak Hours on a Weekend Day

Figure 24 shows the TTIs on the selected freeway and connecting arterial street

links, before and during the construction project periods, for morning peak and morning

off-peak hours on a weekend day. TTIs were similar on the freeway links before and during

the construction project period for morning peak hours. However, TTIs were higher on

freeway links for morning off-peak hours on weekend days. On the other hand, TTIs were
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higher on the connecting arterial street links during the construction project period when

compared with before the construction project period, for both the time periods.
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Figure 25 Travel Time Index Before and During the Construction Project Period for
Evening Peak and Evening Off-peak Hours on a Weekend Day

Figure 25 shows the TTlIs on selected freeway and connecting arterial street links
for evening peak and evening off-peak hours on a weekend day. TTIs before the
construction project period were higher when compared with during the construction
project period on freeway links for evening peak hours. However, TTls are similar before
and during the construction project period for evening off-peak hours on freeway links.
TTIs were higher during the construction project period on the connecting arterial street
links when compared with before the construction project period for both the time periods.

The mean differences, t-stat, and t-critical values computed using the TTIs are

summarized in Table 8. Similar trends were observed on freeway links and connecting
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arterial street links. The mean TTIs before the construction project period are higher when
compared with during the construction project period on the freeway links. The TTIs
during morning peak period and day-time off-peak hour on a weekday and weekend day
decreased from before to during construction project period on the freeway links. A
statistically significant change was not observed on the freeway links during the evening
peak and evening off-peak hours.

The mean TTI values are higher during the construction project period, on
connecting arterial street link links, when compared with the before construction project
period. A significant increase was observed on the connecting arterial street links during

all the considered time periods.

4. 6 Summary of Relationships

Table 9 summarizes the travel time performance measures and significance
(positive, negative, or no significance) by the time-of-the-day and day-of-the-week. The
“P” indicates an increase in travel time performance measure during the construction
project period when compared with before the construction project period. On the other
hand, “N” indicates a decrease in travel time performance measure during the construction
project period when compared with the before construction project period. From Table 9,
the average travel time (ATT) and PT can better explain the effect of road construction
project, on freeway links, when compared with before the construction project period. No
significant effect or consistent trend was observed when BT, BTI, and TTI are considered.
Except in case of BTI, significant positive effect on connecting arterial street links
performance was observed when compared with before the construction project period.

The effect can be consistently observed when PT and TTI are used for assessment.
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Table 8 T-test Results: Travel Time Index (TTI)

7AM-9 AM 10 AM - 12 PM 5PM-7PM 10PM - 12 AM
Weekday \ Weekend | Weekday \ Weekend | Weekday \ Weekend | Weekday | Weekend
Freeway Links
Mean During 0.21 0.13 0.10 0.11 0.89 0.12 0.15 0.19
Before 0.48 0.12 0.12 0.13 1.07 0.13 0.18 0.15
Diff. between means | -0.27 0.01 -0.02 -0.02 -0.18 -0.01 -0.03 0.04
t-Stat -4.06 2.76 -2.91 -3.50 -1.05 -1.63 -1.21 0.91
P(T<=t) one-tail <0.01 <0.01 <0.01 <0.01 0.15 0.06 0.12 0.19
t Critical one-tail 1.69 1.69 1.69 1.69 1.69 1.69 1.69 1.69
Connecting Arterial Links
Mean During 173 0.71 0.90 0.87 2.18 0.96 0.72 0.78
Before 1.39 0.53 0.79 0.71 1.75 0.74 0.45 0.46
Diff. between means 0.34 0.18 0.11 0.16 0.43 0.22 0.27 0.32
t-Stat 437 4.66 321 3.62 4.61 471 6.43 5.25
P(T<=t) one-tail <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
t Critical one-tail 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67

Table 9 Significance of Travel Time Performance Measures

7AM -9 AM 10 AM - 12 PM 5PM-7PM 10PM - 12 AM
Weekday | Weekend | Weekday | Weekend | Weekday | Weekend | Weekday | Weekend
Freeway Links
ATT N N N N N
PT N N N N
BT N
BTI N N
TTI N P N N
Connecting Arterial Links
ATT P P P P P P
PT P P P P P P p p
BT P P P P P P p p
BTI N N N N N
TTI P P P P P P P P

P = Positive, N = Negative; Blank cell indicate no significant relation.

The travel time performance measures during the construction project period

decreased significantly on the freeway links and increased significantly on the connecting

arterial street links. To avoid unnecessary delays during the construction, vehicular traffic
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could have shifted from the freeway links to the connecting arterial street links. Lower
speed limit, reduced capacity, and increased traffic volume on the connecting arterial street
links resulted in significantly higher travel times during the construction project period
when compared to the freeway links. The performance measures and significance values
varied by time-of-the-day and day-of-the-week on the freeway and connecting arterial
street links. The average travel time (ATT), planning time (PT), and travel time index (TTI)
can better explain the effect of a road construction project on transportation system
performance.

Predominantly, the performance on freeway links is expected to be lower during
the construction project period, since the actual number of lanes, lane widths, shoulder
widths, and speed limits are reduced. However, from the paired t-test analysis, it is
observed that the average travel time and travel time performance measures have improved
on the freeway links but have worsened on the connecting arterial street links. Therefore,
practitioners should forecast the effects on freeway links and connecting arterial street links
due to a construction project period.

The average travel time was selected for modelling, since the practitioners and
researchers are interested in estimating the expected travel time. It was observed to better
explain the effect of a road construction project. Therefore, the average travel time was
selected as a dependent variable to model the effect of a construction project.

The models to estimate the average travel time before and during the construction
project period, on the freeway and connecting arterial street links, are presented in the next

chapter.
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CHAPTER 5: MODEL DEVELOPMENT & VALIDATION

Prior to developing the models for estimating the travel time before and during the
construction period on freeways and connecting arterial street links, travel times were first
estimated by using the formulation suggested by the Bureau of Public Roads (BPR). The

BPR travel time equation is represented as follows.

Travel Time = TTireefiow X (1 + & % (%)B) ---- Equation 5

where, TTrreeflow = Free flow travel time on the selected link.

a =0.15 and = 4 were considered as the default values. The V/C is volume over
the capacity on the selected link.

Travel time was computed for each selected link and compared with the actual
travel time. The RMSE and MAPE were computed to assess the effectiveness of BPR
equation in estimating travel time. Table 10 represents the RMSE and MAPE before and

during the construction project period on freeway and connecting arterial street links.

Table 10. Validation Results from BPR

Freeway Links (BPR)

RMSE | MAPE
Before the Construction Project Period 0.27 | 19.67%
During the Construction Project Period | 0.27 | 20.93%

Connecting Arterial Street Links (BPR)
RMSE | MAPE
Before the Construction Project Period 0.62 | 74.23%
During the Construction Project Period | 0.70 | 83.01%
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From the results summarized in Table 10, higher variations were observed from the
estimated travel time using BPR equation when compared with the actual travel time for
freeway and connecting arterial street links before and during the construction project
period. This indicates that factors other than V/C influence travel time before and during
the road construction project period. Therefore, models were developed to estimate travel
times before and during the road construction project.

The average travel times, network characteristics, construction zone characteristics,
upstream and downstream characteristics, time-of-the-day, day-of-the-week, and the
distance from the construction project, for each link, could influence travel time and were
segregated into two different databases; before and during the construction project period.

