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ABSTRACT

A linkage between Travel Demand Models and Road Management Systems

Seyed Reza Ghobadpour

Road congestion is a widespread problem across the world. While certain socioeconomic
stratumrespond better to measures to encourage the use of public transpaqrtdtiers exhibit
an inelastic behavior and remain loyal to their automobiles. Mainteremteexpansion of
transportation networkarecostlyand require annual investments that escape the financial abilities
of most governments. Under this paradjginere is a need to implement optimal decision support
systems able to allocate scarce finahm@aources to accomplish reduced congestion and travel
time, and that encourageéhe use of public transportation. To that et traditional approach
used to handle Pavements and Road Management was extended in both cases to support a linkage
to traveldemand models illustrated through two case studies: first of a developing country where
an attempt to alleviate road congestion is implemented. Secandlycity with good levels of
Public transportation where poor support has been granted to thetadius systepalthough
they provide the main mean of access to MRT and LRT stations. The proposed approach schedules
investments on bus routes through measures to handle traffic and to optimize the surface condition

of pavements in an attempt to encme higher levels of bus ridership.



DEDICATION

To my father, mothehrother and beloved family



ACKNOWLEDGMENTS

| am sograteful to have so many helpful peopligring myMA Sc study: Firstly, | would like to
express my deepest gratitude to Dr. Luis Amadorhis advice, support, encouragement, and
friendship He really is a friend to me and | have never felt that | am afoties path. | am very
honored to know him and worked with him during M} Scstudy.

Secondy, | amvery grateful to my friend Ms. Jenny Chaverri for her consistent support in every
step of the hardship to provide me with datasets from the Costa Reatoay that | know
personally how hard was it to collect all those data. | acknowledge the LANAMME (University
of Costa Rica) for providing the pavement condition data and the Costa Rica Institute of Statistics
and Census (INEC) for the census data.

| also express my appreciation By. Ciprian Aecsandruor his support and helpful comments
alsoproviding me access to the facilitissch asoftware program Also, | would like to thank

my friendsfor their understanding, encouragement, sungport.

Finally, | must express my very profound gratitude to my parentsngriatotherwho hasalways
beenthere for me in every situatiomhere will never béheright word to express my appreciation
for their unconditional love supportand encourageemt throughout my lifeand through the

process of researching and writing this thesis.



TABLE OF CONTENTS

IS 0 T [ PP X.
S o) B 1= o] =P PPPPPRPP Xil
LiSt Of ADDIEVIAIDNS. ....ciii it e e bbb e e e s enesrseee e Xiii
Chapter 1: INtrOAUCTION. .....cviiiiii e eeenaseeeneees 1
O S T= Vo) (o [ (o 18 [ o PP PP PPPPPPP 1
1.2 Problem StatemMENL.........cooiiiiiieeeieeee e e e ennn s 3
1.3 RESEAICIDDIECTIVE....coiiiiiiiieee e eeere e 4
IR 0 (@ 1Y =T - 1| T 0 - | SRR 4
1.3.2RESEAICH TASKS ... uuuuiiiii i e et e e e arnee 4
1.4 SCOPE AN LIMITATIONS. ... ..uuiiiiiiiiiiiieeeee ettt et e e e e e e e e emmr e e e e e e e e e e e e e e e e e e e e e e nmmne s 5
1.5 Research SignifiCANCE...........uuuiiiiiiiiiii et mnns 6
1.6 Organization Of tNENESIS..........uuiiiiiiiiiiii e 1.
Chapter 2 Literature FEVIEM. .........ceeeeeeiieeeeeeieeee e e e e e e e e ettt mmme e e e eeees s e e e e e e emnres 8
P22 I | Yo 18 o 1o o PSP PPRPRRR 8
2.2 Travel Demand MOAEliNG..........oooviiiiiiiiiiee e erre e e e e e e e e eees 11
2.2.10verview of Travel Demand MOdELS...........ccuvviiiiiiiiieeeiiiiiiiieeeeeee e 11
2.2.2Aggregate travel demand Models............ooovviiiiiiicccri i 13
A N 1 o B CT=T 0 1=T = L1 0] o F PO RRRRRTORPIN 14
2.2.4T1IP DIStIIDULION. ... e e e e e e e e e e e aeeee s 16
P22 1Y, [0 To [ O o o (o = PP PSRRI 17
2.2.6TTIP ASSIGNIMENL.....oiiii e eeee e e e e eeeee e e e et e e e e e aat e e e saeneeeas 18
2.2./Disaggregate travel demand MOdEIS.........covviiiiiiiiiecc e 20
2.3 Common Strategies for counteracting CONQEeSHUON. .........cccevviiiiiiccceeeeeeeeeeeeeeeas 21
2.3.1Travel Demand Management (TDIM).........cccuuuuuriireiiieeeiiiiiiiieee e 21

Vi



2.3.ZTransportation System Management and Operations (TSM).............cceeeveeunns 22

2.3.Landidate strategies (TDM and TSM) for this thesis............cccevvvivvieeeneieieeeee. 22
2.4 Decision suport systems for road management SyStem..............occeiccveeeeeeeeeenns 23
2.4 nternational Roughness IndexX (IRL) ... e 27
2.4.2DefleCtion BaASIN Ar€a..........uuuuuuiiiiiii e e e e e e eeees e e e e e e e e e e e e eeeeeeeneenes 28
2.4.3Pavement Performance Prediction Models.............ccoiiiiiiiecciiiiiiiiiieeeeeee, 29
(@ gF=T o] (=1 g B 1Y/ =1 i o T (o] T /2P 33
0 0 I 11 o 18 o £ o o PRSP PPPPRRR 33
3.2 Travel demand model development............coooviiiiiieeee e 34
3.2.1Data sources and deSCrPLON.............uuuuuuii it e e e emenraa e as 35
3.2.2Demand model software SeleCtiQN.............eviviiiiiiiceeiiiiiiiiee e 36
3.2.3The fourstep model approach in VISUM..............ooooiiiiiiiiee e 36
3.2.4Matrix corrections iN VISUM.......cccuuiiiiiiiiiiiiiieeniiiiiiiieeeeee e a e 37
3.3 VISUM MOdel SITUCTUIE........coiiiiiiiiiiiitieees st enne e eeeeaaaaeee e s 38
3.3.1Trip Generation (Production and Attraction) VISUM procedure.................... 39
3.3.2Trip Distribution (gravity model) VISUM procedure.............ccoocuvvvviimmnnnnnnnnnns 42
3.3.3Mode choice (logit model) VISUM proCedure...........ccceeeeiiiiiiccciiieeeeeeee 44
3.3.4Trip Assignment VISUM ProCeAUIE........ccovvviiiiiiiiiiiieeieieeeeeeeeeeeeeeee L AT
3.3.5VISUM demand model calibration and validation............cccccccooviieaminnnnnnnnn. 51
3.4 RMS model developmeNnt.. ... 54
3.4.1Allocation Of M&R ACHVITIES......uuueiiiiee e eeeee e eeeeeernne e e e e 54
4. 2DALA SOUICES.....ceetuiieeeeeeii e e eeeee e e e e et e e e e e ettt s eeeer s e e e e eetba e e e e e eeesan s sennaseeeaeenes 57
3.5 RMS SOMtWAIE LOGIC ... uuuuueeiiiiiiiiiiiiiieeeeeee ettt e e mmne e e e bbb eeeeaas 57
G (=T g T Yo% T o L= SO PR TTTTTPPPON 58
IR I N =T L PSPPSR 29
IR0 Y o 1o 1P PPPPPRPPPPRRRN 60
TR I = S (o SRR 61

G IR 1= [ LTRSS 61

G T8 TG @ L1 10 1) 62

vii



3.5 TOPUMIZALION. ...ceeeeiieeeee e eeenee e e 63

Chapter 4: Investment planning to handle roads congestide waiting to implement public

transit: a case Study Of COStA RICA..........uuuiiiiiiiiii e 65
N 1] 1 = (o OSSR 65
g I [ 1o To [ T £ PSSR 66
4.2 LItEIrature REVIEW......uuiuiiiiiiie e et e e eeeeee s s s e e e e e e e e e ettt annne e e e e e e e e e e eeeeeeesenssanmmmeeeeees 67
G 1@ L ][> 1= PRSP 70
72 V=Y g ToTo (o] [ o |/ U RSSROSRY 4 0|

4.4.1Travel Demand Model DeVvelopment..............oouvvviviiicrreeeeeeiiiiiieeee e eeeeeens 71
4.4.2Balancing Productions and AtraCtions..............evuvuueiiiccceeeeeeiiiiiiine s e e e e e eeans 74
e I ] o D11 ] o101 o] o U RRRPRRRRR 75
Y o To [ @4 T o= SO TTTP 76
o I ] oI A XSTS] o ] 1 4= o | U PRRPRRRT 77
4.5 Pavement Deterioration and COUNtEIMEASUIES............ooveeiurimenreeeeeesseeieieeenennes 83
4.5.linternational roughness index (IRD)........cccoooiiiiiiiiiice e 83
4.5.2Deflection area Dasin...........oooeeeei i 84
4.6 DECISION SUPPOIT SYSTEIM.....ciiiiiiiiiiiiiiiie s i s e e e e e s emnm s s e e e e e e aaaaeeees 86
T 1\Y/ o Yo = I D= 11 a1 o USRS 38
4.6.20ptimization AlGONtNMS. ... e 90
4.7 ANAlySIS and RESUILS........ooi it e e e e e e e 92
2 @0 1] 111 [ 96

