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ABSTRACT

Effective, Comfortable, and Sustainable Railway Systems: Decision Models for Optimal
Asset Management and Scenarios Analysis

Alireza Mohammadi, Ph.D.
Concordia University, 2019

Millions of passengers worldwide rely on a fast, competitive, and reliable transit system
for daily transportation7 KH $PHULFDQ LQIUDVWUXFWXUH UHSWBWVKDPU G
86TV WUDQVLW VHFWRU W KbeNCaRddiBrQ&poHSRIR id 20ERaQsghed & R Q
JUDGH RI 3)DLU” WR IL[HG DVVHWYV H J VWDWLRQV DQG WXQC
VXFK DVVHWY SUHTXLUH DWWHQWLRQ" OHDQZKLOH RI VXF
poor condition. In periods of 201&2018, theSocieté de Transport de Montrég8TM) has
invested the amount of C$2.2 billion, or 78% of its total capital expenditure for metro system
maintenance and upgrading. Extensive deterioration of already aged metro systems in North
America complicates managing the network while coping with the increased demand and the
corresponding need to plan for capital upgrades with a restricted annual budget. Effective planning
to rehabilitate existing assets and expand new ones while respecting constraints is key to the
success of transit-oriented strategies. However, without a comprehensive multi-criteria decision-
making procedure, it is impossible to achieve the optimal actions at the right time within the given
budget. The main objective of this research is to develop a comprehensive model for managing
urban railways, such as the metro, that supports strategic decisions to maintain the highest level of
convenience, safety, comfort and reliability in the metropolitan area. To overcome the gaps found
in the literature, these proposed steps should be used:
Step I: Developing an understanding of convenience with special concentration on the level of

VHUYLFH IURP WKH SDVVH kA ksUd ModeH quxrStetivaly laNdHpragticaty, L



DVSHFWV UHOHYDQW WR WKH XVHU FRS$pH@keIQomdnticRd WUDQ"
decision-making model to mimic the operation of the transit systems capturing indirect impacts
such as human development and sustainal8tigp 111: Development of an optimization model

to analyze investment scenarios for the upgrade and expansion of the railway network, while up-
keeping the existing operation at acceptable levels of service, guiding policies, and respecting
budget limitation. This includes the relationships between the transit system and human
development issues, addressing fighting poverty; supporting accessibility to health, education and
job centers; and encouraging the modal shift away from the automobiles.

The proposed models could also be used by public transit systems such as Tramway, Bus Rapid
Transit (BRT), Light Rail Transit (LRT), traditional buses and metro to guide planning for their
maintenance, upgrade and expansion to achieve higher levels of convenience and reliability

encouraging transit ridership.
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Chapter 1: INTRODUCTION

1.1BACKGROUND

Automobiles have beea synonym of transportation for decades. The need to shift from an
automobile-centered paradigm to a transit-oriented and people-centered transportation has been
more acknowledged recently by planners and politicians around the world (Cooley et al. 2016
LTA 2017). This is accomplished by strong support to non-motorized modes (DfT 20lgdp

Montreal 2017) and public transit (DfT 2017b), which is reflected through policies tested on
variable demand modelling (DfT 2017c). Considerations of effective, comfortable, safe and
sustainable urban railways then become a must to ensure that rail-transit can compete with
automobiles and then achieve higher rates of ridership (ATC 2006). However, policy testing is
faced with lack of frameworks to support the optimal selection and timing of strategies and the
scheduling of improvements. Infrastructure Asset Management models seem like the natural fit to

accomplish such goals.

1.1.1 Infrastructure Asset Management

The FCM and NRC (2003GHILQHG DVVHW FikQanbi&ibhQovmansdgeient,
financial, economic, engineering, and operational and other practices applied to physical assets

with the objective of providing the required level of service in the mostedstH FWLYH PDQQHU

Management of infrastructure has not always been standard practice; however, since the 1980s
there has been an increasing travel demand, accompanied by budget limitations, aging physical
assets, and pressure to consider environmental sustainability. Under such context, progressive
development of comprehensive Infrastructure Asset Management System (IAMS) has been

1



observed. IAMS had become a crucial element of urbanization in coordinating the planning of
maintenance, rehabilitation and the upgrading of assets and to enable the execution of all activities

at an optimum level (Uddin et al. 2013).

The main goals in classic IAMS are listed below:

1) To reduce asset life cycle costs and increase the life span

2) To provide better and consistent levels of service for public

3) To improve safety, security, sustainability, and resilience

4) To allow for better decisions regarding resources allocation

5) To allow for more effective financial planning

6) To avoid problems, potential crisis, and risks.
These objectives are applicable to many civil infrastructure assets such as:
x Roads and Bridges;
x Water Distribution Networks;
X Wastewater Systems;
X Water Treatment Plants;
x Transit Systems;
X Ports;
x Buildings;
x Dams;

X Refineries;



1.1.2 Asset Management for Transportation Systems

Transportation asset management practices have been aevelap a solid framework for
optimizing the performance and cost effectiveness of transportation assets (AASHTO 2011).
Transportation Asset Management across all transport systems concentrates on improving
decisions to find the optimal solutions. Also, it examines scenarios of investment, timing, and
methods to guarantee the use of available funds effectively. According to AASHTO (2011), there

are three main goals for transportation asset management:

X 3.HHSLQJ WKH L Qabgddd/dNbetreFabnditiod tha@ it is now.
x Developing and implementing a logical capital improvement plan.

x &RQWDLQLQJ WKH FRVWV RI SODQQLQJ EXLOGLQJ RSHUI

1.1.3 Sustainable Transportation System

According to United Nations (UN 20165)6 XVWDLQDEOH WUDQVSRUW LV WKH ¢
infrastructure for the mobility of people and goods advancing economic and social development
WR EHQHILW WRGD\Y{V DQG IXWXUH JHQHUDWLRQV LQ D PDQQ

and resilient while minimizing carbon and other emissions and environmental impacts.

Sustainability and human development are hence new raised dimensions that shall be integrated
with an asset management plan. It implies that the asset manager should study the effect of
maintenance and replacement actions on the environment (Marzouk and Abdel Aty 2012).

Therefore, the next generation of asset management models are expected to improve the level of

service of non-motorized and transit modes (Ville de Montreal 2017) as well as sustainability and



human development. Travel demand models, on the other hand, already have emssiderof

such issues (DfT 2017c).

1.2 PROBLEM STATEMENT

Worldwide millions of passengers expect fast, competitive, and reliable transit systems for daily
transportation. However, extensive deterioration of already aged systems complicates the
management of the network while coping with increased demand and the corresponding need to
plan for capital upgrades with a restricted annual budget. The American infrastructure report card
DVVLIQHG-D VORI YWHKMAH 86$TV, I KUPAVAMD YMPFWRRU™ FRQGLWLF

DVVHWY FDSWXUHG OHYHO 3'" LQ DQG $6 & ( $6&(
reports indicate that transportation system in the U.S. are not in an appropriate shape and since
most of the transit infrastructure are facing deterioration caused by aging, worse and unsafe

conditions would be predictable unless prepare actions are taken.

The Canadian infrastructurd HSRUW FDUG &,5& DVVLJIQadanBit JUDGH
assets (e.g. stations and tunnels) while 25% of those assets are ranked in poor and very poor
condition (Figure 1-1). C$34.3 billion is needed for the replacement value of fixed transit assets

while the average age of this group is 13 years.