Firstly, normality tests were conducted to examine if the dependent variable
(average travel time) before and during the construction are normally distributed. The null
hypothesis is that the data is normally distributed, while the alternate hypothesis is that the
data is not normally distributed. Since the sample size is less than 2000, Shapiro-Wilk
significance was used for testing the normality of the samples (Ghasemi & Zahediasl,
2012). Significance results from SPSS for the freeway links and connecting arterial street

links are presented in Table 11.
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Table 11 Normality Test Results for Before and During the Construction on
Freeway and Connecting Arterial Street Links

Shapiro-Wilk
: Degrees
Dependent Variable Data Statistic of Significance
Freedom
Freeway Before 0.94 226 0.09
Links During 0.68 226 0.16
Average Travel Time | Connecting | Before 0.52 260 012
Arterial )
Street Links | Puring 0.26 221 0.23

The significance values from the Shapiro-Wilk test shows that the P-value is greater

than 0.05, indicating that the alternate hypothesis be rejected, and the data is normally

distributed. Therefore, Pearson correlation coefficients were computed, and travel time

models were generated as well as validated.

Descriptive statistics were computed using the freeway links and connecting

arterial street links data, for before and during the construction project period. Table 12

summarizes the descriptive statistics for the freeway links, for before and during the

construction project period. Table 13 summarizes the descriptive statistics for connecting

arterial street links, for before and during the construction project period.



Table 12 Descriptive Statistics — Freeway Links

Before the Construction Project Period

N | Minimum | Maximum | Mean | Std. Deviation
Average Travel Time 226| 0.16 1.97 0.88 0.31
Link Length (mi) 226 0.39 4.10 1.24 093
Traffic Volume 226 282 5130 | 2330 1336
Capacity 226| 8800 29333 |18985 6277
ViC 226 0.10 0.85 0.16 0.13
No.of Lanes 226 1 4 3 1
Speed Limit (mph) 226 55 65 60 5
Upstream Link Length (mi) [226| 0.31 4.10 1.19 095
Upstream V/C 226 0.10 0.87 0.47 0.14
Upstream no.of lanes 226 1 B 2 1
Upstream Speed Limit 226 55 65 57 12
Downstream Link Length (mi) [226| 0.30 4.10 1.10 0.80
Downstream V/C 226 0.12 0.87 0.46 0.14
Downstream no.of lanes 226 1 4 3 1
Downstream Speed Limit 226 55 65 57 12
D (mi) 226 0.15 4.48 1.32 1.62
During the Construction Project Period
Average Travel Time 226 0.15 1.92 0.85 0.30
Link Length (mi) 226 0.39 4.10 1.24 0.93
Traffic Volume 226 200 4850 | 2130 1336
Capacity 226| 5867 22000 |14907 3971
ViC 226 0.08 0.56 0.19 0.16
No.of Lanes 226 1 3 2 0
Speed Limit (mph) 226 55 65 60 5
Upstream Link Length (mi) |226| 0.31 4.10 1.19 0.95
Upstream V/C 226 0.12 0.56 0.47 0.14
Upstream no.of lanes 226 1 3 2 1
Upstream Speed Limit 226 55 65 57 12
Downstream Link Length (mi) [226| 0.30 4.10 1.10 0.80
Downstream V/C 226 0.19 0.52 0.46 0.14
Downstream no.of lanes 226 1 3 2 1
Downstream Speed Limit  |226 35 65 57 12
D (mi) 226| 0.15 4.48 1.32 1.62
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Table 13 Descriptive Statistics — Connecting Arterial Street Links

Before the Costruction Project Period

N [Minimum | Maximum | Mean | Std. Dewviation

Average Travel Time 260 0.20 1.99 1.46 0.38
Link Length (mi) 260 0.31 3.75 1.03 0.90
Traffic Volume 260( 708 6250 [ 2239 1454
Capacity 260 1106 29333 | 9500 7871
V/iIC 260 0.13 1.13 0.30 0.15

No.of Lanes 260 1 3 2 1

Speed Limit (mph) 260 35 55 47 5
Upstream Link Length (mi) |260| 0.30 3.75 0.80 0.75
Upstream V/C 260 0.13 1.58 042 0.24

Upstream no.of lanes 260 1 3 2 1

Upstream Speed Limit (mph) |260 35 55 46 9
Downstream Link Length (mi) (260 0.31 3.75 0.77 0.78
Downstream V/C 260( 0.17 1.13 042 0.20

Downstream no.of lanes 260 1 3 2 1

Downstream Speed Limit (mph) [260 35 55 47 5
D (mi) 260( 0.21 3.75 1.38 0.97

During the Costruction Project Period

Average Travel Time 2211 025 1.99 1.74 0.41
Link Length (mi) 221 0.31 3375 1.03 0.94
Traffic Volume 221 773 6818 [ 3036 1581
Capacity 221 1106 20333 (10242 8279
ViIC 221 0.14 2.81 042 0.34

No.of Lanes 221 1 3 2 1

Speed Limit (mph) 221 35 55 47 6
Upstream Link Length (mi) |221| 0.30 2.61 0.79 0.75
Upstream V/C 2211 0.14 2.81 0.65 0.55

Upstream no.of lanes 221 1 3 2 1

Upstream Speed Limit (mph) |221 35 55 45 10
Downstream Link Length (mi) [221| 031 3.75 0.72 0.76
Downstream V/C 2211 020 1.42 0.58 0.33

Downstream no.of lanes 221 1 3 2 0

Downstream Speed Limit (mph) (221 35 55 47 5
D (mi) 221 022 3.75 1.48 0.99
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On the freeway links, before and during the construction project period, the speed
limit, the shoulder width, and the lane width were observed to be redundant (same through
the study corridor). Therefore, the speed limit, the shoulder width, and the lane width
variables were neglected in the model development for only freeway links. The details of
the predictor variables considered for developing the travel time model for freeway links
and the connecting arterial street links, before and during the construction project period,

are presented in Table 14.

Table 14 Dependent and Predictor Variables

S. No Dependent Variables Predictor Variables
1 Volume/Capacity (V/C)
2 Number of Lanes
3 Speed Limit (mph)
4 Shoulder Width (ft)
5 Lane Width (ft)
6 Divided/Undivided (0 or 1)
7 Upstream Link Length (mi)
8 Average Travel Time Upstream V/C
9 (ATT) Before Upstream Number of Lanes
10 & Upstream Speed Limit (mph)
11 Average Travel time Downstream Link Length (mi)
12 (ATT) During the Downstream V/C
13 Construction Project Downstream Number of Lanes
14 Period Downstream Speed Limit (mph)
15 Link Distance to the Study Corridor (D)
16 Weekday (0 or 1)
17 Weekend Day (0 or 1)
18 Morning Peak (0 or 1)
19 Evening Peak (0 or 1)
20 Morning Off-peak (0 or 1)
21 Evening Off-peak (0 or 1)
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5.1 Travel Time Before the Construction Project Period for Freeway Links

A Pearson correlation analysis was conducted using before the construction project
period data for 297 samples on the freeway. From the computed Pearson correlation
coefficients, the predictor variables were selected to minimize the effect of
multicollinearity between the predictor variables. The results obtained from the Pearson
correlation coefficient analysis are presented in Table 15.