Chapter 5: Adaptig road management systems to support traditional bus transit: a case study of

10} = | REER 98
N 153 1= (o 98
cS 00 I [ 11 o o 11 o 1o ) o 1 98
5.2 LItErature REVIEW.......eeeiiieiiiiiieise s eeeeietass s s e e e e e e e e e e e e s ameessseaaeeeeeeeeaeeeeeeesssannneeees 100

5.2.1Urban transportation Planming...............eeeeeeeeiiieeeeeeiieieeee e 101
5.2.2Public policies to support public transSit.............oovvvveiiiimmmree e 102
5.2.3Travel Demand Modelling..........cooooriiiiii e 106
5.2.4Transportation Asset Management...........coouuiiiiiiieeen e e eeeee e 108



5.2.5Gaps iN the terature..........oooo oo 110

5.3 0Verall ODJECHVE. .. ..ueeiii e 111
Y0 V111 T Yo (o] [0 o | /PO PPPPRRPN 111
5.4.1Travel Demand MOEL............oooiiiiiiiiiiier e 113
5.4.2Pavement deterioration models development...............ccccuvimmmrnniiiiiiinnnnne. 123
5.4.3Pavement Management SYSLEIML........cuvirruuiiiiimreeereriir e emnne s 126
5.4.4Decisionmaking system optimization algorithm and strategies................... 127
5.5 Analysis and RESUILS............ouuiiiiiiii i e e e e e e e e e e eaeeeas 132
5.6 CONCIUSION. ....uuiiiiiiiiiiiiieie ittt eeeett ettt ettt e e e e e e e e e e s st e e e e e e e e e e e e e e s e e s s a s nnne s e e s e nnnnes 136
(@ gF=T o] (= g G N @] o o4 1 1S3 [ o PP 137
RETEIBNCES. ... ettt e e 139
Y o] o =T g T [ PSSP 147



LIST OF FIGURES

Figure2-1 FourStep Process TransportatiQn...............eeeieiiieccvviieiiiiieseeeeeeeee e 14
Figure2-2 Inertial Profiler work principle (Jeong, Lim, Suh, & Nam, 2014)........... 28
Figure2-3 Impact load deflection test for Basin Area (Beltran & Romo, 2014).....29
Figure3-1 Flowchart of the methodology..............uuuviiiiiiiieeeiiiiieeee e 34
Figure3-2 Person group CharacteristiCs..........coouviiiiiiiiiccce e 39
Figure3-3 Demand strata four step Model............iiiiiiiieeei e 40
Figure3-4 Trip generation model in VISUM............cooooiiiiiiiiicce e 42
Figure3-5 Trip distribution setup in VISUM.........ccoooiiiiiiiiiiii e 44
Figure3-6 Sample screenshot of utility functions in VISUM..............ccccooeviiiaaenen. 46
Figure3-7 Sample screenshot of mode ChOICE............covviiiiiiieecii 47
Figure3-8 Example of Volume Delay Function for Links in VISUM...................... 49
Figure3-9 Sample screenshot of procedure sequenZéSIM ... 51
Figure3-10 Sample Screenshot of the LANDSCAPE section.............ccccvvvveeeennnnee 59
Figure3-11 Sample Screenshot of the AREA SeCtion..............ccooovvvieeeiiiieneld 60
Figure3-12 Sample Screenshot of the ACTION SeCtion..........ccoeeevvivvieeeeiieeeeeeenn. 60
Figure3-13 Sample Screenshot of the TRANSITION section.............cccvvvvveeeen.. 61
Figure3-14 Sample Screenshots of the YIELD Sectian..............cccoovvvieeeeiieeeeeenn. 62
Figure3-15 Sample Screenshots of the YIELD Sectian...............ccoovvvieeeenieneeeen. 63
Figure3-16 weighted average traditional optimization................cccccccvceceeveeeveninnnn. 63
Figure3-17 goal programming OptimiZation..........ccceeeeieeeeeiieeeiiiiiee e eeeeeeeeeee 64
Figure4-1 Traffic Congestion (INRIX 2016 Global Traffic)........ccccoeeeiiiiiiiiiieeeenlld 66
Figure4-2 High-level overview of the Methodology............ccuvviiiiiiiiiiemniiiiie e, 71
Figure4-3 Data PreproCessing StePS......uuuiiiiiiiiiiii i ceeeii e e e e s e e e e eees 72
Figure4-4 Central Valley of Costa Rica Traffic Analysis Zones...........cccoecevvvvneeee. 74
Figure4-5 Link scatter plot for comparing traffic volumes..............ccoooviiiicee e, 80
Figure4-6 Comparing traffic count values with estimated volumes...................... 81
Figure4-7 Pavement Surface Deterioration...............ccoouvuimeeiireeeeeessinreeeee e nneeens 84

X


file:///C:/Users/rezag/Desktop/Final/Seyed%20Reza%20Ghobad%20Pour%20Finalv4.docx%23_Toc30717420

Figure4-8 Predicted Deterioration of AreaBasin for this case study...................... 85

Figure4-9 Expenditure on Road Congestion Strategies.............oooeeeieeee e 92
Figure4-10 Pavement strength condition..............oooooioiiiice e 93
Figure4-11 Pavement Condition ProgreSSIOn............cooccuiiiimmmn e 93
Figure4-12 Spatial allocations of the truck restriction strategy over 15.year......... 94
Figure4-13 Spatial allocations of the reversible lane strategy over 15 years........ 95
Figure4-14 Spatial allocations of the add lanes strategy over 15.yeals............... 95
Figure4-15 Pavement Maintenance and Rehabilitation.................cccooeeeeeeeee 96
Figure5-1 Methodology ofinking travel demand with road management............ 112
Figure5-2 Montréal landuse area 20168Communauté métropolitaine de Montrgalfl17
Figure5-3 Traffic assignment output model from VISUM..............ooooeeeiivieeeeeeenn. 123
Figure5-4 Pavement International roughness index 200®mntreal........................ 125
Figure5-5 Pavement Performance Models...............cooeiiiiieeciiiiiiiiiiiiieee e 126
Figure5-6 Progression Of IRL........ccooooii oo 132
Figure5-7 Volume to capacity ratios (VC ratios).............uvvvvvuuiiiicmeeeeeenneinnnnn 133
Figure5-8 Strategies used for congestion..............coovvviviee e 134
Figure5-9 Budget allocation to pavement treatment.............cccoooeevvecevvvvininnnennn. 135
Figure5-10 Budget allocation to congestion Strategies. .........coovvvvviviiiccceeeeeeeeeenn. 135

Xi



LIST OF TABLES

Table2-1 Strategies to Improve Capacity (Kittelson et al., 2011)...............ovvvvvnees 23
Table2-2 Historical Evolution of Decision Support Systems............ccccccvvvvimennnnnns 26
Table3-1 Sample comparison of volumes (observed versus predicted) and meaSG@res
Table4-1 Volume Capacity ratio rangé§ransportation Research Board, 2000).....82

Table4-2 congestion Strat@giesS.......cooeeeiiiiieieeieeeee et 33
Table4-3 Treatments and Operational Windows Used in Netdexw@&l ..................... 86
Table4-4 Decision Support System LANDSCAREEFINItIONS.........coovvvvvvvviiiiiiiiieeeen. 88
Table4-5 Actions defined in the Model.............uueiiiiiiicee e 89
Table5-1 Proportion of Public Transportation in Montreal Region....................... 102
Table5-2 Comparison of bus public transportation options in Montreal.............. 104
Table5-3 Trip rates for the different trip purpose frorABOsUIVeY.............cccevvvveeeee. 116
Table5-4 Gamma function parameters (NCHRP report 716)...........cccvvvvevieeenee 118
Table5-5 Utility functions fOr Car...............uvuiiiiiiiiireeee e eren e 120
Table5-6 Utility functions fOr BUS.............cuvuiiiiiiiiiieeeeies e erenin e 120
Table5-7 Road attributes by functional class............ccccovvviieeei e 122
Table5-8 Overview of Pavement group condition data, 20Q05..................ccc....... 125
Table5-9 Treatments and Operational Windows Used in Netdexw&il..................... 127
Table5-10 Travel Demand Management (TDM)............uuuveeiiiiiccmeeerniiieeeeenn 127
Table5-11 Model optimization characCteristiCs.............uuveiieiiiiiccceiiieee e 128

Xii



AADT
ADT
APTA
ESAL
FHWA
FHWA
FSM
FWD
GAM
GFA
GIS
HDM
HBW
HBO
ILP
IRI
LOS
M&R
MRT
NHB
PMS
PPP
RMS
TAM
TAMF
TAZ
TDM
TMP
TSM
VDF

LIST OF ABBREVIATIONS

Average Annual Daily Traffic
Average Daily Traffic

American Public Transportation Association
Equivalent Single Axle Load

Federal Highway Administration
Federal Highway Administration
FourStep Modeling

Falling Weight Deflectometer

Great Metropolitan Area

Gross Floor Area

Geographic Information System
Highway Design Manual
HomeBasedwork Trips
HomeBasedOtherTrips