Individual Building Type Ratings

Rating for

O e L T
Transit Asset T ST I L PR I public Transit: Physical condition by
Ype » .
Nithorties Authorities 00 Authorities replacement value of fixed assets
(@!m P"N mlm Pﬂp) (>msm P“P) [
VERY POOR
4.

1. Vehicles (buses) Very Good Poor Good Very Good ~ °05 bilon

VERY GOOD
17%

$3 billion
2. Vehicles (railcars + ferries) Good N/A N/A Good =

3. Technology Very Good Good Very Good  Very Good sfri?.im

4, Fixed Assets Fair Fair Fair Fair

Figure 1-1, The Canadian infrastructure report card (Public Transit) (CIRC 2016)

The gouvernement du Quél@anned to maintain a high, recurring level of investment to ensure
the maintenance and development of public transit infrastructure. In this regard, the 2016 - 2026
Québec Infrastructure Plan has set aside almost C$7.1 billion for the bus, commuter train and
metro networks Gouvernement du Québ@016). At the same time, the Québec infrastructure
plan calls for, on the one hand, substantial investments in maintaining and rehabilitating the road
network and, on the other hand, for its share in two major Québec public transit development
projects: The Bus Rapid Transit between Québec and Lévis and the extension of the Montréal
PHWURTV EOXH O LG3H bildp @ill Bdinyestéd K Pudlic transit in Québec over the

coming years for those 3 projec@quvernement du Québ2017).

Although it was planned to expand the Montreal metro Blue line in a few years ago still, it is not
part of the network due to budget limitations. From 2@®018, theSociété de Transport de
Montréal (STM) is investing CAD$2.2 billion, or 78% of its total capital expenditure for
maintenance and upgrading of the Metro system (STM 2015). Montreal Metro passed 50-year-old
and faces an increase in demand of 27% for the year 2020 in comparison to 2010 (STM 2012).

The system is periodically maintained, and repairs are common to upkeep it in good levels of



operational convenience. Three lines: Blue, Orange, and Yellow, are planned to be extended and
the impacts of this extension should be addressed in capital investments and policies for the
following years. Therefore, in such situation (Montreal metro system) and many similar

metropolitans, these tactical questions should be answered well:

1) Which asset (stations, tunnels, or cars), when and how to be replaced or renovated first in order
to improve overall levels of service, safety, and comfort in the whole network?

2) How transit maintenance and rehabilitation investments could be optimized to support the
socio-economic development and sustainability through reducing poverty; support accessibility to
health, education, and job centers; and encourage the modal shift away from the automobiles?

3) How demand, service upgrades, and network expansion impacts could be captured in the asset

management model for existing and future systems?

1.3 RESEARCH MOTIVATION AND OBJECTIVES

Effective planning to maintain, rehabilitate, upgrade and expand transit networks is key to the
success of transit-oriented strategies. However, without a comprehensive multi-criteria decision-
making procedure, it is impossible to achieve optimal actions at the right time within the available
budget. This situation brings to matters the need to count with a comprehensive decision support

model that can simulate and optimize dynamically the operation of the entire system.

The main objective of this research is to develop a comprehensive model for managing urban
railway systems that support strategic decisions to maintain the highest level of convenience,
safety, comfort, and sustainability in the movement of passengers in a metropolitan area. The
models should capture the impacts of service expansion through the opening of more corridors.

This is key to guide policies and planning and for this reason, models will include the relationships
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between the transit system and human development indicators locally available to reduce poverty;
support accessibility to health, education, and job centers; and encourage the modal shift away

from the automobiles.

1.4 RESEARCH SCOPE AND TASKS

The scope of this research is limited to applications in urban railway asset management. The case
studies are all taken from urban railway systems to demonstrate the applicability in practice. The

present thesis pursues the above-mentioned objectives within developing three models:

Model I: Performance assessment model.
This model fills in literature gaps of performance assessment for urban railway systems and
TXDQWLWDWLYHO\ PHDVXUHVY DVSHFWV UHOHYDQW WR WKH
outputs could further be utilized in the decision-making and asset management process to retrofit
and correct deficiencies related to inadequate levels of air quality, thermal comfort, vibration,
lighting, and excessive noise, which affect the convenience of using urban rail transit. Generally,
many factors affecU L G ¢bfarff however, in this research, these five mentioned attributes are
considered and others such as space, crowding, cleaning, and issues related to disability are
excluded.
The main tasks are:
- To cover missed elements in transit system planning and decision-making (level of comfort
from arider perspective
- To develop a quantitative and people-centered assessment model for the level of comfort
in urban railway vehicles.

Model II: Sustainable asset management model.



This model covers current and future needs respecting human development and sustainability
issues to advance classical asset management platforms addressing novel raised concerns through
the below tasks:

- To develop a human development assessment model for urban railways.

- To propose a decision-making model that supports its implementation as guided by human

development factors.

Model 1lI: Network-level asset management model for urban railway.
Finally, covering lack of decision-making (optimization) models for urban railway infrastructure,
the last model proposes decision-making platforms for optimal asset management and policy
analysis in the network level to bring safe, effective, comfort and sustainable urban railways. Thus,
the main purpose of this model is the development of a comprehensive decision support system
that connects the performance assessment platform with an optimization model capable of
analyzing investment scenarios for the upgrade and expansion of the network, while up-keeping
the existing operation of transit systems at acceptable levels of performance. The main tasks are:
- To identify ridership (usage rate) changes and its impact on asset management in urban
railway.
- To propose a network level decision-making model for urban railway systems, which plans

for maintenance and renovation as well as upgrading and expansion addressing identified

gaps.



1.5 THESIS LAYOUT

This thesis is presented in six chapters as follows (Fig@)e The work described in Chapters 2,

3, 4 and 5 have been written as self-contained papers and as such, each chapter hdssitaciwvn a

and introduction; however, a comprehensive reference list is prepared at the end of this thesis.
Chapter 2 presents a full literature review for urban railway (focusing on the metro systems) asset
management models and studies. Main limitations are identified and discussed respecting current
and future concerns. Also, evidence from the literature is used to identify critical components and
develop a general platform for the implementation of a comprehensive transit asset management
for urban railways. This effort is published by the journal of Transport Reviews:

Mohammadi, A., Amador-Jimenez, L., and Nasiri, F. (2018). Review of asset management for
metro systems: challenges and opportunities. Transport Reviews, 1-18.

Chapter 3 covers the first model in the methodology, which develops an assessment platform for
railway vehicles. 7KLV VWXG\ SURSRVHVY DQ DSSURDFK WR TXDQWL
comfort and safety (i.e. aspects related to comfort) in terms of humidity, temperature, vibration,

the concentration of COnoise, and lighting level. This effort is under review by the journal of
sustainable cities and society since September 2018:

Mohammadi, A., Amador, L., and Nasiri, F. (2019). A Multi-Criteria Assessment of the

3SDVVHQJHUVY /HYHO RI &RPIRUW LQ B8UEDQ 5DLOZD\ 5RO0LQJ
society(SCS_2018_1816)

Chapter 4 shows that transit asset management platforms could be used to improve the
sustainability of nations. Several types of research pointed out to the role of the transit system in
human development and sustainability; however, none of them gives a decision-making tool to
governments and municipalities for objectively distributing the budget among alternatives that

respond to the various dimensions behind human development and sustainability. This chapter is

publishedby the international journal of sustainable transportation:
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Mohammadi, A., Elsaid, F., and Amador-Jiminez, L. (2018). Optimizing transit maintenance and
UHKDELOLWDWLRQ WR VXSSRUW KXPDQ GHYHORSPHQW DQG
railroad network. International Journal of Sustainable Transportation, 1-14.