From the computed Pearson correlation coefficients, the predictor variables such as
the number of lanes, the upstream link length, and the downstream number of lanes are
positively correlated with the average travel time before the construction project period on
the freeway links. The link distance from the study corridor is negatively correlated with
the average travel time before the construction project period on the freeway links. As the
number of lanes on the link and the number of lanes on the downstream link increases,
there could be a possibility to attract a greater number of vehicles on the freeway section,
which in turn increases the traffic volume and travel time. In addition, the travel time is
expected to decrease as the distance from the study corridor increases.

The predictor variables such as the V/C, the upstream V/C, the upstream number
of lanes, the upstream speed limit, the downstream V/C, the downstream number of lanes,
and the downstream speed limit were correlated with the remaining predictor variables but
were not correlated to each other at a 95% confidence level.

Generalized linear estimating equations analysis in SPSS software was used for
developing the travel time model for freeway links, using the aforementioned predictor

variables that are not correlated to each other.
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Of 297 freeway samples, 226 randomly selected samples were used for modelling
the effect of the resurfacing construction project, while the remaining 71 randomly selected
samples were used for validating the developed model. The maximum significance level
considered was 0.05 (at a 95% confidence level). The predictor variables with a
significance value greater than 0.05 were eliminated, except VV/C, one after another while
developing the models. The elimination process was repeated until all other predictor
variables in the models have a significance value less than or equal to 0.05.

Linear, Gamma log-link distribution, Negative-Binomial log-link distribution, and
Poisson log-link distribution based models were developed for the freeway links before the
construction project using the selected predictor variables. Table 16 summarizes the
coefficients, standard errors, significance values, QIC, and QICC for the various freeway

links models for the before construction project period.

Table 16 Comparison of Model Parameters for Freeway Links Before the
Construction Project Period

Before the Construction Project Period - Freeeway Links
Linear Model Gamma Log-Link |Negative Binomial Log-Link| Poisson Log-Link

Parameter Std. Std. Std

Coeff. P-Value | Coeff. P-Value|Coeff. | Std. Error | P-Vale |Coeff " |P-Value

Error Error Error
(Intercept) 1261007 | 001 [-023|0.07 [ 001 [387| 0.07 0.01 3.87 1 0.07| 0.01
ViC 0071013 050 [001]0.13 | 099 (-001| 0.13 0.99 0.02{0.13| 085

Upstream V/C -0.65/0.17 | <0.01 |-0.76| 0.17 | <0.01 |-0.74| 0.17 <0.01 [-0.73] 0.17 | <0.01

Upstream no.of lanes |-0.25| 0.04 | <0.01 [-028| 0.04 | <0.01 |-028| 0.04 <0.01 |-029]0.04 | <0.01

Upstream SL 0.01 |<0.01| <0.01 [ 0.01 [«0.01| <0.01 | 0.01 | <0.01 <0.01 |0.01 [<0.01| <0.01

Downstream V/C | 0.51 | 0.15 | <0.01 | 0.54 | 0.15 | <0.01 | 0.53 | 0.15 <0.01 [0.59)0.15| <0.01

Downstreamno.of | 0.11 [0.06 | 0.05 | 0.10] 0.06 | 0.07 ] 0.10 | 0.06 0.07 0.13 ] 0.06 | 0.02

Downstream SL  {-0.01 {<0.01}) 0.04 |-0.01]<0.01] 0.07 |-0.01] <0.01 0.06 [-0.01|<0.01] 0.01

QIC 30.24 39.87 29.77 1341.6

QICC 33.97 46.33 4457 1290.68

(Note: For Negative-Binomial and Poisson Log-link, the Average Travel Time (ATT) was converted
into seconds. In case of Linear and Gamma Log-Link distributions, ATT is in minutes)
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The linear model has lower QIC and QICC, and most of the selected predictor
variables are significant at a 95% confidence level when compared with other distributions.
The QIC and QICC are also reasonably close to each other for the linear model. Therefore,
the linear model was selected for the freeway links before the construction project period
and validated.

The general form of the final best-fit linear model summarized in Table 16 is as
shown in Equation 6.

Average Travel Time = 1.26 +0.07 x (V/C) - 0.65 x (Upstream V/C) - 0.25 x (Upstream
number of lanes) + 0.01 x (Upstream Speed Limit) + 0.51 x (Downstream V/C) + 0.11 x
(Downstream Number of Lanes) - 0.01 x (Downstream Speed Limit)

-------------- Equation 6

Equation 6 can be used to estimate travel time on a freeway link before the road
construction project period. Assume the V/C is 0.49, the upstream V/C is 0.58, the
upstream number of lanes is 2, the upstream speed limit is 65 mph, the downstream V/C is
0.46, the downstream number of lanes is 2, and, the downstream speed limit is 55 mph for
a freeway link. The average travel time for the freeway link = 1.26 +0.07 x (0.49) - 0.65 x
(0.58) - 0.25 x (2) + 0.01 x (65 + 0.51 x (0.46) + 0.11 x (2) - 0.01 x (55) = 0.97 min/mile.

The developed linear model (Equation 6) was then validated using data for 71
samples selected from the same construction project database. The average travel times
were computed using the developed model and compared with the actual travel times.

The travel time model before the construction project period on freeway links
shows that, upstream link characteristics such as upstream V/C and the upstream number

of lanes have a smaller effect on link-level travel time at a 95% confidence level. However,
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the upstream speed limit has a higher effect on link-level travel time. Downstream
characteristics such as, downstream V/C and the downstream number of lanes have a
higher effect on link-level travel time at a 95% confidence level. However, the downstream
speed limit has a smaller effect on link-level travel time before the construction project
period on freeway links.

If upstream V/C decreases, travel times would increase. While the traffic is entering
a construction zone from the upstream link, there could be a possibility that the traffic
would have staggered or queued due to the construction. Similarly, as the upstream number
of lanes decrease, the travel times would increase. Further, an increase in the upstream
speed limit would influence the travel times significantly. Vehicle queueing could be
building on the upstream links due to the construction irrespective of higher speed limit.
Similarly. as the downstream V/C is increases, the travel times are expected to increase. In
addition, while the downstream number of lanes increase, more traffic would be attracted
to freeway links, which in turn increases travel times significantly. Moreover, if the speed
limit reduced on the downstream links, the travel time would also increase significantly.

The RMSE and MAPE were computed and used for validating the model. The
computed RMSE is 0.11, while the computed MAPE is 7.75%. Around 6 seconds variation
has been observed from the developed model when compared with the actual recorded
average travel times.
5.2 Travel Time Before the Construction Project Period for Connecting Arterial Street
Links

To understand the effect of a road construction project on connecting arterial street

links before the construction project period, Pearson correlation coefficients were
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computed, and the travel time model was developed as well as validated using data
captured for the connecting arterial street links.

A Pearson correlation analysis was conducted using before the construction project
period data for 328 samples on connecting arterial street links. A few predictor variables
were included while generating the correlations for the connecting arterial street links.
Variables such as, link length, divided/undivided, the shoulder width, the lane width, the
speed limit were added to the connecting arterial street link characteristics. The results
obtained from the Pearson correlation analysis are presented in Table 17.

From the computed Pearson correlation analysis, nearly all the predictor variables
were correlated with the average travel time before the construction project period at a 95%
confidence level. The V/C, the number of lanes, the upstream link length, the upstream
number of lanes, the downstream link length, the downstream V/C, the downstream
number of lanes, the downstream speed limit, and morning and evening peak hours are
positively correlated with the average travel time before the construction project period.
As the V/C increases, the travel times would increase significantly; increase in number of
lanes would attract more vehicular traffic, which in turn increases travel times.