Integer Linear Programming
International Roughness Index
Level of Service

Maintenance and Rehabilitation
Mass Rapid Transit
Non-homeBased Trips

Pavement Management System
Pavement Performance Prediction
Road Management System
Transportation Asset Management
Transportation Asset Management Frameworks
Transportation Analysis Zone

Travel Demand Management
Transportation Master Plans
Transportation System Management
Volume-delay functions

Xiii



Chapter 1introduction
1.1Background

The world's urban population has more than doubled since 1950, coming to nearly 4.2
billion in 2018 Furthermorethe growth of urban traffic in cities coincided with the advent of
faster transport modes, which made possible progressively loogenuting tripsHowever,the
delimiter of city growth is rarely vehicle top speed. As cities grow and sprawl, traffic congestion
effectively and inevitably lowers the travel speed and convenience poivate automobile
(Unidas, 2003) Which has become aignificant concern to city planners, transportation
professionals, and policymakefdnidas, 2003)Hence, nowadays, roapencies of cities like
London SingaporeandWesternAustraliahave changed theprimarytasks, from expanding the
extensiveness of the network and constructing new infrastructures to maaadingaintaining
existing road networks in serviceable cormitand policies have been shifted towards combatting
transport congestion rather than shortening -fime travel time Therefore, efficient
transportation planning is expected to effectively forecast future changes in socioeconomic
characteristics of the users and land use patterns in order to plan maintenance activities on the
existing and futureroad infrastructure assetsuch as pavemensince maintaining pavement
surface conditions at acceptable levelsfiers many benefitsncluding cost efficiency, reduction
in noise pollutiorandcomfort

However, nowadays, the rising cost of maintenanceand reduced resourcesf
municdpalities(Horak et al., 2017} has become necessary to optimize the use of resources and to

place more emphasis on maintenance and rehabilitation (M&R) rather than expansioa. Such



process started back in the 1980s with Pavement Management System (PMS) (H4$94j al
which assisted engineers and decisizakers in finding costffective optmum strategies for
providing, evaluating, and maintaining pavements in a serviceable condfransportation
agencies and municipalities often struggle to understand and resgbedrevel demand growth

and the impact of this growth on the deterioration of asfétsier et al.2001) Many
municipalities focus on corrective actions (worst first approach) and initiate to do something when
a problem takes placBor examplein tems of pavement conditigthey start to do theeatment

when there are cracks on the pavement sunfetead of having an integrated program capable of
taking into account the preventive maintenance needs of their afigetsvely and efficient
overtheir life cycle.

Thereforetravel demand models have been developed in the 1950s for forecasting levels
of demand across modes of transportatmhink the interaction between infrastructufassets
condition) and user behaviofpopulation growth) toenploy as decision support tools for
transportation planning over the last several decades.

In thisthesis two case studies have been considered first one igheroad network of
the Great Metropolitan Area (GAM) in Costa Rica, comprising areas of paglulationdensity
(6,455 people per square kilomgtsurrounding the capit@ane Josdn an area of 2.044 kin
GAM has a population of 2.2 million (about 50 percent of the population).

The second one is Montreal Island: Montreal isgbeondargest city in Canadavith a
population of 1.7 million (Statistics Canada, 2016). It is one of the highest population densities
(4,517 people per square kilomgtamong North American standards and an extensive transit

network



1.2Problem Statement

Many travel plans andransportationstrategies included within transportation impact
regulationsand in Transportation Asset Management Framewadk®cate fothe preservation
of existing roads rather than building new gregshe same timenodern Trasportation Master
Plans (TMP) have bedound to contain specific strategies to develop or improve road networks.
However, there is a disconnection between TMP and Transportation Asset Management
Frameworks (TAMF).

Plannersdo not take into consideratidhe need to sustain road networks (pavement) in a
good level of condition, also most importantly consider dynamic traffic volume load data (travel
demand) TAMF is limited and likely iraccurate because they base their forecast axenage
daily traffic (ADT) estimates and constant traffic growth neglecting the dynamics of the economic
development of urban sprawl and other circumstances explicitly considered by travel demand
models

Roadagenciesarelyusetraveldemandesultsto predict futuredeteriorationinsteadthey
adopt the common pracé of usingestimates of future equivalesingle axle load (ESALS) during
thepavementlesign of a new or rehabilitated facility without considering the possible acceleration
(deceleratioh of pavement wear related to higher (lower) than anticipated traffiemes
Therefore sustainable tactical plans are required to balance the allocation of resivancdsng
term analysis into a shorter period of time to be able to conduct adtifduletween asset condition,

travel demand and cost.



1.3Research Objective
1.3.1 Overall Goal

The overall goal of this research is to introduce a procedure able to support decision
making strategiet alternate congestion and encourage bus ridelbstiipking travel demando
road management systems.

1.3.2 Research Tasks

Two tasks were identified to address the main goal of this research:

Task 1

The motivation of this taskas to explore the feasibilityf using the outputfaravel
demand models within transportation infrastructure management. As such this task illustrates a
simple way to simulate traffic volunand use it as an input to allocate actions and strategies to
accomplish consistent celseneit analyses for the entire road network.

Task 2

This task takes further steps to use the linkage established in task 1 to shggerision
making of strategies oriented towards improved public transportation services. As such, this task
accomplishedhe allocation ofravel demand management strategies (TDWRin the decision
making system.

This is particularly mportant forcongested citiess it seekso provide adequate road
network capacitghatmatclesu s er 6 s d e ma nusersexperieste sthoatgrtraveltiraes
andsmoothemetwork surfaceThis is achieved using goal optimization to deal with conflictive
objectives pursuing a traadf betweeroverall costroaddeterioration, road congestion and travel

time.



1.4Scope andLimitations

In this thesistheintegrity of dataset&/asone of the main challengeSomedatasets were
collected from differensourcesn different file formatsin order to be able taggregate thdata
into one datasegpatial and temporal consistgneas requiredgame locatiomnd same yearAs
part of this onverting and mergingeparate data filesto one datasethat matchedhe given
geographic boundaries was challengamgl required months of work to properly fix boundaries
and reallocate datproportionally. In additionhe segment's length from the demand model was
different from thesegment size of thaptimization model This further produced limitations when
linking both models.

The output from optimizatioproduced an allocation of agtis across space and time that
disregarded logical grouping of segments into corridors to facilitate the implementation of
interventions or strategies; as suature research should look into ways to téke resultsand
coordinatehemto create corrida

The next limitation was the ability to producereattime feedback loop betweehe
demand model and optimization model sirinethis thesisthe outcomdrom the demand model
wasextracted manually and ubas an input inttheoptimization modefor the road management
systemput for future researcivoth models must adjust through a feedback loop.

The lack of calibration data was another challetgthis thesis for the demand model, the
calibration has been done froatrial and errorapproachto match the estimated values with
observed valuedowever, in the future, there is a need for a more automated approach for the

calibration



In addition,there were segments with missing datagavement condition indicateand
casual factors within the deterioration modkehally, the current budget levels for the optimization
were unknownTo overcome this problemspecific budget leveio achieve miniram levels of

improvement wagassumedhn theoptimizationframework.

1.5Research Significance

The objectiveof this thesis isto develop anovel linked travel demand and road
management system to enhance the decisiaking process for improved mobility. Thep-
based travel demand and traffic assignameatieling frameworkVISUM) was linked tothe
transportation asset management system (REMSOFT). The model was shown applicable for cars
and buses within the road network.

This thesisserves as a guide for tut research or practical implementation of coregect
travel demand models to road management systemure researchers will be ableftdlow the
same procedure tpload the datasets into the required format of VISUM and usmtheization
algorithm to expand the model with other characteristics such as environmental, faxzdrs
safety, frequency of public transportation services and to include investment on public facilities
In this thesis, the case studies illustrate theelbgpment of initial models facing data gaps that

often impede their implementation



1.60rganization of the Thesis

This thesis is presentedsix (6) chapters as follows:

1 Chapter 1- Defines the problem statement and presents the objeethck
structue of the thesis.

1 Chapter 2 Consists of a review dhestate of practice and concepts related to
travel demand modeling and decision support systems.

1 Chapter 3 presents the methodology employfed analyzing and processing
the data and building strafie plans considering the travel demand.

1 Chapter 4 is a selfcontained paper

1 Chapter 5 is a selicontained paper

1 Chapter 6 summarises the most important conclusions of the thesis

The work described in Chapters 4 and S lbeen written as setfontainedournal papers
and as such, each chapter has its own abstract. ChapteChapter 5 will be submittesbon,as
follow:

Chapter 4  Ghobad Pour, RAmadorJimenez, L.,Z020. Investment planning to handle road
congestiorwhile waiting to implement public transd.case study of costa Rica

Chapter5 Ghobad Pour, R., Amaddimenez, L., (2020). Adapting road management

systems to support traditional bus transit: a case study of Mantreal



Chapter?2 Literaturereview
2.1 Introduction

Urban centers around the world are experiencing increasing transport dememaany
are unable to handle due to inexistent road and rail infrastructure. Many developing and low
income nations relying solely on roads have respogyebuilding new roads or landsowever,
suchasolution only accommodates demand in the short term, triggering land develpwhieht
produces more traffic in the medium term, hence returning to a congestion state. At the same time
road agencies at mardeveloped countries had changed their main tasks, from projecting and
constructing new infrastructures to managing and maintaining existing networks.