Chapter 5 fills the main identified gap in the literature regarding, which is lack of a comprehensive
and efficient decision-making (optimization) model for maintenance, renovation and upgrading of
urban railway systems. Developed models in chapters 3 and 4 can also be used in developing this
model in order to address literature gaps, transit agency concerns, and society needs. This chapter
is written in a paper format and is under review by the journal of construction engineering and
management (ASCE).

Mohammadi, A., Amador, L., and Nasiri, F. (2019). Reliable, effective and sustainable urban

railways, a model for optimal asset management, Journal of construction engineering and
management (ASCE)(Under submission process)

Chapter 6 in this thesis summarizes research contributions, limitations and future works.
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Chapter 2: BACKGROUND REVIEW AND SYNTHESIS OF
LITERATURE

REVIEW OF ASSET MANAGEMENT FOR METRO SYSTEMS:
CHALLENGES AND OPPORTUNITIES

This chapter provides a full review of proposed asset management platforms in the literature or
implemented by transit agencies for urban railway systems by focusing on the metro Sytitems.
manuscript has been published by the journal of Transport Reviews:

Mohammadi, A., Amador-Jimenez, L., and Nasiri, F. (2018). Review of asset management for
metro systems: challenges and opportunities. Transport Reviews, 1-18.

Abstract: Metro systems play a crucial role in the movement of millions of passengeldwide as
commuters rely on a fast, reliable, and convenient underground railway for thgitrdagportation.
However, in many cases, the quality of the service that can be delivered, rigchaliformance,
attractiveness, and customer satisfaction, are constrained by poorly maiméistdicture. Meanwhile,
effective planning to maintain, rehabilitate, replace and expand existing systemsespest technical,
social, political, financial, and management constraints. There is a lack of a comprehenswefkaior
managing metro assets. This is mainly due to the multiplicity of comportaetgomplexity of their
interdependencies; common lack of historical data and performance indicators; anthbifigvaif a
unified framework that integrates forecasts of future demand with decision-making sy$temmain
objective of this research is to review available studies and models for undergaibsydtems, identify
the main strategic-operational planning gaps, and propose critical tasks for aelvemspre asset
management framework. The platform developed in this research is suitable far $tuthes in urban
railways such as Rail Rapid Transit (underground and surface), Lightfr@asifl and suburban trains as

well as other modes of transport (e.g. traditional buses, Bus-Rapid-Transit).
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2.1 INTRODUCTION

Infrastructure Asset Management Systems (IAMS) were established in the 1980s in response to a
growing stock of aging physical assets and increasing service demand, which contrast with a
backdrop of funding cuts and more stringent environmental regulations. IAMS contribute to
ensuring a systematic-coordinated planning and management of maintenance, rehabilitation, and
upgrading. It enables an efficient use of available budgets while maximizing the performance and

provision of infrastructure services (Uddin et al. 2013).

Nowadays, several infrastructure asset management guidelines exist (AASHTO 2011; BSI 2014;
NAMS 2015; FCM and NRC 2003). However, these guidelines only provide a general view of the
steps and required elements to develop an asset management system. To improve the
implementation of these guidelines for a specific infrastructure, it is required to: 1) identify a set

of performance indicators, its assets, and components; 2) conduct a periodic assessment of these
indicators to acquire a good knowledge of the impact of planned interventions and upgrades; 3)
develop performance prediction models that could forecast future levels of these indicators, which
might be various by nature of infrastructure or involved assets; 4) design a decision-making system
to schedule the reinvestment (e.g. maintenance, rehabilitation, and replacement). The interventions

should be coordinated to address conflicts in scheduling and use of limited resources.

In the case of transportation infrastructure, several additional factors must be taken into account to
develop a comprehensive management system with respect to the needs of agencies addressing the
complexity of the system, funding requirements, demand changes and assets aging. The
expectations of the users including service demand, comfort, safety, and convenience, should also

be addressed. The management of urban railway assets is a complex process; as there are different
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types of facilities (rail cars, stations, tunnels, etc.) with many sub-components geographically
dispersed across the network. Metro systems are heterogeneous in both function and deterioration
aspects, and due to interdependencies between facilities, rehabilitation of one facility could affect
the efficiency and the proper functioning of other facilities (Furuya and Madanat 2013). This leads
to the need to use a nidlacility multi-criterion assessment and decision-making approach when

it comes to the management of the underground rail systems.

As with any other public infrastructure, it is common to encounter extensive deterioration of
already aged transit assets, which further complicates the rehabilitation planning efforts. In North
America, there are cases of metro systems surpassing their functional service life and the American
Infrastructure Report Card assigned a level of D- to the transit system, which is less than the
previously reported levelDPQG PHDQV 3SRRU™ FRQGLWLRQ $6&( , W
budget limitations with funds only enough to conduct palliative solutions, and underfunding
preventive maintenance and rehabilitation accelerates aging. U.S. transit system is suffering from
$90 billion rehabilitation backlog while 45% of American households are still outside the proximal
access buffer to transit systems and many have inadequate service levels (ASCE 2013; ASCE
2017). Rail-based systems carry just over a third of all transit trips (35%) in the U.S.; however,
have the greatest maintenance needs of all transit modes. In addition, these systems have larger
than normal, average replacement needs (i.e., annual costs required to maintain a state of good
repair) requiring $8 billion as compared withaverage of $6 billion across all other transit modes
(ASCE 2013).

Also, an adequate share of travellers could maintain ridership in transit systems to provide financial
viability to the expansion of the network (Figueroa and Rodriguez 2013; Miranda et al. 2012;

Batarce et al. 2016). In Canada, Brxiété de Transport de Montrgdontreal Transit Socie}y
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STM has targeted an increase of 27% for 2020 in comparison to 2010. According to the (STM
2012), it has been observed that in many cases improving quality, comfort, and safety can convince
commuters to abandon the use of the automobile. However, this requires periodic reinvestment to
upkeep the fixed infrastructure and rolling stock in the urban railway.

Although infrastructure management models are common among researchers, especially for
pavements, bridges and water networks, there is a lack of a comprehensive framework for urban
railways due to the multiplicity of components; the complexity of their interdependencies;
common lack of historical data and performance indicators; and unavailability of a unified
framework that integrates forecasts of future demand with decision-making systems. The aim of
this study is to review management platform for metro systems including decision support models
for preventive maintenance and rehabilitation proposed in the literature or implemented by transit
agencies and identify their gaps and challenges. The evidence from the literature is used to identify
critical tasks in order to develop a framework for the implementation of a comprehensive asset
management for underground railways (Figure 2-1). Such framework provides an appropriate
foundation for future studies in urban railways such as Rail Rapid Transit (underground and
surface), Light Rail Transit, and suburban trains as well as other modes of transport (e.g. traditional
buses, Bus-Rapid-Transit). Also, this study attempts to relate demand prediction models such as
Activity-Based Modelling (ABM) to Transportation Asset Management (TAM) to improve

transportation planning and decision-making.
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Figure 2-1, Metro asset management literature review methodology

2.2 LITERATURE REVIEW

In this section, the state of literature and practice are reviewed side by side respecting identified
required tasks. Highlights and challenges for developed frameworks are also summarized in Tables
2-1 and 2-2. In the early 1980s, RRégie Autonome des Transport ParisidRATP) implemented

a decision-making framework for planning the renovation of metro stations in Paris (Roy et al.
1986). The objective of this model was to rank 224 stations in terms of the need for renovation.
For this purpose, multiple criteria were considered building environment (e.g. low-income area),

platform users (e.g. a number of passengers), performance (e.g. level of discomfort), and
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maintenance (e.g. ongoing renovation). The Elimination and Choice Expressing Reality
(ELECTRE III) technique (Roy 1978) was used to integrate these assessment criteria and establish
a ranking index for the stations. However, this outranking approach was utilized only forgyear-
year prioritization of station renovations while the long-term and dynamic nature of assets

deterioration (and the corresponding maintenance needs) was not considered.