Similarly, other predictor variables such as the upstream link length, the upstream
number of lanes, the downstream link length, and the downstream number of lanes would
eventually increase travel times by attracting traffic volume on the network. Further, travel
time is expected to increase as the speed limit reduces. Similar trend follows with the lane
and the shoulder width.

The travel times are expected to increase as the downstream speed limit reduces. It

is expected that travel times would decrease as the distance from the study corridor
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increase. During the weekday, traffic volume will be higher which would increase the
travel time. However, during the weekend day traffic volume will be considerably less

when compared to weekday, and so are travel times.
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The predictor variables such as, either the link is divided or undivided, the V/C, the
speed limit, the upstream V/C, the upstream number of lanes, and the link distance from
the construction corridor were selected for modeling as they were correlated with all other
predictor variables but are not correlated to each other at a 95% confidence level. The speed
limit and the number lanes are correlated with each other. Therefore, either speed limit or
the number lanes were used in for model development. Similar logic was applied with the
upstream and downstream predictor variables.

Generalized linear estimating equations analysis in SPSS software was used for
developing the travel time model for connecting arterial street links before the construction
project period, using the aforementioned predictor variables that are not correlated to each
other.

For the connecting arterial street links before the construction project period, 260
samples were used for the developing model while 68 samples were used for validating the
developed models. The maximum significance level considered for developing the models
was 0.07 (93% confidence level). The predictor variables with a significance value greater
than 0.07 were eliminated, excluding V/C, one after another while developing the models.
A few variables that are significant in estimating the travel times has a confidence level
close to 93%. Therefore, the variables, which are less than 93% confidence level, was
eliminated from the models.

The elimination process was repeated until all the predictor variables in the model
have a significance value less than or equal to 0.07. The QIC and QICC were used to

evaluate the strength of the predictor variables and model's goodness-of-fit.
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Similar to the freeway links before the construction project period, linear, Gamma
log-link, Negative Binomial log-link, and Poisson log-link distribution based models were
developed for the connecting arterial street links before the construction project period.
Table 18 summarizes the coefficients, standard errors, significance values, QIC, and QICC
for the various connecting arterial street links models for the before construction project

period.

Table 18 Comparison of Model Parameters for Connecting Arterial Street Links
Before the Construction Project Period.

Before the Construction Project Period - Connecting Arterial Street Links

Linear Model Gamma Log-Link  [Negative Binomial Log-Link Poisson Log-Link
PSSt el 5. o P-vaue| Coek | St Ero[Pvae| Coe | >4 | Pvae | Coet | 5 | v
Error Ervor

(Intercept) 280] 020 [<0.01]197] 020 [<0.01| 6.05 | 020 | <0.01 | 585 | 020 | <0.01
Divided' Undivided | 0.15 | 0.05 |<0.01)0.10| 0.05 | 004 | 010 | 005 | 005 | 009 | 005 | 0.10
VIC 060 010 [<0.01{041) 010 [ 003 | 041 | 010 | 039 | 041 | 010 | 001
Speed Limit -0.04] <001 | <0.01[-0.03] <0.01 [<0.01| -0.04 | <0.01 | <0.01 | -0.03 | <0.01 | <0.01
Upstream V/IC ~ |-0.24] 0.13 | 0.06 [-025] 013 | 040 | -024 | 013 | 030 | -0.16 | 0.I3 | 058
Upstream No.of Lanes | 0.04 | 0.03 | 007 [0.04| 003 | 027 | 0.04 | 003 | 032 | 003 | 003 | 049

D (mi) -0.04] 0.02 | 0.02]-002] 002 | 060 | -0.02 ] 002 | 066 | -002 | 002 | 046
QIC 34.66 §6.25 2341 133642
QICC 30.30 31.94 3118 985.21

(Note: For Negative-Binomial and Poisson Log-link, the Average Travel Time (ATT) was converted
into seconds. In case of Linear and Gamma Log-Link distributions, ATT is in minutes)

The linear model has lower QIC and QICC when compared with the Gamma log-
link, Negative Binomial log-link, and Poisson log-link distribution based models. The QIC
and QICC are also reasonably close to each other. Therefore, the linear model was used as
a best-fit model for estimating travel times before the construction project period for

connecting arterial street links.
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The general form of the final best-fit model summarized in Table 18 is as shown in
Equation 7.

Average Travel Time = 2.80 +0.15 x (Divided/Undivided) + 0.60 x (\V/C) -0.04 x (speed
Limit) - 0.24 x (Upstream V/C) + 0.04 x (Upstream Number of Lanes) - 0.04 x (D)
-------------- Equation 7

Equation 7 can be used to estimate travel time on a connecting arterial street link
before the road construction project period. Assume the V/C is 0.43, the speed limit is 45
mph, the upstream V/C is 0.47, the upstream number of lanes is 2, the road is divided
(divided/undivided is 1), and the distance from the project location is 0.35 miles for a
connecting arterial street link. The average travel time for the connecting arterial street link
=2.80 +0.15 x (1) + 0.60 x (0.43) - 0.04 x (45) - 0.24 x (0.47) + 0.04 x (2) - 0.04 x (0.35)
=1.38 min/mile.

The developed linear model (Equation 7) was then validated using data for 68
samples selected from the same construction project database.

The developed travel time model for before the construction project period on the
connecting arterial street links shows that, if the link is divided or undivided and V/C have
a higher effect on link-level travel time at a 95% confidence interval. The upstream number
lanes have a higher effect on link-level travel time at a 93% confidence interval. In addition,
predictor variables such as, the speed limit, the upstream V/C, and the distance of a link
from the study corridor have a smaller effect on link-level travel time at a 95% confidence
interval.

As traffic volume increases and capacity decreases, travel times would increase

significantly. Before the construction project period, if the speed limit is reduced, the travel
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time is expected to increase. As the upstream V/C is reduced, the travel times would
increase following the similar trends as freeway links. An increase in the upstream number
of lanes attracts high traffic volume and increases travel time predominantly. The
downstream link characteristics does not have a significant effect on travel times before
the construction project period on connecting arterial street links.

The average travel times were computed using the developed model and compared
with the actual travel times. The computed RMSE is 0.45 and MAPE is 24.28%. Around
20 seconds variation has been observed from the developed model when compared with
the actual recorded average travel times.

5.3 Travel Time During the Construction Project Period for Freeway Links

The travel time during the road construction project period could be related to the
travel time before the road construction project period. Therefore, linear model, linear
model with no intercept, Gamma log-link, Negative-Binomial log-link, and Poisson log-
link distribution models were developed with the average travel time during the road
construction project period as the dependent variable and the average travel time before the
road construction project period as the predictor variable. Data for 226 samples was used
for developing the model and 71 samples was used for validation. A linear model with no
intercept was selected since the QIC and QICC are lower and close to each other. The
computed RMSE and MAPE are 0.05 and 3.53%. The results obtained show that travel
time during the construction project period is lower than the travel time before the
construction project period on a freeway link. Table 19 summarizes the coefficients,
standard errors, significance values, QIC, and QICC for the various freeway link models

for the during construction project period.
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Table 19 Comparison of Model Parameters for Freeway Links During the
Construction Project Period Related to During and Before Average Travel Time.