Traffic congestion arrives when travel demand exceeds the capacity of the road network.
More traffic is often associated with detriments in road safety and pavement deterioration.
According to the Federal Highway Administration (FHWA), congestion can be expressed as the
resultant delay compared to the amount of time it takes to make a trip under idetbeendhe
most reliable congestion measure focuses on the travel time faced by roadHigdensy
congestion is caused if there are more cars on the roads, or if traffic demand approaches or goes
beyond the existing highway system capaciBongestion isalso the product of abnormal
circumstances such as inclement weather, presence of aromélen objects on the road and
road collisionsThe trafficdemandsvary considerably depending on the season of the year, the
day of the weekand even the timef day. Capacity can also adjust due to weather conditions,
work areas traffic incidents, or the combination of drivers and vehicles on the Evad/
municipality has its wayf tackling this problem. One of theften-encounteredtrategies is to

shift the demand from singleccupancy automobiles towards -garoling or transit ridership



which requires enabling facilities that encourage such alternatives. Programming of investments
to build and maintain such facilities requires the use of the mosgftestive solutions to squeeze
funds out of limited budgets and across systems.

Henceforth transportation asset management (TAM) can be thought of as the solution to
this dilemma. TAM is a strategic and systematic process of operating, maintaining, emdnmp
physical assetd’AM appears to have developed fronPavemenManagement System (PMS),
with an emphasis on engineering and financial analysis based on information of high quality, to
recognke systematic measures which will achieve and maintaiddbsieed level of good repair at
aminimum cost over the life cycle of the assets

However to date practical implementations GiAM has faced many drawbacks (NCHRP
2005): (1)Modeling of static output which does not understand the dynamic naturéje of
transport networks (i.e., condition, safety, and capacity) that respond to demand changes in the
transportation system from upgrades and expansion or the development of urban patterns and the
creation of new industry and economic development in gen@jRnalytical tools that have
limited ability to integrate various objectives across modes of transportation.

A robust Transportation Asset Management System (TAM) generates a systematic and
consistent framework for selecting among alternatives for tdaamce, Repagiand Rehabilitation
(M, R&R) and should ideally determine priorities and optimal timing for upgrades and expansion
by predicting future expected demand levels and networks performance.

In the late 1960s and early 1970s, TAM first becammf@ar as decision support tools for
the whole range of activities involved in pavements provision and maintef@Bc®, 1987 and

Peterson, 1987). Common decisimaking systems for pavement management seek the



accomplishment of maximum levels of conditiom the form of surface or structure indicators.

Others have added goals related to safety and travel time (Amador and Afghari 2015). Attempts

to consider roaddés operational characteristic
management systenmhave opened the door foroader management frameworks such as those
proposed by the Highway Economic Requirements System (HERS/ST) or the Highway design
manual (HDM) of the World Bank.

The ©ncreased computing capacity has enabled the use of advanceldtisn and
optimization methods to solve complex transport and urban planning profdlamsnost cost
effective solution for allocating resources to competing alternatives was found in methods such as
linear programming and heuristic optization (L. E. AmadorJiménez, 2011)

The goal of this chapter is to establish the needafoextended decision support framework
capable of handling strategies and investments to prioritize resources to reduce the travel time of
most travelers and sustain the network conditicle@donabléevels.

The chapter is divided inttireemajor sedbns: 1) the first one (Section2} provides an
overview of the state of pracéi in modeling travel demandeviewing background, criticizing
current modelsand establishing the neéal a better approach that connects to decision support
systems.

2) Setion 23 reviews common strategies for counteracting congestion since these
strategies are input within the road management system model.

3) Next, Section 24 discusses and reviews the fundamentals of decision support systems.

It summarizes their advantages and limitations for the modeling of travel time and congestion and
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focuses on road infrastructure works (M&R actions) and strategies to facilitate traffearmants

with an eye those useful to reduce travel time and congestion.

2.2Travel Demand Modeling
2.2.1 Overview of Travel Demand Models

This chapter presents a detailed and comprehensive revighe tiferature on travel
demand modelingThe objective of thditerature review is to determine the related work and
research already conducted in this fi€lthe literature review will be presented in two sections.
First, it will provide detail descriptions of aggregate demand modelsfoue-step models, and,
seond, concentrate othe short description of disaggregate models of travel demand at the
strategic level (i.e., activithased) Travel demand forecasting ikay part of transport planning
and policy analysisA traveldemand model is defined as:

fia mahematical relationship between traxadmand flows and their characteristics on the
one hand, and given activity and transportation supply systems and their characteristics
(Cascetta, 2009)

Since the 1950s, numerous travel demand models have been developed based on various
assumptions and with different approaches to forecast fuamamtd Cascetta, 2008lassified
travel demananodels according to the level of detail into two broad categories:

a) Aggregate travel demand models

b) Disaggregate travel demand models

The first generation of travel demand models developed in the 1950s was aggregate in
nature. In such models, thdrdiutes for a group of users are compiled (for example, the average

travel times or costs of all trips between two zorasdisaggregate travel demand models,
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attributes are viewed at the individual level (e.g. travel times or costs between the aginalfor
the trip and the destination point®ased on the sequence of choidéasetta, 200%as also
classified the travel demand models irficee broad classes:

a) trip-based models (Four Step Modeling)

b) trip-chaining models

C) activity-based models.

Currently, two main techniques for travel demand modeling are beindtigsein, 2017)
They include the tripased, and the activilyased, modeling processelip-based models
asume that each origidestination trip decision is made independently without considering the
interrelationship between the various trip selection attributes {jeng, destination, and mode)
Activity -based models predict the demand for travel asudt iFdaking part in activities at various
space and time points

To estimatdraffic volumes for this researcthe FourStep Modeling (FSM) technique is
the best technique because of its simplicity and its ability to produce acceptable Hesutger
activity-based models have the potential to lead to more realistic and accurate predictions
Castiglioneet al., 2014)Many of these models still heavily focus on the static correlation between
observed travel behavior and explanatory variatliet as income level, Car ownership, use,
etc.Due to their complexity and extensive data requirements, achigggd transportation models
were not adopted at the same pace by practitioners. Despite this limitation, teefoorodeling
processs still accepted and used by most Metropolitan Planning Organizations (MPOs) due to the
reasonaly satisfactory results produced by this model thdARTIN, MCGUCKIN, & Barton+

Aschman Associates, 1998)
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To modelers, the benefits of activibased transport models in capturing individuals '
behavioral realism and their ability to get closer to an understandimglividual behavior are
clear and effectiveHowever, for practibnersand decisiormakers at the macro leyet often
proved to be less valued or misunderstood in the past, since the decisions for transport planning
are generally based on aggregate demand forecasts and transport facilities perfQlansseas
& Wets, 2005) Thus,the following sections describe in detail the series of choices in aggregate

and disaggregate travel demand models.

2.2.2 Aggregate travel demamdodels

The aggregate model of the travel demand was developed in the 1950s and focuse
primarily on the zonal systenin a geographicalarea, various attributes are aggregated as an
analysis unit to estimate travel demaiidaditional models have been enbad and modified
since their first development, but in this thesis, we have only focused on the original framework
of the traditional model explained in the literature for simplicity.

Factors considered in the fesitep travel demand forecasting techeitncluded the time

of day analysis, peageriodspreadingmodechoice, and trip assignment.
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Figure21 FourStep Process Transportation

The four stages are sequentially appl@d each has a different mathematical model to
forecast the future demand for travel between pairs of GbDgstination. A brief description of

the four different stages is presented below.

2.2.3 Trip Generation

The first stage of the traditionalstage modl is trip generation. In this stage, the models
estimate the total number of trips produced and attracted in each zone using the zonal information
from land use, population and economic forecasts of thefareiferent trip purposes, such as
work tripsthat begin or end at home, hotased notwork trips (shopping trips, school trips) and

trips that neither begin nor end at homke trip generation process uses household travel survey
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and land use data such as population, households, housingmhigsnployment to calculate trip
productions and attractions in the study area for each Transportation Analysis Zone (TAZ)

The trip production is typically estimated based on household characteristics, namely
household size, and the number of vehicles alkalin a household. Trip attractions are generally
estimated based on different criteria for each land use type, such as floor areas. For commercial,
retail, and industrial land uses, for instance, the Gross Floor Area (GFA) of the development is
consideed for estimating the rates. Although this approach results in an accurate estimation of the
trip generation, it is considered an expensive practice and is not feasible for traffic zones with
larger scales.

Therefore, other policies and guidelines are comiyn being used to estimate trip
generation. Some of these common guidelines can be found in Mousavi, Bunker, and Lee (2012).
In Australia, the most common guideline for tgpneration estimation is the RTA Guide to Traffic
Generating Developmen{®Rasouli, 2018) Another international guideline for estimating the
traffic generation of different land uses is the Trip Generation Handbook, which contains the
standard guidelines for the United States (US) and includes a wide range of information for various
land usegTrip Generatia Manual, 10th Edition © 2018)

The total number of trips produced and attragteglstimated by different mathematical
models, namely linear regression models, ecoassification mode|r trip rate model§Ortazar
& Willumsen, 2011a; Roorda & Miller, 2005)he output of this first stage is the number of trips
produed and attracted by each zpmgich is used in the trip distribution stage to make a trip

matrix.