In the late 199QHastak and Abu-Mallouh (2001) developed a Model for Station Rehabilitation
Planning (MSRP) in order to prioritize metro stations for rehabilitation. The main objective was
to optimize budget allocation while achieving a given performance threshold. The proposed model
was based on the requirements of the Metropolitan Transportation Authority of New York City
Transit (MTANYCT). First, two groups of functional and socio-political criteria and
corresponding sub-criteria were identified. The Analytic Hierarchy Process (AHP) (Saaty 1980)
decision-making tool was used to establish the weights for these criteria and sub-criteria. In the
next level, for each functional or socio-political criteria, rehabilitation costs were estimated
(including partial and full rehabilitation), and in the third and fourth levels, resource allocation was
done based on available budget and upper-lower threshold limits. Priority was given to stations
with a low performance (less than the lower threshold) to receive a full rehabilitation. Then an
integer programming was used to distribute the remaining budget among stations based on their
score values. Stations in moderate performance (between an upper and lower threshold) received
a partial rehabilitation. The model gave priority to functional criteria ignoring long-term asset
deteriorations. Also, it assigned the remaining budget based on only weights of criteria, rather than
overall scores, thus failing to guarantee an optimized approach. Furthermore, the use of AHP for

weighting fails to account for interdependencies among the criteria.
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A model presented byKepaptsoglou et al. (2013) used a similar approach by developing a
hierarchical decision-making structure using AHP. The model calculated a condition index for
Athens metro system. Four major criteria and 13 sub-criteria were selected for evaluating the
performance of stations, and fuzzy aggregation was used to combine criteria scores. Another model
was proposed by Semaan and Zayed (2009), which developed a metro station diagnosis index to
assess functional criteria of stations based on PROMETHEE method (Brans et al. 1986). An
integrated condition assessment index for the station and tunnel was developed and tested for
Athens metro (Gkountis and Zayed 2015). The indicators included in the study were chosen based
on defects in different structural, electrical, and mechanical components. In order to account for
interdependencies among components, an Analytic Network Process (ANP) (Saaty 2001) was used
to calculate component importance weights. Furthermore, to account for the uncertainties in the
condition assessment, triangular fuzzy scores for each condition state were considered. To
integrate these scores, a customized TOPSIS approach (Hwang and Yoon, 1981) was adopted. The
focus of the above studies was on performance-based condition, while all customer and &genc
concerns were not addressed, and ranking alternatives (e.g. station or tunnel) could not ensure
optimum long-term planning. In addition, the assessment of cars as a main component in the transit
system was not addressed.

A network level index that considers the structural performance of metro concrete elements was
developed by Semaan (2011). Hierarchy networks for lines including stations, tunnels, and
auxiliary structures were identified. Visual inspection scores were collected based on different
concrete crack types and conditions. Assets deterioration was considered; however, assumed that
asset service life was known and followed a Weibull distribution. A similar approach was proposed

by Nishimura et al. (2015) for the Tokyo metro. The model used data available from a long-term
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concrete inspection program for tunnels. Each tunnel segment (in 5-meter spans) was classified
based on 6 deterioration grades according to concrete hammering tests and visual inspections, and
tunnel-line overall condition was evaluated by averaging values along the metro line. A Markov
chain process was then designed to predict deterioration rates. Eight (8) repair scenarios were
considered for a case study network of tunnels, and benefit/cost ratio analysis was done. Some
studies have suggested the use of several Non-Destructive Evaluation (NDE) methods including
spectral analysis of surface waves, impact echo, ground-penetrating radar, and impulse response
for condition assessment of metro systems (Delatte et al; P@@&od et al. 2017). Taguchi et

al. (2016) applieda mathematical modelling based on observed deformation and quantified
structural health grades in Tokyo metro tunnels. Such methods can detect water leakage, corrosion,
and cracks in metro tunnels and complement visual inspections. All these studies assessed
structural aspects of metro systems, while safety, security, and Level of Service (LOS) on Key
Performance Indicators (KPIs) are influenced by other non-included sub-components such as
electrical, and mechanical.

A linear programming model was implemented by Farran and Zayed (2009) to minimize the Life-
Cycle Costs (LCC) for rehabilitating of concrete slabs in Montreal metro while compljtimgn
acceptable level of performance. A Markov chain process was adopted for deterioration prediction
with customized transition matrices prepared for the replacement, repair, preventive maintenance,
and do-nothing actions. This model could only give general recommendations for the best time of
implementing maintenance actions. Also, the performance was incorporated into this model as a
constraint without encouraging improvements in performance beyond a satisfactory target. More
non-physical indicators of economical (such as transit agency profit), and sociological (such as

wait time) were selected for metro system performance assessment (Reddy et al. 2010; and Levine
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et al. 2013, however, these models could not address comprehensively customer satisfaction and
agencies concerns. Reddy et al. (2010) used the benchmarking technique to compare New York
City metro system with four Southeast Asian rail systems. A bigger benchmarking program has
been developed since 1982 by the CoMET community including 34 metro systems around the
world (CoMET and Nova 2018). To improve performance and productivity, this group eleéaign
system of KPlIs.

The Regional Transportation Authority (RTA) of Chicago developed a model (Gallucci et al.,
2012) categorizing its assets into five functional groups: (1) track and structures; (2) electrical and
metro equipment; (3) signals, communications, and fare collection; (4) stations, garages, and
facilities; (5) rolling stock. Asset condition was determined based on the age, using a ranking
system from level 5 (excellent) to level 1 (beyond use). Then, the replacement cost for assets that
have reached the end of the lifespan, as well as maintenance costs for the rest, were estimated for
a 10-year period. The state-of-good-repair level in terms of asset performance or remaining useful
service life was not defined, and age was the sole indicator of assets condition, which might not
detect other issues responsible for deterioration such as changes in traffic flow (Amador-Jiménez
and Mrawira 2011).

A Building Information Model (BIM) was employed to assess the metro sysydvtarzouk and

Abdel Aty (2012); however, BIM only maps available data on components, history, and inspection
results. This model uses wireless sendadf&® FROOHFW HQYLURQPHQWDO FRQGL)
at stations.

Metro car maintenance planning was studied for Guangzhou City in China (Ding et al. 2013).
Maintenance plan was defined through procedures to maximize the train working days and reduce

the reserved spare train. The Mean Time Between Failures (MTBF) was used to assessacars and
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Weibull distribution was recommended for the prediction of the operation life and Rough Sets
Theory (Pawlak 1982) applied for allocation of resources. The results from this study could be
used for equipment maintenance planning in metro systems; however, many elements are facing
lack of historical data to be able to develop a Weibull distribution and the optimization model is
not able to optimally distribute funding for the metro network includisgomponents and sub-
components.