During the Construction Project Period - Freeway Links

Linear Model | Gamma Log-Link |Negative Binomial Log-Link| Poisson Log-Link |Linear Model (No Intercept)
Parametets | 3 .Vae| oot | ¢ [0 Coet| 5% | 2yt (coet 4| % | oot | 3¢ | Ve
Error Error Error Error| Vaue Error
(Intercept) 0.12]0.04 | <001 |-107{ 008 | <001 [ 3.13]005] <001 |3.02]008]<001| - - -
ATT Before 086 0.04 | <0.01 | 1.02 [ 0.08 | <001 | 0.01[»001] <001 |0.01[<0.01 <0.01| 098 | <001| <001

QIC 1032 19.96 39477 113 6.14

QIcC 807 1551 387.34 149 64
(Note: For Negative-Binomial and Poisson Log-link, the Average Travel Time (ATT) was converted
into seconds. In case of Linear and Gamma Log-Link distributions, ATT is in minutes)

The general form of the final best-fit model summarized in Table 19 is as shown in

Equation 8.

Average Travel Time During = 0.98 x (Average Travel Time Before) ---------- Equation 8

The travel time during the construction project period will depend on the V/C
during the construction project period on freeway links. However, it is strenuous and not
possible to collect the volume and capacity of the freeway links during the construction
project period before the start of a future construction project. Therefore, V/C during the
construction project period was estimated using the V/C before the construction project
period as the predictor variable.

A model was developed for estimating V/C during the construction project period
on the freeway links. The sample size used for estimating the V/C during the construction
project period was 226 samples. Data for 71 samples was used for validating the developed

model. Three models, linear model, linear model with no intercept and Gamma log-link
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distribution models, were developed. Table 20 presents the coefficients, standard errors,

significance values, QIC, and QICC for the freeway link V/C model, for during the

construction project period.

Table 20 Model During the Construction Project Period for Estimating V/C -
Freeway Links

During the Construction Project Period - Freeway Links
Linear Model Linear Model (No Intercept) Gamma Log-Link
Parameters| oo [sid Brvor| P-Vaue | Coef | O | p-vahwe | Coet | ¢ |-Value

Error Error

(Intercept) | -001 | <001 | <0.01 - - - -291 | 008 | <0.01

V/C Before | 1.19 005 | <001 | 1.16 0.03 <0.01 595 0.10 | <0.01
QIC 8.69 6.78 3042
QICC 475 2.76 29.58

The QIC and QICC were lower and closer to each other for the linear model with

no intercept when compared with other developed models. Therefore, to avoid negative

intercept, the linear model with no intercept was selected for estimating the V/C during the

construction project period on freeway links. The general form of the V/C model

summarized in Table 20 is as shown in Equation 9.

Estimated (V/C) = 1.16 x (V/C Before)

Equation 9

The QIC and QICC values are lower and close to each other. The developed model

was then validated with data for 71 links. From the developed model, V/C before the

construction positively influences V/C during the construction project period on freeway

links at a 95% confidence interval.
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The computed RMSE and MAPE are 0.04 and 15.04%, respectively. The estimated
VI/C during the construction project period was then used as one of the predictor variable
while developing the Pearson correlations and travel time model for during the construction
project period on the freeway links.

During the construction project period, 297 samples were used for computing
Pearson correlation coefficients. The results obtained from the correlation analysis are
presented in Table 21. From the correlation analysis, the downstream number of lanes is
positively correlated with the average travel time on the freeway links during the
construction project period. As the downstream number of lanes increases, the traffic

volume and, hence, travel time increases.
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The generalized linear estimating equations analysis in SPSS software was used for
developing the travel time during the construction project period on the freeway links.

The predictor variables such as, the V/C, the upstream link length, the upstream
VIC, the downstream link length, the downstream V/C, the downstream number of lanes,
and the downstream speed limit were considered for model development. The upstream
speed limit and the upstream number of lanes are correlated to each other. Therefore, either
the upstream number of lanes or the upstream speed limit could be used for model
development. However, the upstream number of lanes were eliminated since the
significance value is greater than 0.05. The downstream link characteristics were not
correlated to each other and are significant at a 95% confidence interval.

Of 297 freeway samples, data for 226 samples was used for modeling while data
for the remaining 71 randomly selected samples was used for validating the model. The
maximum significance level considered was 0.05 (at a 95% confidence level). The
predictor variables with a significance value greater than 0.05 were eliminated, except the
VIC, one after another while developing the models. The elimination process was repeated
until all the predictor variables in the models have a significance value less than or equal
to 0.05.

Table 22 summarizes the coefficients, standard errors, significance values, QIC,
and QICC for the various freeway links models for the during construction project period.
The linear model has lower QIC and QICC when compared with other distributions. They
are also reasonably close to each other for the linear model. In addition, most of the
predictor variables are significant at a 95% confidence level for the linear model when

compared with other distributions.
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Table 22 Comparison of Model Parameters for Freeway Links During the
Construction Project Period

During the Construction Project Period - Freeway Links
Linear Model Gamma Log-Link |Negative Binomial Log-Link| Poisson Log-Link

P ters :
arameters | & | 59 |p.vatue| Coet| 4 |P-Value| Coeff |Std Exvor| P-Vaie |Coct| M| P

Error Error Error| Value

(lntercept) 114|008 | <001 | 021|008 | 003 | 430 | 008 | <0.01 |426]008] <001
VIC 0.04 1 0.10] 035 |020010] 0.88 | 002 | 010 | 087 |004]0.10| 0.74

Upstream Link Length | 0.04 | 0.02| 0.05 | 0.06 002 | 002 | 0.06 | 0.02 002 ]0.05[0.02] 0.02
Upstream V/C -063]0.17| <0.01 |-0.83|0.17| 001 | -081| 0.17 <0.01 [-0.69]0.17| <0.01
Downstream Link Length|-0.06| 0.03 | <0.01 {-0.09]0.03 | 0.01 | -009| 0.03 001 [-0.07/0.03] 0.04
Downstream V/(C | 0.78 | 0.19 | <0.01 [ 093 [ 0.19| 0.01 | 093 | 0.19 <0.01 ]0.90]0.19| <0.01
Downstream no.of lanes | 0.09 | 0.04 | <0.01 [ 0.08 | 0.04 | 0.18 | 0.08 | 0.04 0.17 [0.10 [0.04| 0.06
Downstream SL -0.01]0.00 | <0.01 [-0.01]0.00 | 0.01 |-0.01| 0.00 <0.01 ]-0.01]0.00| <0.01
QIC 3345 4248 29.68 1349.28
QICC 33.9 4546 44.08 1282.77
(Note: For Negative-Binomial and Poisson Log-link, the Average Travel Time (ATT) was converted
into seconds. In case of Linear and Gamma Log-Link distributions, ATT is in minutes)

The general form of the final best-fit linear model summarized in Table 22 is as

shown in Equation 10.