15



2.2.4 Trip Distribution

Trip distribution is the second step of F&tep Modelling (FSM). The central concept of
trip distribution is to calculate theumber of trips generated among the destination TAZs. The
primary purpose of this step is to create trip linkage or interaction between the zones for
commuters. The inputs to a trip distribution model are the zonal productions (Pi) and attractions
(Aj), and the outptiis the OriginDestination matrix (OD) grin other words, theroduction
attraction (P/A) matrix It should be noted when the trip distribution phase precedes modal split
analysis; the results include trips by all modes. In actual pradtmeever, multimodal trip
distribution models are seldom, and in most cases, higlowegted models have been used to
distribute trips of all modes; however, in actual practice, the model should have the distribution
model for each mode of transport andre&ip purpose. Since the trip maker decisions related to
destination and travel mode usually are made simultaneously, it is believed that ideally trip
distribution should be combined with modal split analysis.

Distributing trips are usually based on thaction of time and distance and are dependent
on how many trips are anticipated to occur between the two zones. Among the various methods to
model trip distribution, the gravity model ads
in the trip distibution process. This method works on the basis that allocates the produced trips of
a zone to others for different trip purposes based on some friction variables between pair of zones
(McNally, 2007) These frictions can be different such as travel time, distancktravel cost. As
arule of thumb, people are willing to make longer trips to work from where they live if alternatives

for the trip purpose are available.
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NCHRP 365 provides the use of gaafunction coefficients of several samples for urban
areas as synthetic friction factors. Other calibrated models for similar communities can also
provide friction factors. Between the traffic assignment step and the trip distribution stages of the
model,an iterative feedback loop can be set to use the congested travel time as an input into the

distribution process.

2.2.5 Mode Choie

This step is most important for urban models of alternate modes of travel, such as walking,
biking, or driving any motor car orrpferring public transportation to drive from one place to
another.The main aim of thistageis to transform productionrattraction trips in different modes
into origins and destinations.
Mode choice can be defined as the intention of travelers in ¢igtgir mode of transport for their
trips. Mode choice is highly dependent on. a tr a\
It divides the production attraction (P / A) matrix into separate matrixes for every travel mode
from the trip dstribution stageModal split modelamainly link the likelihood of transit use to
mathematically explaining variables or factorfie mode choice models are very datansive;
one possible source of datahieme interview survey<D-D surveys are usugllused to develop
mode choice model3.he analysis involves the processing of a variety of data for both demand
and supplyln developing these models, there is an assumption that needs to be taken, thvich is
variables that explain the present levetrahsit usage will do so in much the sama&nner in the
future.Ashalatha, Manju, & Zacharia (201®searched@hiruvananthapuram, India they describe
the methoechoice step as a process of angvat decisions on a particular mode of transport in

certain circumstances

17



Several factors areffacting mode choice models; these factors can be group into three
levels: tip makerscharacteristicsuch asncome, caownership, car availability, and egtip
characteristicssuch asrip Purpose- work, shop, recreatignand tip length Transportation
Systems Characteristictich as \aiting timg seed cost and &cess toa terminal or transfer
location

The mentioned characteristics can be usedttmate the mode choice models. The most
common mathematical form is logit modelde logit model is a mathematical formulatithrat
estimates the probabiliyf choosing a specific mode based on attribfr@®s trip characteristics
such as cost and levef service.The NCHRP Report 365 outlines the procedure to devalop
model based omcremental logit formulatianlt uses variables such asvehicle travel times,
out-of vehicle time (walk, wait, and transit time) athe cost of traveto calculate the probability

of choosing a mode of transp@@hiou, Jou, & Yang, 2015; Shen, Chen, & Pan, 2016)

2.2.6 Trip Assignment

The last step in foustep modeling is traffic assignment, which allocates the loadings, or
user volums, on each segment of the road network and transit trips onto the model transportation
network. The unit for this user volume can be a number of vehicles, the number of total persons,
or the number of transit riders. Depending on the software and theotygealysis, the trip
assignment is different. There are two main types of assignments: the car assignment, which
handles car routingnd the other one is public transport (transit) assignment that deals with routing
of linked passenger trips.

Popular trffic assignment models include the User Equilibrium model, Stochastic

Equilibrium model, and Incremental Assignment model. A mathematical algorithm is used in
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models for the traffic assignment to links between origination destination zones. The final outpu
of the estimate is, for example, the volume of vehicles on each road and the number of passengers
on each link, taking two modes into account, cat and public transit. Different methods are used
for traffic assignmeistin the network such as "abr-nothing" assignment, equilibrium assignment
and so or(McNally, 2007; Ortuzar & Willumsen, 2011dh the all-or-nothing methogdall trips
between two pasrof zones will be assigned to a single route basati@available capacity. The
Equilibrium assignment distributes asliolowde mand
Every road user selects his or her route in such a way, that the impedance on all alternative routes
is the same, and that switchito a different route would increase personal travel time (user
optimum)." The underlying assumption of that action is that every road user is fully informed of
the network situation. This theory is accepted by transport planning with a fundamentalicaéthod
advantage of equilibrium assignménthe existence and uniqueness of the assignment outcome
are guaranteed with very general specifications (expressed in network object volumes).

In the transit assignment, the line route is one of the main eleregatsls the assignment
which consists of a set of links called line segments. There are different types of transit assignment
depending on time table data and the environment. The most common transit assignment is
transport system headway and timetabléased. The transport systdrased procedure is used
when the aim is to evaluate the whole system instead of analyzing single transit lines. This does
not include a transit line and is used to create a public transport network in which passengers
choose thshortest routes. The headwagsed assignment is based on the optimum strategy theory

involving speeds and travel times for the public transport lines involved. Since this form of
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procedure does not allow exact timetables, it is only useful when theuseheade undetermined
for long-term transport planning
Input data such as network attributes and land use attributes are needed in the previously
described foustage process. Data reflecting travel behavior in the study aheavsver needed
to ensure precise estimates at estep The travel behavior parameters include trip rate tabids
vehicle occupancy factaras mention beforesuch an approach results in an accurate estimation
of the trip generation. Then the estimates atelated and calibrated using actual traffic counts

and wsing past models that were developed for estimating traffic volumes for validation.

2.2.7 Disaggregate travel demand models

One of thesignificantinnovations in the travel demand analysis was the development of
disaggregate models using discrete choice methods in the early hé®@ser, in general, these
models have focused on modeling individual trips made during the day (Roorda, 2005). The
disaggregate approach assumes that aggregate behaviors are the result of numerous individual
decisions. The approach models individual choices as a function of the characteristics of the
alternatives available and the sediemographic attributes of each inidival. One of the types of
disaggregate models calledctigity-based model contains detailed travel information of
individuals (e.g., time/duration of trips/activities, location, frequency, sequanderequired of
extensive datavhich in turn signifies high costfor collecting individual dataGiven the cost and
data securement issues, this thesis rather implernenfisurstep models as the primary approach

to dimulatetraveldemand.
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2.3Common Strategies for counteracting congestion

Travel demand modegl enable the identification of congestion over a transportation
network. Strategies and scenarios are often tested with the same models to counteract congestion.

Traffic congestion arises from many factors, including increased transport and travel
demandfor intensified economic and leisure activities amdjrowing population. In some
metropolitan areas, because of funding constraintschiiaengingto perform major expansions
involving land expropriation or build underground (elevated) structivfedern solutions seek to
accomplishthe modal shift from automobile to public transit or towards active transportetion
reduce congestiorThere is increased wordide support to public trans{Secretarygeneral,

Group, & Transport, 2016)n fact, many cities are moving towards much stranger support of
Transit. Many recent transportation impact assessment regulations include Policies to discourage
car traveland support public transportati@as seen ifable 21.

Transportation engineers and planners have developed a variety of strategies to manage
demand which are morecritical to transport operations than strategies to increase capacity
(supply) of faciities and that better use needs to be made of existing and new transport
infrastructure. These strategies fall irt@o general categoriestravel cemand management,

Transportation System Manageméitdamson, Yo, & Hoy, 2005)

2.3.1 Travel Demand Management (TDM

TDM consists of strategies that foster increased efficiency of the transportation system by
influencing travel demand by mode, time of day, frequency, trip length, regulation, ooute
cos{Abdul Majid et al., 2015)In other wordsthese strategies include putting more people into

fewer vehicles (through ridesharing, increased public transportation ridership, or dedicated
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highway lanes for higlmccupancy vehicles), shifting the time of travel and eliminating the need
for travel alt@ether.1990s was the end of major highway construction and many planning agencies
had shifted to shoterm planning to deal with the deterioration of transportation infrastructure
and transportation congestion. Moreover, the growth in travel demand wasgeo able to be
accommodated by increasing supply levels. As a result, integrated TDM strategies, especially
those enabled by advanced technology, hai@ significantole to play in the revitalized lorg

term strategic transportation planning process

2.3.2 Transportation System Management and Operations (TSM)

TSM strategies are improvements intended t
capacity to the greatest extent possible. These improvements consist of geometric improvements
or traffic contol strategies rather than increasing the number of general uséAades Majid et
al., 2015) In recent years, transportation engineers and planners more than just building new
infrastructure have embraced strategies that deal with the management of existing roads.
Transporation System Management ar@perations(TSM&QO) aims to reduce the impaof a
number of road incidents and control sherm demand for existing road space. This mechanism

is the core concept behind Transptidn System Management and operations

2.3.3 Candidate strategi€¢3DM and TSM for this thesis

Identification and characterization of actions and strategies intended to reduce demand or
increasethe capacity of road segmentsvesbeen previously don@Papageorgioet al .2003)
Table 21shows 24 operational strategies that were selected from an initial list of more than 100
as being particularlysefulin enhancing the performance characteristics of links, corridors, and

networks(Texas Transportation Institute, 20@B)d therefore useful for the models developed in
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this thesisSome of the strategies are applicable only to freeways, some are applicable only to

arterials, anathersare applicable in bbotenvironments.