A global risk-based assessment framework for metro structural sub-components was proposed by
Abouhamad (2014) and the model was implemented on the Montreal metro system. This model
presented three indicators for the Probability of Failure (POF), the Consequence of Failure (COF),
andaCritical Index (CR). Through the integration of these indices, a risk index was calculated for
defined segments. A POF was estimated based on the SUbway PERformance (SUPER) model
(Semaan 2011) methodology. The COF was expressed in terms of social, financial, and operational
impacts. CR was calculated by integrating station size, location, and nature of use criteria. A fuzzy
ANP technique was adopted to establish the weights for COF, and CR. While other principal
elements of mechanical, electrical, or rolling stocks were not covered, stations and tunnels were
considered to operate separately for estimating COF; however, a failing tunnel, or a problematic
station could disrupt the functioning of other segments or lines. In summary, Table 2-1 classifies
the reviewed literature on metro asset management with taxonomy details for the employed

methods.
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Table 2-1, A taxonomy of transit asset management literature

Covered Tasks

Developer Perfprmance Data Collection Performance | Performance Budget Case Study Mode_l
Indicators . o Validation
Assessment | Prediction | Distribution
Social, traffic,
Roy et al. perfqrmance& RATP staff ELECTRE Ill i Ranking Hypothetical i
(1986) maintenance example
plan
Hastak and : . .
Abu- Functional & Questionnaire Rankingé Hypothetical
. o survey & personne AHP - Integer -
Mallouh socio-political inerviews roarammin example
(2001) prog g
Five
Delatte et al.| Concrete cracks Benchmarkin i i i C‘l?gagsi?s i
(2003) in tunnels 9 omp
in metro
inspection
. ST™M
Farran Personal judgment Condition Markov Linear stations
andZayed - ; ; scale from 1 tg . . -
& inspection report chain programming| (concrete
(2009) 5
slabs)
Semaan and ) 1E(l:Jrri]t(e::trlicf):\nal # %tjeer‘c:}ilg\r/]vrs]?lres PROAI\/IHEPf'HEE i Rankin st:t?(;/r?s? in ST'\rNI\(/l)
Zayed (2009)| including 12 inspection & & MAUT 9 ST™M experts
sub-criteria reports network P
Productivity
(o_lc_enSI_ty&_ New York
utilization); .
L City metro
profitability
& four
Reddy et al. (return on .
. . Benchmarking - - - southeast -
(2010) investment)& . .
Asian rail
performance transit
(timeliness, svstans
reliability & y
troubleshooting)
Weibull Two
isual i . distributi stations, one
Semaan Visual inspection istribution _ wunnel & Empirical
Concrete crack reports &32 AHP& MAUT based on Ranking . R
(2011) . ; . auxiliary validation
gquestionnaires assumed life .
structures in
spans STM
Gallucci et Chicago transit Scoring (1-5) Based on . Chlcago
Asset age based on asse Ranking transit -
al. (2012) system asset age
age system
Marzouk and ] BIM )
Abdel Aty Asset managers (sensors & i i i i
(2012) & XVHUVYT | web-EDVHG )
feedback)
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Covered Tasks

Performance Data Model
Developer Indicators Collection | Performance Performance  Budget Case Study | \,.1dation
Assessment] Prediction | Distribution
Surveyors&
Levine etal. | Waittimein | &" Auto_mated Wait New York
(2013) station Train Assessment i i City metro i
Supervision (WA)
(ATS) system
Ding et al. Failure vehicular | poliability | Weibull | Rough Set | Guangzhou
P sensors & . o h -
(2013) indicators ; analysis distribution Theory City
observations
Athens metro
Kepaptsoglou Overall rate of experts i . 22 Athens i
etal. (2013) | sub-elements (group Fuzzy AHP Ranking metro stations
decision)
Defect-based Comparin
for different paring
. structural . . Thfee “?e”o modell
Gkountis and electrical, 23 on-line AHP, ANP Weibull Rankin stations in the| results with
Zayed (2015) : surveys &TOPSIS | distribution 9 Athens metro a
&mechanical
- system benchmark
hierarchy
case study
components
POF based on
(Semaan
&Zayed,2009)
for structural
elements;
consequence o
failure (COF) . Weibull 6 segments
. Historical S .
index based on distribution (station
- GDWD H .
Abouhamad social, udament & | Fuzzv ANP based Genetic tunnel, ([SHUV
(2014) financial, J 916 y (Semaan anq Algorithm auxiliary judgment
operational : . Zayed, structure) in
criteria groups; questionnaires 2009) STM
& size,
location, &
nature of use
for station
criticality
index.
Nishimura et Concrete Inspection i Markov Cost-Benefit Tokyo metro i
al. (2015) defects report chain tunnels
Bayesian,
Taguchi et al. Structural Inspection Markov i i Tokyo metro i
(2016) deformation report chain & tunnels
Monte Carlo
Concrete
Dawood et elements Inspection i i i STM Statistical
al. (2017) defects P measures
(Moisture)
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Many transport planners and decision-makers, particularly in developed countries, are facing a
situation in which a large portion of their vehicles and fixed assets, are either approaching the end
of their useful life or have already exceeded it. Meanwhile, this situation is aghestdrop of

budget backlogs, which limits investments in maintenance, rehabilitation, and renewal of transit
systems. In this situation, proper asset management practices would be crucial to address
mentioned issues, as well as system complexity and ridership, grow, while many transit agencies
in U.S. neglect conducting a regular asset performance assessment (ASCE 2013). Table 2-2
illustrates the assessment criteria and decision-making approaches of some major transit urban
railway systems in North America and Europe.

A major limitation of existing practical approaches is the lack of quantification of the impacts and
implications of underinvestment in maintenance and rehabilitation. This is key to guide the
expansion of the network and frequency of service operations. Existing models help describe how
much investment is needed; however, do not provide an estimation of investment consequences
(positive and negative) over the service life of the transit systems. Without such information, it is
difficult to prioritize rehabilitation and replacement alternatives (Cohen and Barr 2012). Also, in
the majority of the proposed frameworks, customer satisfaction and comfort are neglected.

In addition, the long-term impacts of decisions made at different points of time (in particular on
asset deterioration) are often not investigated. Finally, agencies aim at evaluating a limited number
of alternative asset management plans. In this sense, employing an asset optimization model
provides an opportunity to account for an infinite number of alternatives while respecting

technical, economic, social, and environmental objectives and constraints.
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Table 2-2, Asset management models used by transit agencies

Agency

Major Performance Indicators

Budget Distribution

Toronto Transit
Commission (TTC
2015);

(Federal Transit

Five key indicator groups include
safety and security; customer (journe
satisfaction, environment, and servig
performance); people; assets (vehic

Each sub-indicator is
periodically measured and
compared with a target

(Abouhamad 2014)

Administration) and equipment reliability)and (Benchmarking).
(FTA, 2010) financial.
Ranking stations based on ag
STM and expert

Station age and expert judgment.

opinion only without an actua
evaluation of
the condition.

Massachusetts Bay
Transportation
Authority (MBTA)
(Eric 2011)

Six criteria of health; age; legal
commitment; cost/benefit; operationg
and environmental impacts are asses|
and weighted for each alternative bag
RQ DVVHW PDQDJHU

Defining alternatives for
rehabilitation-replacement
projects and ranking them wit
respect to a set of criteria ag
well as the budget constraint

Metropolitan Atlanta
Rapid Transit
Authority (MARTA)
(David et al. 2011)

Assessments based on condition
ratings, life cycle priority, estimated
useful life,
in-service date, and
installation/purchase cast

Conditions of assets are
obtained through sampling
from preventive maintenance
and inspection. Next, they ar
ranked for replacement.