Average Travel Time = 1.14 + 0.04 x (V/C) + 0.04 x (Upstream Link Length) - 0.63 x
(Upstream V/C) - 0.06 x (Downstream Link Length) + 0.78 x (Downstream V/C) + 0.09
x (Downstream Number of Lanes) — 0.01 x (Downstream Speed Limit)
------------ Equation 10
Equation 10 can be used to estimate travel time on a freeway link during the road
construction project period. Assume the V/C is 0.46, the upstream V/C is 0.58, the
upstream link length is 0.53 miles, the downstream link length is 0.74 miles, the
downstream V/C is 0.46, the downstream number of lanes is 2, and the downstream speed

limit is 55 mph for a freeway link. The average travel time for the freeway link = 1.14 +
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0.04 x (0.46) + 0.04 x (0.53) - 0.63 x (0.58) - 0.06 x (0.74) + 0.78 x (0.46) + 0.09 x (2) —
0.01 x (55) = 0.76 min/mile.

The developed linear model (Equation 10) during the construction project period
on freeway links showed that, the upstream link length has a higher effect on link-level
travel time. However, the upstream V/C has a smaller effect on link-level travel time at a
95% confidence interval. In addition, downstream characteristics such as, the link length
and the speed limit have a smaller effect on link-level travel time during the construction
project period. However, the downstream V/C and the downstream number lanes have a
higher effect on link-level travel time at a 95% confidence interval.

An increase in the upstream link length increases the travel time. When the
upstream V/C and the downstream link length decrease, the travel time would increase
significantly. Also, an increase in the downstream V/C has a significant effect on the travel
time. Further, an increase in traffic volume on the downstream links would ultimately
increase the travel time. Similarly, as the downstream number of lanes increases, travel
times would also increase. An increase in lane capacity would attract more traffic on the
downstream links. Further, if the speed limit is reduced on the downstream links, the travel
time is expected to increase. Overall, from before to during the construction project period
on the freeway links, upstream and downstream link lengths have a significant effect on
link-level travel time. The upstream number of lanes and the upstream speed limit do not
have a significant effect during the construction project period when compared with before
the construction project period on the freeway links.

The developed model was validated using data for the 71 randomly selected

freeway samples. The RMSE and MAPE are 0.15 and 8.67%, respectively. From the
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quantification results, the model was observed to be estimating precise travel times during

the construction project period.
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5.4 Travel Time During the Construction Project Period for Connecting Arterial Street
Links

The travel time during the construction project period could be related to the travel
time before the construction project period. Therefore, a linear model, linear model with
no intercept, Gamma log-link, Negative-Binomial log-link, Poisson log-link distribution
models were developed with the average travel time during the road construction project
period as the dependent variable and the average travel time before the road construction
project period as the predictor variable. Data for 221 samples was used for developing the
model and 59 samples was used for validation. A linear model with no intercept was
selected since the QIC and QICC are lower and close to each other. The computed RMSE
and MAPE are 0.34 and 18.04%. The results obtained show that travel time during the
construction project period is higher than the travel time before the construction project
period on a connecting arterial street link. Table 23 summarizes the coefficients, standard
errors, significance values, QIC, and QICC for the various connecting arterial street link

models for the during construction project period.

Table 23 Comparison of Model Parameters for Connecting Arterial Street Links
During the Construction Project Period Related to During and Before Average
Travel Time.

During the Construction Project Period - Connecting Arterial Street Links

Linear Model | Gamma Log-Link |Negative Binomial Log-Link| Poisson Log-Link |Linear Model (No Intercept)
Poramees. ) % I Vabe{ o] % 0vabe ot | ¢ | P (oot S| % | ot | ¢ | pvike
Ervor Ervor Ervor Ervor| Vahe Ervor
(Intercept) 005(005] 030 |-098]0.10 | <001 [3271006| <001 [312]010{<001| - - -
ATT Before 101 {003 | <001 {093]007]<001]001{<001] <001 [001[001]<001| 105 |<001| <001

QIC 1137 1791 40423 §2 85

QIcC 9771 1212 39765 11.86 181
(Note: For Negative-Binomial and Poisson Log-link, the Average Travel Time (ATT) was converted
into seconds. In case of Linear and Gamma Log-Link distributions, ATT is in minutes)

[ S
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The general form of the final best-fit model summarized in Table 23 is as shown in

Equation 11.

Average Travel Time During = 1.05 x (Average Travel Time Before) --------- Equation 11

The Pearson correlation coefficients were computed, and travel time model was
developed for connecting arterial street links during the construction project period. The
predictor variable V/C during the construction on connecting arterial street links is not
known before the construction is commenced. Therefore, the V/C was estimated using the
VIC before the construction project period on the connecting arterial street links as the
predictor variable. Data for 221 samples was used for developing the model, while data for
59 samples was used for validating the developed model. Three models, linear model,
linear model with no intercept and Gamma log-link distribution models, were developed.
The developed V/C model was validated with the VV/C from during the construction project
period data for connecting arterial street links. The coefficients, standard errors,

significance values, QIC, and QICC are shown in Table 24.
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Table 24 Model During the Construction Project Period for Estimating V/C —
Connecting Arterial Street Links

During the Construction Project Period - Connecting Arterial Street Links

Linear Model Linear Model (No Intercept) Gamma Log-Link
PARMESES | ol | iron| E2Vie | G0l | M | 0 |0 | D | 5iSike
Error Error

(ntercept) | -0.16 | 004 | <001 | - ‘ - [ 015 | 008 | 003
VICBefore | 206 | 018 | <001 | 159 | 012 | <001 | 087 | 010 | 021
QIC 2093 215 1248
QICC 9.12 841 1546

For the linear model with no intercept, the QIC and QICC are lower. In addition, to
avoid the negative intercept, linear model with no intercept was selected for estimating the
VI/C during the construction project period on a connecting arterial street link.

The general form of the final V/C model summarized in Table 24 is as shown in

Equation 12.

Estimated (V/C) = 1.59 x (V/C Before) -------=-=-=mmmmmmmmmmmmmemmeae Equation 12

For the developed V/C model, the QIC and QICC values are lower and close to
each other. From the developed model, V/C before the construction project period
influences V/C during the construction project period on connecting arterial street links.
The V/C model was validated by comparing with the V/C during the construction project
period on the connecting arterial street links. The RMSE and MAPE are 0.08 and 3.06%,
respectively. The developed V/C model during the construction project period was then
used as one of the predictor variables while developing the Pearson correlations and travel

time model for the connecting arterial street links during the construction project period.
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A Pearson correlation analysis was conducted for connecting arterial street links
similar to the freeways links. Data for 280 samples was used to compute the Pearson
correlation coefficients. The correlation results showed that, majority of the variables are
correlated to the average travel time on the connecting arterial street links during the
construction project period.

The V/C, the number of lanes, the upstream link length, the upstream number of
lanes, the downstream link length, the downstream V/C, the downstream number of lanes,
and weekday evening peak are positively correlated with the average travel time during the
construction project period. As the V/C increases, the average travel time would increase
since the volume would increase while capacity is less. As the number of lanes increase,
arterial streets would attract more traffic volume, which in turn increases the travel time.
Similarly, the average travel time would increase if the downstream, upstream V/C, and
the number of lanes increase.

On the other hand, divided/undivided, the speed limit, the upstream V/C, the
downstream speed limit, the distance from the study corridor, weekend day, and evening
off-peak hours are negatively correlated with the average travel time during the
construction project period. As the speed limit reduces, the travel time would increase. If
the link is not a divided section, the travel time could increase due to the reduced comfort
level from close oncoming traffic. Similar trend follows with the upstream V/C and the
downstream speed limit. In addition, as the vehicles move away from the study corridor,
the travel time would reduce. The Pearson correlation coefficients and the significance

values are presented in Table 25.
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The predictor variables such as, whether the link is divided or undivided, the V/C,
the speed limit, the upstream link length, the upstream V/C, the upstream number of lanes,
the downstream number of lanes, and the distance of a link from the construction project
were considered for model development. All the predictor variables considered are
correlated to other predictor variables and are not correlated to each other. The logic
applied for previous models while selecting the predictor variables was applied for
selecting the predictor variables in developing the models for during the construction
project period.