Table 2-1 Strategies to Improve Capacityittelson et al., 2011)

Freeway Arterial Both
HOV Lanes Signal Retiming Narrow Lanes
Ramp Metering Signal Coordination Reversible Lanes
Ramp Closures Adaptive Signals Truck Only Lanes
Congestion Pricing | Raised medians Truck Restrictions
Pricing byDistance | Right/Left Turn Channelization| Pre Trip Information
HOT Lanes Alt Left Turn Treatments In-Vehicle Info
Yr\;%?z)lyegmse?gon Access Points Variable Lanes
Frontage Road Queue Management VMS/DMS

Notes: HOV = High Occupancy Vehicle; HOT = High Occupancy Toll; Alt LT = Alternate Laft;T¥MS = Variable

Message Sign; DMS = Dynamic Message Sign

2.4Decision support systems for road management system

Road infrastructure is key to a sustainable and competitive ecoffomgdorJimenez &
Willis, 2012). Increasing demands and rising financial and human resources render infrastructure
planning a dyamic and daunting challenge for governments and agencies. In the face of these
challenges, public and private agencies around the world have gradually realized the advantages
of implementing asset management systems. Infrastructure asset managemestdas asg
decisionmaking mechanism which takes into account a range of properties and covers the entire
service life of a resource from a technical and economic point of (amier & Rahman, 2004)

This seeks to bring a systematic method of-edfstctive operation maintenance upgrading and
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extension of physical assesspractical strategy for achieving weléfined priorities for both short
and longterm planning AASHTO, 2010)

Infrastructure asset management has evolved from pavement mamaggstems. Since
most infrastructure systems matured and demands began to increase rapidly inli®&0sid he
development of management systems proceeded with bridge management systems and integrated
infrastructure management systerfigddin, 2005) The evolution of decision suppo&nd
managemergystems is summarized Trable 23.

Pavement Management System (PMS) is relating all the maingblagavement work
together. Such aslannng, designing, constructing, maintaining rehabilitating, monitoramgl
evaluating pavement conditiorfg/ddin, 2005) The goal ofPMS is to make the best use of
available funding tenhance or preserve roadways paventeMitS finds the best time through the
life cycle to apply gparticulartreatment on a specific pavement segmé&hese strategieare
capable omaintaining existing pavements in good condition and keeping the numimerdsfin
poor condition at minimumby considering theosteffectiveness ogéachtreatment One of the
essential components for PMS is a databases database should include documenting the
historical and current road conditions (functional and strat}, the pavement structusech as
pavement type, thicknesses draffic information

There has been a shift in the past 30 years towaidtenance and rehabilitatidh&R
strategies rather tharew constructioriBirdsall & Hajdin, 2008) The reasons for this shift were;
first, there were enougkonstructed infrastructures like roatktwork and second, those
infrastructures have deteriorated and need to be maintained and rehabilitated in order to deliver an

adequate level of servicEhereforepavement investment policies faegsentiapolicy questions
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regardingthe uses opavement maintenance and rehabilitation (M&RgEh as whiclpavement
section to treat, which type of treatment to applythe current budget perip@nd when this
treatment must be applied.

Insufficient resources and finaatlimitations lead to the development of new methods in
optimization to help asset management decisiakers to program and plan M&R works.
Optimization methods such as linear programming (most formal methods of optimization), non
linear programming, teger programmingor heuristic methods are examples of various
techniques and decisianaking strategies commonly used in the state of practice of transportation
asset management. An essential component of the pavement optimization mbeglausment
deterioration model, the maintenance decision process, the cost of M&R activities, the available
budget and the functional classification of roads. These models ensure the maximization of the
overall condition of the road network, taking into account otfmportant factors such as traffic
demand. The development and implementation of a netleggl optimization model for
pavement M&R have been provided Gyo,et al 2012 while a projeciievel optimal framework

has been offered dyfan, Khurshid, Bai, Labi, & Morin, 2012
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Table2-2 Historical Evolution of Decision Support Systems

System

Authors

Description

Elimination Et Choix
Traduisant la Realite
(ELECTRE)

Roy and Sussman, in
1966

Multi -criteria decision making of bridges

Weighted Sum Model
(WSM)

Fishburn (1967)

Determine an adequate asset management soly
for the dam

Pavement asset
managment

Developed in the 1970s
Rehan et al. 1994

Determine an appropriate assgnagement
approach for paament

Pavement asset
management

Developed in the 1970s
Rehan et al. 1994

Comprehensivallocationof pavementelated
works including construction, maintenance,
rehabilitation, inspection and pavement conditio
assessment

The World Bank
provided the Highway
Design Manual System
(HDMS).

Developed in the 1980¢
Finn, 1998

Fundamentals of road management related to th
decisionmaking progress

Analytical Hierarchy
Process (AHP)

Saaty in 1980

Multi-Criteria Decision Makings

The Technique for Order
of Preference by
Similarity to ldeal
Solution(TOPSIS)

Hwang and Yoon
(1981)

Multi-Criteria Decision Makings

Asset management
system (AMS) using
capacitybased Approach

In the late 2000s (Xu et
al.)

AMS by utilizing theRisk-Return TradeOff

the municipal asset
management system

Howard, R. J., 2001

Avoid the negative effects of declining municipa]
road infrastructure as it was necessary to maint
a successful and competitive economy

AgentBased Modeling

Bernhardt et al. 2008

paradigm in order to develop asset optimization

Life-cycle cost approach

Corotis in 2009

Used for the management of Civil Infrastructure
Systems

Dynamic Programming
Models

In 2011

Management Bridges for improvirggructural
classes (inspection, repaiind rehabilitation)

Infrastructure
Performance Rating
Models

Mohammed et al.,2014

Models in order to manage wastewater treatmef
plans

Big DataBased
Deterioration Prediction
Models

Kobayashi et al., 2016

To find the best solution to the problem of
maintenance
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2.4.1 International Roughness IndéRrl)

One of the critical pavement indicatdtsat were employedin a pavement management
system is the International roughness index (IRI). The IRl was developed by the World Bank in
1986 and was based on the expansion of the concept of the NCHRP. It shows the smoothness of
the pavement surface. It is an indicator of thvelef comfort experienced by the traveling public
while riding over a pavement surfa(EHWA, 2018) Smoothness also has to do with other
advantages, including lower fuel and vehicle repair c@3tsn et al). IRI tests accumulated
suspension movement in a vehicle thavérses a given distance.

Traffic conditions especially ESAL, are of the utmost importance in contributing to the IRI
performance as ESAL numbers have a significant impact on changes in the pavement surface
conditions. Therefore, the IRI value predictr@guires a suitable traffic design. Equivalent single
axle load (ESAL) is a quantity associated with pavement damage caused by a regular axle load of
80 kilonewtons (kN) (18,0GPoundforce Ibs) carried by a single axle with dual tires. The IRI
units are gpressed of slope (m/km, in/mi, mm/etc.). The lower IRl means the road is perfectly
flat paved such as IRI of 0.0 (m/km) and for the upper Jitinére is no theoretical upper threshold
although values above 8 (m / km) represent pavement is in the semidiéion and it needs M&R
strategies. IRI is an index most widely used in the world to describe longitudinal road roughness
for the pavement management systeil ¥4| k &, 201
The different methods used worldwide to assess road roughueeg. highspeed longitudinal
pavement equipment has become the industry standard for measuring road roughness. The
different methods used worldwide to assess road roughness. Usingpergh dngitudinal

pavement equipment has become the industry standard for measuring pavement roughness. Inertial

27



Profilers are vehiclenounted instrumentation systems that measure vertical deviations of

pavement surface along the direction of travel has beemsind=igure 22.
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Figure2-2 Inertial Profiler work principl¢Jeong, Lim, Suh, & Nam, 2014)

Elevation (mm)

2.4.2 Deflection Basin area

Deflection measures are used for measuring the pavement structure's reaction to a known
applied loadAfter a load is applied on the pavemé&igure 23 by Falling Weight Deflectometer
test, The AREA Parameter is the index to represent these series of numbers for our simplicity
which isnormalized area of a vertical slice between the middle of test load and 914 mm (3 feet)
away from the test load throughdaflection basinTo get the normalized AREA Parameter, we
need to divide the slice area by the deflection measured at the center of the test. The area gives
information regarding the subgrade soil strength and pavement strength based on the amount of

deflection induced by the pavement. The Deflection basin area equation is:

2 %!