Chicago Transit
Authority (CTA)
(FTA 2010)

Key measures includan-time
performancemiles between in-service
failures defect rates for vehicles, the
extent of slow orders for the tracknd
station/vehicle cleanlirss

A five-point scale, similar to
Transit Economic
Requirements Model (TERM
presented by FTA, is used fo
characterizing physical
FRQGLWLRQV RI

London undergroung
(LU) (Cohen and
Barr 2012
(Transport for
London2017)

Key measure groups of availability
(perform reliably in case of delay,
interruptions, and facilities); capability
(capacity of the

assets to accommodate higher volum
of passengers); ambience (reflects ti
quality of the traveling environment);
and customer satisfaction.

Development of an annual
asset management plan
including condition
performance measurement a
optimizing available funding
based on the objective of
minimizing customer delays.

MTA-NYCT
(Cohen and Barr
2012)

On-time performance; metro wait
assessment, elevator and escalato
availability; mean distance between
failures; customer injury rate; and
accidents rate.

After collecting data from
operationscustomer
feedbacks, NYCT executives
and stakeholders, candidate
projects are identified.

2.3 METRO ASSET MANAGEMENT FRAMEWORK

In this section, a framework for designing a comprehensive asset management for metro systems

is developed. It includes reinvestment for Maintenance, Rehabilitation, and Replacement Planning
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(MRRP) for metro systems (Figure 2-2) and excluding routine maintenance implemented by
agencies. It covers three main tasks of performance measurement, performance prediction, and
budget distribution and optimization, reflecting on the state of the art in the methodologies
proposed in each of these areas. In the following sections, more details about these areas and

related methodologies are provided.

( Metro Asset Management)
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Figure 2-2, Developed framework for metro asset management

2.3.1 Performance assessment

The National Research Council (1995) identified costs, benefits (social and economic), reliability,

and environmental consequences, as widely recognized aspects related to performance
measurement. However, it admitted the fact that there is not a widely accepted list of elements that
could comprehensively describe infrastructure performance. In the case of metro systems, the
rationale behind performance measurement is to model all performance aspects relatedeo both th

agency and the user's perspective; including the station, tunnels and the rolling stock. Such a
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measurement must be capable of supporting a multidimensional understanding of LOS before

aggregating or combining the related indicators. Performance measurement for metro systems

should include the components of stations, cars, and tunnels, as well as, the user needs commonly

represented by convenience and comfort in addition to travel time, transfer time, and the system

service reliability. A set of performance indicators must be developed and assessednbased

current technologies and appropriate targets where preference is given to quantitative elements

that can be measured, compared, traced and updated regularly reflecting requirements of safety,

reliability, performance, sustainability, and user convenience and comfort.

Figure 2-3 presents KPIs based on the literature that could be used in performance measurement

of metro assets. According to the agefidgolicy and stakeholdeffpreferences, three differen

groups of indicators namely technical, economical, and sociological could be used for network

performance assessment. Technical indicators cover asset conditions, reliability, and efficiency.

The economic indicators refer to asset business condition in terms of cost and revenue. Finally,

wubDQVvVLW V\VWHPVY FRXOG EH HYDOXDWHG EDVHG RQ FXVWRP

social performance (Balzer and Schorn 2015).
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Figure 2-3, KPIs for metro transit systems.

27

Service Quality
Service Efficiency

Failure Rate
Percent Available

Energy Consumption
Gas Emission

Connectivity
Accessibility

Accident Rate
Accident Severity



Underground railway systems have many components and sub-components of dissimilar nature
and behaviour, distinguishing them from typical infrastructure, such as pavement or pipeline,
which consists of fewer components. In this sense, performance measurement should follow a
hierarchical framework based on categories for each line and could be broken down into
components of stations, tunnels, and cars. Figure 2-4 shows two ways of constructing such a
hierarchy for a sample metro network. From a functional perspective, the system could et mappe
based on functional types grouped into stations, tunnels, and cars. This approach gives an
opportunity to make and follow decisions for each different-nature component separately. From a
network segmentation perspective, each station and connecting tunnels are defined as one segment
to be coordinated in terms of maintenance, rehabilitation, and renewal plans (Figure 2-4). Also,
station criticality in the network could be addressed by this hierarchy. Each functional unit could
be further divided into sub-components and elements for more refined assessment as illustrated in
Figure 2-5. The choice of the hierarchy dictates the way performances are combined to form an

aggregated index for the network level.
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Figure 2-4, Hierarchical mapping of the metro network based on (a) functional units and
(b) network segments.
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As seen in Figure 2-5, performance measurement starts at the element level (e.g. elevator for
mechanical sub-component). Based on defined indicators (Figure 2-3) and the scoring system of
the transit agency, assessment scores are integrated to the upper levels in the hierarchy network
(Figure 2-4) to address metro network performance. Several techniques such as AHP, ANP, and

TOPSIS could be used for performance integration.

2.3.2 Performance prediction

Performance forecasting models are developed to estimate future LOS for components of the
system expressed by their corresponding performance indicators. These estimates are ased to pla
for timely interventions (maintenance, rehabilitation, and replacement) in the future, ensuring a
reliable and convenient system operation.

Due to data availability and system simplicity, other infrastructure systems such as pavement and
pipeline count with many previously proposed deterioration modellings; however, different
approaches should be selected to improve already developed models for metro system
deterioration. For instance, customized building performance prediction models (Edirisinghe et al.
2015) could be used for modelling stations. AASHTO (2011) defines two general approaches for
performance prediction: deterministic, and stochastic.

Deterministic is the most often used model for performance prediction commonly developed to
forecast the deterioration rate of the physical condition in assets. Schram (2008) found that 91%
of Canadian and American transit agencies used empirical models for pavement deterioration with
mechanistic or mechanistic-empirical models that contain cause and effect equations. Their
application to metro systems are faced with lack of historical data and weakness in appdication

a complex system with many components, sub-components, and indicators (Grussing et al. 2016).
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Figure 2-5,Sub-components and elements of typical metro components mapped based on
the functional units.

Stochastic approaches such as Markov chain model address uncertainty in the deterioration

processes (Thomas and Sobanjo 2016); however, requiring longitudinal (time-series) data for the
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prediction of the transition matrix (Baik et al. 2006) making it difficult to be prepared for a metro
system. In such case, expert judgments could be utilized to fill data gaps and develop the transition
matrix for the Markov model. Another programming-base prediction models such as artificial
neural network have been applied to less complex assets (El-Abbasy et al. 2014); however, in
addition to the limited transparency of such black-box approaches, still large amount of data needs
to be collected for training and calibrating the model (Abra 2012).

It should be mentioned that some indicators tend to be static (inadequate signage, the absence of
benches or safety hardware, defective noise isolation) reflecting that only an intervention needs to
be corrected. Other elements tend to change across time and hence are of dynamic nature (wea
tear, and deterioration of the assets). Additionally, some indicators are linked to demand (number
of users) and the capacity of the system such as those related to frequency and availability of the
transit service. Others are independent of the number of users (such as lighting systems) and

defined based on codes and standards.