Data for 221 samples was used for developing the model, while data for 59 samples
was used for validating the developed model. The maximum significance level considered
was 0.05 (at a 95% confidence level). The predictor variables with a significance value
greater than 0.05 were eliminated, except V/C, one after another while developing models.
The elimination process was repeated until all the predictor variables in the models have a
significance value less than or equal to 0.05.

Table 26 summarizes the coefficients, standard errors, significance values, QIC,
and QICC for the various connecting arterial street links models for the during construction
project period. The linear model was selected as the best-fit model for estimating the travel
time. The QIC and QICC are lower, close to each other, and most of the predictor variables
are significant at a 95% confidence level for the linear model when compared with other

model distributions.
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Table 26 Comparison of Model Parameters for Connecting Arterial Street Links
During the Construction Project Period

During the Construction Project Period - Connecting Arterial Street Links

Linear Model Gamma Log-Link  |Negative Binomial Log-Link|  Poisson Log-Link
Paramet
AL | Soelf.|Std. Boro|P-vahue| Coeft | Std. Eror|P-vae| Coef | ' | Pvahe | Coet | O [Pvae
Error Error
(Intercept) 299 023 [<001]210| 023 |<001| 619 | 023 | <001 | 589 | 023 |<0.01

Divided/ Undivided | 029 | 0.04 |<001]022| 004 |<001| 021 | 004 | <001 | 020 | 004 |<001
V/C During 032] 005 [<0.01]028] 005 |<0.01] 028 | 005 | <001 | 022 | 005 |<0.01

Speed Limit (mph)  {-0.04] 0.00 |<0.01]-0.03] 0.00 |<0.01| -0.03 | 0.00 | <0.01 | -003 | 0.00 |<0.01
Upstream Link Length (mi) | 0.11 | 0.02 | <0.01]006] 002 | 005 | 006 | 002 | 005 | 007 | 002 |<0.01
Upstream V/C -024] 006 |<0.01|-035] 006 | 001 | -034 | 006 | 002 | -019 | 0.06 | 0.19
Upstreamno.of lanes | 0.04 | 0.04 [<0.01]008| 004 | 023 007 | 004 | 023 | 004 | 004 | 042
Downstream no.of lanes |-0.07| 0.05 | <0.01]-0.11] 005 | 022 | -0.11 | 005 | 022 | -006 | 005 | 031

D (mi) 0.03] 002 [<0.01]001) 002 | 093] 001 | 002 | 095 | -001 | 002 | 0.65
QIC 32.88 106.6 19.57 1186.67
QICC 3221 3251 31.86 875.88

(Note: For Negative-Binomial and Poisson Log-link, the Average Travel Time (ATT) was converted
into seconds. In case of Linear and Gamma Log-Link distributions, ATT is in minutes)

The general form of the final linear model summarized in Table 26 is as shown in

Equation 13.

Average Travel Time =2.99 + 0.29 x (Divided/Undivided) + 0.33 x (V/C) - 0.04 x (Speed
Limit) + 0.11 x (Upstream Link Length) - 0.25 x (Upstream V/C) + 0.04 x (Upstream

Number of Lanes) - 0.07 x (Downstream Number of Lanes) - 0.03 x (D) ----- Equation 13

Equation 13 can be used to estimate travel time on a connecting arterial street link
during the road construction project period. Assume the V/C is 0.47, the speed limit is 45
mph, the road is divided (divided/undivided is 1), the upstream link length is 0.39 miles,
the upstream V/C is 0.39, the upstream number of lanes is 1, the downstream number of

lanes is 2, and the distance of the link from the construction project location is 0.66 miles
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for a connecting arterial street link. The average travel time for the connecting arterial street
link =2.99 +0.29% (1) + 0.33 x (0.47) - 0.04 x (45) +0.11x (0.39) - 0.25 x (0.39) + 0.04 x

(1) - 0.07 x (2) - 0.03 x (0.66) = 1.54 min/mile.

The developed linear model (Equation 13) during the construction project period
on the connecting arterial street links shows that, if the link is divided/undivided and V/C
have a higher effect on link-level travel time at a 95% confidence level. However, the speed
limit has a smaller effect on link-level travel time. The upstream link length and the
upstream number of lanes have a higher effect on link-level travel time at a 95% confidence
interval. The upstream V/C has a smaller effect on link-level travel time during the
construction project period. In addition, the downstream number of lanes and the distance
of a link from the study corridor has a smaller effect on link-level travel time at a 95%
confidence interval.

Most of the predictor variables that are observed to be significant before the
construction project period are observed to be significant during the construction project
period on connecting arterial street links. As the V/C increases, the travel time would
increase on the connecting arterial street links. During the construction project period, if
the speed limit reduced, the travel time would increase. In addition, the upstream link
length and the upstream number of lanes has a significant effect on link-level travel time.
As the length of the link increases, travel time would increase. Similarly, upstream V/C
and the downstream number of lanes have a significant effect on link-level travel time.
Since reduced V/C on the upstream links fail to accommodate incoming traffic, entering

the construction zone would ultimately increase the travel time. From before to during the
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construction project period, the upstream link length and the downstream number of lanes
have a significant effect in increasing or decreasing the travel time. The effect of other
predictor variables remained the same from before to during the construction project period
on connecting arterial street links.

The developed travel time model was then validated using data for 59 randomly
selected samples. The computed RMSE and MAPE are 0.44 and 11.42%, respectively. The
developed travel time model is estimating precise travel times during the construction
project period on the connecting arterial street links. The validation results from the
freeway and connecting arterial street link models show that, the developed models are

estimating better results when compared with the conventional BPR equation.

5.5 Comparison of V/C and Link-Level Travel Times

The V/C from the regional travel demand model were compared with the estimated
VI/C for the freeways links and the connecting arterial street links during the construction
project period. Likewise, the actual travel times were compared with the estimated travel
times for the freeway links and the connecting arterial street links, before and during the
construction project period. The ratio of the actual travel time over the estimated travel
time for the freeway links and the connecting arterial street links, before and during the

construction project period, were also computed and compared in this section.

5.5.1 Comparison of the V/C for the Freeway Links and the Connecting Arterial Street
Links During the Construction Project Period

Figure 26 compares V/C from the regional travel demand model, for the freeway
links during the construction project period, with the estimated V/C from the developed

model.
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Figure 26 Comparison of V/C for the Freeway Links During the Construction
Project Period

From Figure 26, the VV/C from the regional travel demand model are close to the
estimated V/C for majority of the freeway links, when V/C is less than 0.2 (off-peak hours)
during the construction project period. Similarly, Figure 27 compares the V/C from the
regional travel demand model with the estimated V/C for the connecting arterial street links
during the construction project period. The developed model for connecting arterial street
links underestimates or overestimates for most of the link links, However, smaller
differences were observed between the VV/C from the regional travel demand models and
the estimated V/C, when V/C is less than 0.2 (off-peak hours), during the construction

project period on connecting arterial street links.
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Figure 27 Comparison of V/C for the Connecting Arterial Street Links During the
Construction Project Period

Figure 28 shows the ratios of VV/C from the regional travel demand model over the
estimated V/C for the freeway links during the construction project period. Assuming a
+10% allowable error for estimating the V/C, trend shows that the developed model for
freeway links underestimates for 20% and overestimates for 50% of the freeway links.