O ¢O c¢cO 0O
O
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where: AREA = the FWD AREA Parametéinches or mm).

DO = surface deflection at the test load center

D1 = surface deflection at 12 inches from the lest center

D2 = surface deflection at 24 inches from the test load center
D3 = surface deflection at 36 inches from the test load center

Impact Sensor position
Load,Q Sensors
Pavementswface ‘ _
Asphait ___\ i ! j D3 hi
Concrete
Deflecion
Base basin ection 5

Layer DiPeak POiMt

deflecfion Layer
T thicknesses

Subbase

Layer el

Lower he

Layers

Figure2-3 Impact load deflection test for Basin Ar@eltran & Romo, 2014)

The maximum AREA value in theory is 36 inches (915 mm) when DO = D1 = D2 = D3=1
For all four deflection measements to be almost identical, the pavement should be extremely
rigid, such as rigid pavement or thickt mixasphalt The minimum Area value, in theory, should
be no less than 11.1 in. (280 mm) untieo conditions: same elastic modulus for all pavemen

layer or no stiffness contribution to the underlying subgrade from pavement layers above it

2.4.3 Pavement Performance Prediction Models

The acceptable and efficient model of pavement performance prediction (PPP) is the basis
for the longterm analysis of PMSThese models are mainly aimed to predict future pavement
conditions under specified traffic loading and environmental conditftkarni & Miller,
2003a) The PPP models have signifitaieatures that are essential for the loagge in the

process of PMS. These models are used for prioritizing road segment maintenance treatments in
29



the network Also, these models have been used by transportation agencies to estopatl
long-range investment (budget) during the pavement-$§fmn and consequences of budget
allocation for maintenance treatments of a particular road segment on the future pavement
condition of that road segmefmin, 2015)

The most commonly employddeatments for pavement preservation, maintenance, and
reconstructionsuch as crack sealing, miesarfacing, resurfacing, reconstruction is described

below.

1. Cracksealing: placing materials into developed cracks to prevent water and
incompressible materials from intruding through cracks. (California Department of
Transportation, (2003).

2. Micro-surfacing: A surface maintenance solution in which a polymedified emulsion
mixture consisting of graded aggregates, minéllals, water and additives is used to
reduce water penetration, provide skid resistance, enhance appearance, and correct
weathering, raveling, slight profile defectésd weather damage. (California Department
of Transportation (2003)).

3. Resurfacing: A mthod of installing a new layer of asphalt over the current surface (also
known as overlaying) (usually one and a half to two inches). Sometimes, resurfacing can
be accompanied by milling, partially removing the damagedcked portion of the
existing layer before overlaying (Washington State Department of Transportation (2013))

4. Reconstruction: Replacing the whole existing pavement structure by the placement of an
equivalent or an increasetfength pavement structure. (FHWA, Office of Asset

Management (20b)).
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The objective of any Pavement Management System (PMS)a#otw maximum use of the
available fundingo improve or preserve the roadway pavement. PMS detesthiedest point
through the life cycle of each pavement section to apply a given maintenance treatment. This
strategy aims at maintaining existing pavements in good condition and keeping the number of
roads in poor condition a minimum. The PMS consistef two essential components: a
comprehensive database and a set of tools and optimization techniques to assist policymakers in
establishing costffective strategies for the evaluation and maintenance of roadway pavement.
The database should contain conmaresive information on historical and current road condition
(functional and structural), pavement structure (pavement type, number and thickness of layers,
etc.), traffic and environmental information. The set of tools and optimization methods help in
determining the current and future conditions of roadway segments, estimating necessary financial
resources, identifyinghe most costeffective maintenance treatments, and prioritizing roadway
segments for rehabilitation projects.

PMS addresses question®abwhich pavement section to treat, which type of treatment
to apply, and when this treatment must be applied. PMS must integrate three management levels
that vary in terms of information detail and complexity of used models in decision making process:
strategic, network and project level. At the network level, the primary purpose is the design of the
network maintenance prograngiven overall budget constrain{@orresMachi, Chamorro,
Videla, Pellicer, and Yepes, 2014)

The key elements of an optimization model inclule pavement deterioration model,
maintenance decisiemaking process, cost of M&R actions cost, available budget, functional

classification of the roadways, and céettor associated with the maintenance treatment type. The
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system ensures that the overalhdibion oftheroadway network is maximized considering other
significant factors such as traffic demand and environmental impact. The road maintenance in
PMS is a multiobjective optimization problem for several reas¢B8aha and Ksaibati, 2017)
These reasons are: (1) the objective of engineers or deaisikers is to maximize the overall
condition of road network under specific budget limitations; (2) preventive and minor
rehabilitation treatments are more cestective than reconstruction; (3) budget should be more
than a certain amount to achieve maximum benefit to society; and (4) the best mix of roadway

segments for rehabilitation should include the segments with laiffic wolume.
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Chapter 3: Methodology
3.1Introduction

This chapter presents the methodology employedeteelop the models used in this
research. The ultimate goal wasolatain longterm plans for interventions and improvements of
roads that consideardemand. The chapter is divided it sections. The first sectiatescribes
thetravel demand model developmeihe second sectioexplaintheroadmanagement system
model developmentThe flowchart of the methodology is showm Figure 31. This study
simulates the traffic volume on each road segnientigh a travel demamdodelby incorporating
the four-step methodAn accuratetraffic volume is esential fortransportation analysis and
managemensuch as pavement management, maintenance scheavément desigandeconomic

evaluations for safety projedfé/ang, Gan, & Alluri, 2013)
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Figure3-1 Flowchart of the methodology

3.2 Travel demandnodel development

Developing a TDM modelin particular,is time-consuming and costtensive to collect
the data needed for a robust modélereforethe fourstep model approach is used in this study.
The reason for using fostepmodels is that these models represent reality in a simplified way
and can besed to analyze the implications of specific policies or stratdgiesmparison to field
monitoring the outcome of these modelan be obtained quicker and at lower cost and Tisk.

use of these models in this study is tedict future conditions whout a policy intervention or

34



design and find out which road infrastructusach as pavementill deteriorateat a future date
Other use of foust ep model s can be cost benefit analy

planning proposal in terms ofeironmental and social impact assessments.

3.2.1 Data sources and description
Development of a travel demand model requires several data types including the

following:

1. Transportatiomoadnetwork: with links and nodes. Each link must contain attributes of the
posted speed, number of lanes, free flow capacity, whether the carriageway is divided or
undivided,etcetera.

2. Populationdatain transportation analysis zones divided into groups daserelevant
socioeconomic characteristics that influence the number of trips made by each household
or individual.

3. Aggregated Land use data for each transportation analysis zone in total GFA area or
number of employees per lange type

4. Estimation of travel time cost for each pair of TAZ

5. AADT for control points across the network from recent data counts

6. A dataset that contains pavement surface structuratondition in terms of International

Roughness Index (IRBnd Areabasin deflectn.

In this study, the transportation road network was obtained from the open street map

(www.openstreetmap.or@nd also fromOpen Data Portdbr both case studie$he dataset is a

GIS fileformatthatcontans cenérs of several road segmefitgluding a unique identifier of each

segment of the road, road typeimber of lanesand the length of the segmeRbopulation data
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are used to get a broader meaning about the population in general by using iofofroatithe
census datan order to use it ifransportatioranalysis. In the costa Rica case study, population
data was provided by the ministry of transportatemd in Montreal, case study data has been

obtained from Statistics Canal#tp://datacentre.chass.utoronto.ca/censiitie householdnd

individual information such as population, income, antbawnership can be derived from@
surveys and should be aggregated by the TAZ IeRalement dataset was providey the
National Materials and Structural Models Laboratory (LANAMME) of the University of Costa
Rica and an open data portal from the ycit of Montreal

(http://donnees.ville.montreal.gc.ca/datgseiid was used to develop Pavement Performance

Prediction (PPP) models.

3.2.2 Demand model software selection

The selection otools/package for travel modeling depends mainly on the following
factors: project specifications, cost of acquiring softwaherefore VISUM from thePTV group
was a good choic&ISUM is a detailed, versatile traffic and transport planning softwasesy.
The system is used around the world for the preparation of local, national anwidete
infrastructure planningts usesfriendly interfaceit is wellorganizeccommand structure are

good user manual made it possible to finish this study

3.2.3 Thefour-step model approadch VISUM

A study area needs to be divided into zonesntimber of zones and their size is depended
on thepurpose of the modelnd what precision is feasible. Information from land use and
population for each zone should be @gmted into zone leveA road network similar to the

current conditions is also required for the modedich in VISUM they called links. Residential
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streets and deaehd streetsra typically often ignored because traffic on larger collecting roads is
of much greater importance.
The model estimation is done four stages, which is why we calbur-step modelsTrip
generation (step oneyrelating all the data regarditend-useand demographics, and other secio
economidogether and trijactors decide the frequency of trip origin or destinatio@ach zone.
Thetrip distribution (step two) measures how much traffic flows betweenpzaobf zones based
on how welllinks conrect the zonesThe consistencgnd qualityof thelink areoften calculated
by travel time.
Mode choice (stepthre@ measures the proportion of trips between each zone using a
specified mode of transport
The trip assignment (step four) specifies the flowtraffic through the road network.
Techniques of measurement also take account of delays caused by congestions. These delays are
calculated to calculate new travel time between zones, and with the new travel tintesiep
then repeatedn VISUM thee is a feedback loop function that takes care of these repetitions.
The idea of production and attraction is an essential element e$timye modeld€Each
trip happens between two points whete intentionsareto doa specificactivity such as goingp

work, school, and others.