2.3.3 Budget allocation and optimization

An optimization model allocates funds from the annual budget among reinvestment alternatives
(e.g. maintenance, rehabilitation, and replacement) in order to assure the safety and secure
movement of travellers, and the highest LOS. Traditional methods such as ranking (worst-first),
which are commonly used (Tables 1 and 2), no longer work due to budget gaps, the number of
alternatives and system complexity. Thus, optimization model plays a critical role in ensuring that
acceptable levels of service and optimum planning are achieved. It selects the appropriate
investments throughout the network resulting in an improved system performance. In this way,
agencies can ensure the provision of a convenient transit system (i.e. comfortable and reliable),
which can be expanded in line with the increasing demand for services.
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Several studies have proposed in other infrastructure to find optimal solutions for capital
investment to support year by year maintenance plans that could be applied to urban railway
systems. Generally speaking, planning consists of three stages: strategic, tactical and operational,
which could be developed based on agency policy, goals and metropolitan size (Figure 2-6). The
state of the art in decision support systems indicates that binary dynamic programming model
could be utilized for a long-term planning horizon with a hierarchical structure that transfers long-
term scheduled interventions into tactical plans (medium term) through a bipartite matching or a
greedy algorithm (Amador and Magnuson 2011). This produces coordinated interventions within
a given space-time proximity window and connects to a final allocation model that produces
operational plans for transit agencies while linear programming is a common approach for short-
term modelling. Budget allocation could also be included heuristic algorithms to arrive at optimal
asset management solutions using evolutionary methods such as Genetic Algorithm, simulated

annealing, Ant colony, etc. (Atef et al. 2012; Torres-Machi et al.)2013
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i Long-Term Dynamic Programin
Strategic Planning y g (
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v . Short-Term . )
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Figure 2-6, Optimization models for budget distribution in transport asset
management.
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2.4 METRO ASSET MANAGEMENT AND DEMAND (USAGE)

The role of demand (usage) and expansion projects in long-term planning and future decision-
making is often neglected in TAM studies. There are mutual relations among asset performance,
ridership, and rate of deterioration where increased usage of the network could be dmohieved
high LOS on KPIs such as travel time, travel costs, safety, comfort, accessibility, and reliability.
Meanwhile, network expansion not only extends the reach and coverage of the system but can
possibly affectWUDYHOOHUVY GDLO\ Dr&iMiney anl Istdtvns (Joies@tGlL QJ WKH
increased mobility and added accessibility to regions previously secluded. For this reason, possibly
increasing ridership should be considered in strategic, tactical, and operational management plans
in order to address performance and deterioration impacts and promote transit. Thusy ABM
Land Use and Transport (LUT) outputs in the existing networks could impact on TAM strategies,
at the same time, network performance and LOS can alter ABM and LUT outputs since it might
encourage more commuters to abandon private automobiles and use public transit. Urban railway
asset management model, asnulti-criterion assessment framework, should be capable of
addressing impacts of changing usage and upgrading in decisions to achieve moreamalistic
costeffective plans. For this purpose, major planning frameworks of TAM, LUT, and ABM are

tied together through asset performance and deterioration in Figure 2-7.
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Figure 2-7, Linking Ridership and TAM.
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2.5 CONCLUSION

Despite the historical fact that infrastructure management research has been well-established
particularly in the case of pavement, bridge and water network management, there is a lack of asset
management framework for urban railway systems. This is mainly due to the multiplicity of
components; the complexity of their interdependencies; common lack of historical data and
performance indicators; and unavailability of a unified framework that integrates forecasts of
future demand with decision-making systems. Literature shows that there are only a limited
number of studies that target underground transit asset management, with limitations that restrict
their applicability. Most of the studies focus only on one part of the network such as stations or
tunnels. The transit cars as one of the main components of urban railway systems are often ignored.
Prioritization of maintenance and rehabilitation alternatives usually has been done based on asset
age, or current condition, and other key factors in deterioration processes are missed. The budget
allocation using optimization approaches are widely neglected and worst-first scenarios are
commonly used. This paper elaborated that there is a critical need for the development of a
comprehensive management model that is capable of integrating all components of metro systems.
This model should consider current and future ridership and its consequences in congestion, safety,
and deterioration of the network, its vehicles, and stations. The framework developed in this
research is suitable for further studies in urban railways such as Rail Rapid Transit (underground
and surface), Light Rail Transit, and suburban trains as well as other modes of transport (e.g.,
traditional buses, Bus-Rapid-TrapsE KLOH DGGUHVVLQJ ERWK FXVWRPHUVY

and expectations.
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Chapter 3: METHODOLOGY (MODEL 1)

AMULTI- &5,7(5,$ $66(660(17 2) 7+( 3$66(1*(569% /(9(/
OF COMFORT IN URBAN RAILWAY ROLLING STOCKS

This chapter covers the first model in the methodology and an assessment platform for railway
vehiclesis proposed. This study provide3Q DSSURDFK WR TXDQWLWDWLYHO\ |
comfort and safety (i.e. aspects related to comfort) in terms of humidity, temperature, vibration,

the concentration of COnoise, and lighting level. This effort is under review by the journal of
sustainable cities and society:

Mohammadi, A., Amador, L., and Nasiri, F. (2019). A Multi-Criteria Assessment of the

3SDVVHQJHUVY /HYHO RI &RPIRUW LQ 8UEDQ 5DLOZD\ 5RO0LQJ
society(SCS_2018_1816)

Abstract-Transit agencies around the world concentrate their efforts to satisfy most commuters

and convince them to abandon the use of the private car in daily trips. Travel time and cost have
EHHQ ZLGHO\ LQYHVWLJDWHG DV WUDYHOHUVY VDWLVIDFWLER
are mostly neglected. Management of urban transit systems should ensure a convenient transit
serviceZLWK DGHTXDWH OHYHOV RI ULGH DQG TXDO,lhéalth WLPH D
and safety to achieve sustainable societies. This study proposes an approach to quantitatively
PHDVXUH UDLOZD\ ULGHUVY FRPIRUW LQ WHUPV RI KXPLGLW\
CO, noise, and lighting. Such indexes can be used to direct the allocation of investments for
improvement of comfort in urban transit infrastructures as well as capture reality in demand
prediction modeling. A case study of several lines in Montreal metro network is presented to
illustrate the applicability and usefulness of the proposed approach. The newer trains on Montreal's
Metro are an improvement over older trains when it comes to rider comfort; however, they could

still be better, especially when it comes to sound levels, while old cars need improvement in most

factors such as noise and thermal condition.
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3.1 INTRODUCTION

Governments and cities are increasingly promoting Public Transit (PT); however, convincing
commuters to abandon the use of the private automobile in exchange for public transport in order

to have sustainable cities is highly depending on the convenience of public transport. In North
America, in many megacities (e.g. New York, Chicago, and Toronto), private transit has higher
portions than public systems in daily journeys (Singapore L.T. Authority 2011). This is partly
caused by an undesirable level of service in public transpbétty IH O - Rias assigned to transit

sector by American infrastructure repd¥tD U G ZKLFK UHIOHFWYV VXFK 33RRU

2017).