Figure 29 shows the ratios of VV/C from the regional travel demand model over the
estimated V/C for the connecting arterial street links during the construction project period.
Assuming a £10% allowable error for estimating the V/C, trend shows that the developed
model for the connecting arterial street links underestimates for 20% and overestimates for

50% of the connecting arterial street links.
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5.5.2 Comparison of Travel Time for the Freeway Links and the Connecting Arterial Street
Links Before and During the Construction Project Period

Figure 30 compares the actual travel time with the estimated travel time for the
freeway links before the construction project period. The actual and the estimated travel

times are close to each other for majority of freeway links before the construction project

period.

- W SRV 4

Freeway Links

e Actual ATT Estimated ATT

Figure 30 Comparison of Travel Time for Freeway Links Before the Construction
Project Period

Figure 31 compares the actual travel time with the estimated travel time for the
freeway links during the construction project period. Even in this case, the actual travel
times are close to the estimated travel times for majority of freeway links during the
construction project period.

One link has a higher variation in travel time during the evening peak hour when
compared with the actual travel time recorded before and during the construction project

period. This link is located near the entry and exit ramps to the charlotte-Douglas
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International airport. Higher traffic volume during the evening peak hour could be

influencing the travel time and error.
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Figure 31 Comparison of Travel Time for the Freeway Links During the
Construction Project Period
Figure 32 compares the ratios of the actual travel time over the estimated travel
time, for freeway links, before and during the construction project period. Assuming a
+10% allowable error for estimating the travel time ratios, trend show that the developed
model for, both, before and during construction project period estimates within the
allowable error for 70% of the links. Both the developed models for the freeway links
overestimate travel time for 30% of the links.
Figure 33 compares the actual and the estimated travel times before the construction
project period for the connecting arterial street links. Trend indicates that the developed
model underestimates or overestimates travel time for a majority of the connecting arterial

street links.
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Figure 33 Comparison of Travel Times for Connecting Arterial Street Links Before
the Construction Project Period

Similarly, Figure 34 compares the actual and the estimated travel time for

connecting arterial street links during the construction project period. Trend shows that the

estimated travel time is close to the actual travel time for a majority of the connecting

arterial street links.
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Figure 34 Comparison of Travel Times for Connecting Arterial Street Links During
the Construction Project Period

Figure 35 shows the ratios of the actual travel time over the estimated travel time
for the connecting arterial street links before and during the construction project period.
Assuming a £10% allowable error for estimating the travel time on the connecting arterial
street links before the construction project period, trend shows that the developed model
underestimates travel time for 40% of the links, while the developed model overestimates
travel time for 30% of the links before the construction project period.

On the other hand, trend shows that the estimated and actual travel times are closer
to each other for 60% of the links, while the actual travel times are greater than the
estimated travel times for the remaining 30% of the links during the construction project
period. In the Figure 35, since some outliers were removed from the dataset, there was a

difference in the number of links before and during the construction project period.
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Figure 35 Comparison of Travel Time Ratios for Connecting Arterial Street Links
Before and During the Construction Project Period
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CHAPTER 6: CONCLUSIONS

A road construction project increases delay, congestion, and lowers travel time
performance on the freeways links and the connecting arterial street links. By modeling the
effect of a road construction project period on the travel time at link-level, this dissertation
provides insights pertaining to factors that influence the travel time on the freeway and the
connecting arterial street links, before and during the construction of a resurfacing project

period.

The travel times are significantly different from estimates obtained using the BPR
travel time equation. The travel time performance measures during the construction project
period decreased significantly on the freeway links and increased significantly on the
connecting arterial street links. To avoid unnecessary delay during the construction,
vehicular traffic could have shifted from the freeway links to the connecting arterial street
links. Lower speed limit, reduced capacity, and increased traffic volume on the connecting
arterial street links resulted in significantly higher travel times during the construction
project period when compared to the freeway links. The performance measures and the
effect varied by the time-of-the-day and the day-of-the-week on the freeway and the
connecting arterial street links. The aforementioned findings were observed during all
times of the day, except during the evening off-peak hour. The increase in the average
travel time during the evening off-peak hour could be attributed to the planned construction
activity under low traffic condition. Overall, the average travel time, the planning time, and

the travel time index can better explain the effect of a road construction project on
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transportation system performance, when compared to the planning time index and the
buffer time index.

Travel time models were developed for the freeway links and the connecting
arterial street links before and during the construction project period. The upstream V/C
and the downstream speed limit have a smaller effect on freeway link travel time before
and during the construction project periods. On the other, the downstream V/C and the
downstream number of lanes have a significantly higher effect on the freeway link travel
time before and during the construction project period. While the upstream link length has
a higher effect, the downstream link length has a smaller effect on the freeway link travel
time during the construction project period. However, both, upstream and downstream link
length have an insignificant effect on the freeway link travel time before the construction
project period. The distance of a link from the construction project section seem to have a
smaller effect before and during the construction project periods.

The V/C varies with the time-of-the-day and the day-of-the-week and was observed
to have higher correlation with the time-of-the-day and the day-of-the-week. Therefore,
VI/C was forced into the models while the time-of-the-day and the day-of-the-week were
not considered when developing the models. From the developed travel time model results
for the connecting arterial street links, the findings indicate that an increase in the V/C will
result in an increase in the average travel time. This could be attributed to an increase in
the traffic volume, but no change in the capacity, on the connecting arterial street links. If
the link is divided or undivided, the V/C and the upstream number of lanes have a higher
effect on the connecting arterial link travel time before and during the construction project

period. The speed limit and the upstream V/C have a smaller effect on link-level travel
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time before and during the construction project periods. However, the downstream number
of lanes have a smaller effect during the construction project period on the connecting
arterial streets links. Its effect is insignificant before the construction project period.

Overall, predictor variables such as, the V/C, the speed limit, the upstream and
downstream link characteristics have a significant effect on travel time on the freeway and
the connecting arterial street links. Practitioners should take these factors into
consideration, in addition to construction zone characteristics, when planning a resurfacing
construction project on the freeways. The construction project also influences the travel
time on the connecting arterial street links. The effect on these links should be taken into
account when developing temporary traffic control and detour plans.
6.1 Limitations and Scope for Future Work

The data for the entire construction project period was considered for this research.
However, the data related to construction activity or actual construction work times were
not available. Collecting the actual start and end times of the construction activity and
considering these details for analysis and modeling would improve the accuracy of
estimates.

The developed travel time model and validation was based on the characteristics of
a resurfacing construction project on the freeway links. Travel times may vary by the type
of construction project on the freeway. Therefore, analyzing and modeling the effect of
other construction projects merits an investigation.

Further, the effect of a construction project could be different on arterial streets.
Data should be collected to analyze and model the effect of construction projects on the

arterial street links.
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Socioeconomic, demographic, and land use characteristics surrounding the
construction project could have a significant effect on the travel time performance. These,
along with data for other cities and towns, should be explored to better understand and

quantify the effect of a construction project on travel time performance measures.
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