3.2.4 Matrix correctionsn VISUM

Many fourst ep model s use so called matri.x corr
Matrix correction methods are usedVISUM are meanto adjust a demand matritqg adjust a
given ODmatrix resuts for a supply match the real supply obserfrech traffic couns. Matrix

correction can be useful in several situatiortse results from the trip distribution matrix are not
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only will be based on therpductions, attractiongind connection quality between zores also
a combination of factor and traffic counts. A demand matrix based on survey data is candated
It can be updated without the need for a @ survey. The changgill be based only on census

data (PTV VISUM manua) 2018)

3.3 VISUM model structure

The first step is to group populatiased on similar characteristics in the study area. There
is an assumption that needs to make ,hehtéch is te trafic behavior of the different groups
should be different, but within the individual groufisshould be as homogenous as possible.
VISUM these groups called persgroup.For this study, fultime worker, partime worker, fult
time student, Income lev and car ownership has been chosen as person groups due to data
availability. The second step is to define the trip purpose or activity gaérdemand model is
based on the assumption that trip purposes or external activities cause midi®lityyp purposes
used are hombased work, hombased schophnd homebased other. A combination of person
groups and activity pairs will be demasttatums |t links an activity chain with one or several
person groupsThe third stemravity mode] which is amahematical model for trip distribution
calculation is used to distribute trips between zones for ebrhand stratumn the fourth step,
trips will be divided into two general modeghich are private such as car and public such as bus,
metro, railfor each of the demand stratumBinally, for each of the two modethese demand
strata ardinked and separately assigned to the road netwidrk following sections will give

detail information from each fotstep models in VISUM.
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3.3.1 Trip Generation (Production and AttractioAlSUM procedure

The selected approach in this step is to calculate trip rates based on the purpose of trips
considering the person groups whrelpresenthe same mobility behavioindicating thecritical
variables to group mobility behavior is an easy task. Dependitige@vailableO-D survey and
the demographical data the study aredhese key variabgsuch as Incoméevel, employment,
age groups, car ownershigtc., can be extracted. For this studiferent age groups, different
income leved, and employmenstatus had been consider&yure 32 shows the person groups

in VISUM.

Demand models )

Select demand model
M01 Model 1 o

Basis  Person groups ]Adivitv pairs| Demand strata |

Number: 10 Code Name
hge3  — lgessowryes |
2 Agel Age 0-14 years
3 Age2 Age 15-64 years
4 Ftime_w Full Time Worker
5 High_inc High Income
6 Low_Inc Low Income
7 Med_Inc Medium Income
8 Ptime_w Part Time Worker
9 Stu Student
10 VHigh_inc Very High Income
Create Delete Create demand strata

Figure3-2 Person group characteristics
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The next step ithetrip generation model is to define the activities to describe the location
of the population during the dactivities used for this study are work, school, and others. The
combination of the person groups and activity pairs will create the destatdms(demand

strata).Figure 33 shows the demand strata for the f@tiep model.

Demand models >

Seledt demand model

MO01 Model 1 ~

Basis } Person qruups} Activity pairs Demand strata
Code Name Person grou; Activi i
Number: 8 s Wl
1 Age_study 0-64 study Agel.Age2 HS Study -
2 Age work 15-84 study Aged HW Wark -
[HO  [Hometo other Age 'HO Other (shopping,Health,stc) -
4 Stu student only Stu HS Study -
5 S_income study income level High_ine Low_inc,Med_inc,VHigh_inc HS Study -
6 W_full work full time Ftime_w HW Work -
7 W_lhceme work income level High_inc,Low_inc,Med_inc,VHigh_inc HW Work -
8 W_part work part time Ptime_w HW Work =
Create Delete Produdtions/attractions...

Figure3-3 Demand strata fotstep model

After defining the person group®;D survey is used for estimating trip rates to determine
how many trips a person does per ,ddgpending on the category of the person grdwpo
methods have been used. The first methdidesr regression to evaluate the number of generated
trips based on historical data. Linear regression equations evaluate the number of generated trips
that attract to the study area (dependent variable) from independent vadalies & Borisov,

2014) The following equation repsents this relation between variables.
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O O O E o [3.1]
Where

Y: the dependent variable (trips/household)

W, w, éw:independent variables (population, number of vehicles, gross fleaifar
different landuse)

®,®, éQ:regression coefficients (trip rates) that show to what extent Y changes

The second method for estimating trip rates that have been used for this study is called
CrossClassification or Category Analysighis method is based on estimating the response; for
example, the number of trip productions per household for a specific pufffosemethod
determines these rates empirically and typically requires large quantities .of laataumber of
households ieach class is indeed a crucial elenfenthis methodOrtuzar & Willumsen, 2011)

The following equatior8.2is used.
0 Q — [3.2]

Where
0 "Q:average number dfips with purpose pnade by members of households of type h
“Y "Q : observed trip®y purpose group
"0 "Q : number of households the same category
After that, we need to findut where the population in the study area is gdingrefore,
there is a neetbr measurement of attraction per zone. The available data for this study was the
floor areain square meteref different landuses such as schools, officeasd others. For that
matter, Arcmap software has been used to calculate the gross floor aseh @ategory in each
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zone.Furthermore the estimateaneasurement unitseed tobe multiplied with a trip rateFor

example, a school might generate one trip per &vhile a factory generates one trip per 13 m

Figure 34 shows the trip generation modelVISUM.

Parameters: Trip generation

[ calculate attributes for active zones only
se 0 to Initialize the passive zone attributes

[s|Matrix balanding for active zanes anly

[ ]5um up values
Demand stratum Matrix balancing Production function Attraction function
1 Age_study 0-64 study Production total 1,592*[AGE_0_14]+1,322*[AGE_15_64]

... 2:825%[SCHOOL]

2 |Age_work 15-64 study Production total 1.66*[AGE_15_64] we | 147*[OFFICE] i
3 |HO Home te other Production total 1.7*[AGE_0_14]+2.313*[AGE_15_64]+2.099*[AGE_65]+2.064*[LOW_INC]+2.455*[MED_INC]+2.764*[HIGH_INC]+2.951* ... 2.:44*[COMMERCIAL] b
4 |Stu student only Preduction total 1.687*[STUDENT] .| 2.825*[SCHOOL] E
55_income study income level | Production total 1.741*[LOW_INC]|+1.659%[MED_INC|+1.74 1*[HIGH_INC]+1.73%[VHIGH_INC] . 2.825%[SCHOOL] |
& W_full work full time Production total 1.579*[FULL_TIME] ... LAT*[OFFICE]

7 W_income werk income level | Production total 1.324*[LOW_TNC]+1.569%[MED_INC]+1.859*[HIGH_TNC]+1.958*[VHIGH_INC] .. LA7*[OFFICE] i
8| W_part work part time Preduction total 1,17*[PART_TIME]

... LAT*[OFFICE]

Apply to all DStrata

Figure3-4 Trip generation model in VISUM

3.3.2 Trip Distribution @ravity mode) VISUM procedure

The next step is to define the distribution model in VISUM. Production and attraction per
zone for each person group estimated from the previous step now it is the time to distribute those
population groups between each pair of the zone. VISUM uses &granel tocalculatethe
trip distribution The program estimates the fi@w travel time and trip length to create a skim

matrix which is a matrix of all the travel times and distances between all the zones. Then skim
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matrix used as an indicator foretlgravity model to distribute the trips. The general formula for

the gravity modeis showed as follows

[o401Co} *KoYol

YQTQ U ng()sps & e ® 00 [33]

Where:

"Yo5 number of trips from zon&o zoneQ

0-= humber of trips productions in zofg
0= number of trips attractions in zor@

"@g friction factor relating the spatial separation between Z@mel zonéQand

U-o% optional trip distibution adjustment factor for interchanges between z&had
zone'Q

The gravity model has parameters to adjostelationshipsetween travel cost and

travel timefor each trip purposé&uch parameters influence eveyerage trip length afach trip
type Inthisthesist he ACombinedod utility function contr

the gravity model

~ ~
g 7

06 MR Q- [3.4]

Where:
a,b and c = friction coefficients

Figure 35 shows the triglistribution procedurevhich has been impheerted after trip

generation in order to distribute trips between zones.
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Figure3-5 Trip distribution setup in VISUM

3.3.3 Modechoice(logit model)VISUM procedure

The third step ofhefour-step model is mode choice. In this step zone to person trips
which is calculated frorthe previous stepis split into different modes using public transport and
private transport. The private transport in this demand model is car and for pubjottanshe
bus networkTrip matrices calculated in the previous step (one for each demand stwaltiing)
split into trip matrices for each mod# transportation. The trip matrices will be joined together
for each mode to be an input for the trip assignt stepThe generatied logit model is the most
common approach imode choice modelsThe modelcalculates the probabilitgf choosinga
particular mode for roadses (NCHRP Report 3651998) The generalized logit model is given

in equation3.5.
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