Urban railways play a crucial role in daily movements of commuters and passengers. A greater
GHJUHH RI SDVVHQJHUVY VDWLVIDFWLRQ DQG VXEVHTXHQWC
would be achievable by providing a better service quality in public transportation (Cats et al. 2015).
7TKHUHIRUH F XV WoRSand)doficerhgJlirrcleDyNrrolling stock, where customers

spend most of their travel time, need to be monitored and analyzed by public transit agencies.
Performance conditions for railway cars could be assessed according to several corresponding
aspects such as technical (i.e. sustainability and reliability), andl goei safety, health and
FRPIRUW UHIOHFWLQJ FXVWRPHUVY SRLQWV RI YLHZ %DO]H
results in improving the performance of the drivers, and consequently, the safety of usera(Da Sil

2002).

Although advanced models in transit asset management and planning could address
socio-environmental concerns (through incorporating proper indicators); classical models of

ubLOZD\ DVVHVVPHQW FRQFHQWUDWH PDLQO\ RQ WUDYHO WL
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KRXUV RU DYDLODELOLW\ RI SK\VLFDO DVVHWYV H J HVFDOI
comfort and possible non-driving activities related to work or leisure during travel time. However,

in well-organized agencies, other aspects of customer satisfaction and comfort are critical elements

of performance assessment (Transport for London 2017). At the same time, for a socially desirable

and HQYLURQPHQWDOO\ VXVWDLQDEOH WUDQVSRUW V\VWHP W
forecasting models should help in enhancing our understanding of the preferences that drive the
LQGLYLGXDOYV FKRLKWedr JohahBs@nesdR BOB5)P R GH V

To assess the impacts of the level of comfort in transit asset management and demand forecasting,

D FRPSUHKHQVLYH PRGHO LV UHTXLUHG WKDW TXDQWLILHV L
in order to estimate an overall index for their level of comfort. The main objective of this study is

WR HVWDEOLVK DQ DVVHVVPHQW PRGHO IRU UDLOZD\ FDUV I
FRPIRUW DQG VDIHW\ $ QXPEHU RI LQGL Fhtalthl &eJidehiXiec URD G
incorporating factors as diverse as humidity, temperature, vibration, the concentration, of CO

noise, and lighting levels inside the vehicles. In doing so, a set of thresholds defined according to
public health and comfort standards, are considered. Each index reflects the performance of
railway trains assets as well as tracks and tunnels. These indices could be used as a basis for asset
management decision-making and for optimum budget allocation in maintenance and
rehabilitation plans. Also, comfort assessment could be used in the analysis of transit modal
choices in addition to cost and travel time criteria. The proposed approach is applicable to railway
systems (underground and surface) and other transit modes such as Bus-Rapid-Transit (BRT) or

Tramways.

3.2 LITERATURE REVIEW
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Mohammadi et al. (2018) reviewed metro asset management models and concluded that the
railway cars, one of the main components of metro systems, are often ignored in the developed
assessment models. Meanwhile, several studies destts role of vehicles comfort in public
transit attractiveness and effectiveness (Wan et al. 2016). A public transit service study conducted
by the Chicago Transit Authority showed that comfort improvement has significant impacts on
customer satisfaction (Foote 2004). A study conducted by Scherer (2010) found that the qualitative
factors of reliability and ride comfort result in rider preference for light rail trains versus bus. Wen
et al. (2011) found that to experience better servickigdiing onboard comfort, bus travelers

were willing to pay more. Chee and Fernandez (2013) indicated that 70.498mwifuters

believe in the essentiality of the comfort in transport, preferring private cars.

In the meantime, researchers use discrete choice models to forecast the impact of transport policies
and strategies on the transportation demand. These models consider socio-economic
characteristics and a number of travel attributes (such as time, distance, and fees) (Idris et al. 2014)
as well as household socio-demographic factors such as gender, income, car ownership, and
employment status (Eluru et al. 201Ben-Akiva and Morikawa (2002) showed that travel
comfort, safety, and security are as important as travel time and cost in ridership attractiveness and
mode choices. According to the STM (2012), it has been observed that improving quality, comfort,

and safety are the main factors in convincing the travelers to use public transit.

The abovePHQWLRQHG VWXGLHY KDYH VKRZQ WKDW ZKLOH WKH

VDWLVIDFWLRQ DQG GHPDQG IRU SXEOLF WUDQVSRUW SHRSC

or metro over automobiles is subjective. As such, there is a need to models that can quantify the

perceived comfort of travelers across different modes of transportation, in order to better

XQGHUVWDQG WKH LQGLYLGXDOTV FKRLFHV ZKHQ LW FRPHV \
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S3DVVHQJHUVY OHYHO RI FRPIR UMsidalRaXdDEsycGatbichlQfartoRs@f VHY H L
thermal, movement, air quality, auditory, and visual conditions experienced during a journey. A
study by Wardman and Whelman (2001) showed that passengers prefer to spend money for higher
ambiance, seating comfort, and ride quality. Schwanitz et al. (2013) identified that the most
contributing attributes in comfort of travelers on trains are the odour, air quality, air ventilation

and temperature. Castellanos and Fruett (2014) highlighted acceleration in public transportation as

an influencing factor on comfort. Some literature has concentrated in evaluating those factor
related to vehicle comfort and health in terms of Thermal (Croitoru et al. 2015; Haller 2004; Danca

et al. 2016; Abbaspour et al. 2008; Simion 2016), Noise (Patania et al. 2013; Pahalavithana and
Sonnadara 2009; Paulraj 2010; hardy 2000), and Vibration (Barone et al. 2016; Tung et al. 2011),

and Air quality (Li 2007).

However, these studies often concentrated on one factor without quantifying the level of comfort
such that to be able to link it to resource allocation decisions in maintenance, rehabilitation, and
upgrade of infrastructure or to travel demand forecasting. Da Silva (2002) investigated thermal
conditions, sound, vibration and air quality in automobiles using laboratory methods to present
some techniques in the measurement of comfort parameters. Nordin et al. (2016) suggested several
indicators and rardd various types of trains employed in a metro network from a comfort
perspective. However, H\ KDYH QRW FRQVLGHUHG SDVVHQJHUVY SUHIH
the level of comfort was not ultimately quantified. A recent framework developed by Amador-
Jimenez and Christopher (2016) incorporates three factors (vibration, sound, and air quality) to
DVVHVV XVHUVY OHYHO RI FRPIRUW LQ WUDQVLW V\VWHPV X!
model did not consider thermal comfort and lighting levels among the assessed criteria. In addition,

they used a set of maximum health threshold values to calculate the comfort indexes. This implies
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a focus on safety and neglects human preferences, interpretation, and perception as relating to the
comfort. Also, the proposed assessment process does not account for multiplicity and diversity of

transport modes.

In the sense of the existing literature, it can be concluded that there is a gap as telating
developing and using a comprehensive comfort assessment model for railway vehicles from
SDVVHQJHUVY SHUVSHFWLYHV OLQN L@QahdWoietadts Vail rEsdivde W F R C

allocation decisions.

3.3 METHODOLOGY

Comfort; safety and security; surrounding; and convenience are among the aspects influencing
SDVVHQJHUVY VDWLVIDFWLRQ 7KHVH FULWHULD DUH PXWXDC
in health and safety risks while a less clean and convenient environment leads to discomfort and
dissatisfaction. As a physiological and psychological phenomenon, comfort could impact the
FRPPXWHUYV VDWLVIDFWLRQ FRQFHQWUDWLRQ DQG DELOLMW
transit vehicle. Various factors related to the type of activity and the physical surroundings
(including people, furnishings, and adjacent spaces) could impact the riders comfort level. In this
study, comfort is defined according to five factors of thermal, air quality, noise, vibration and

visual comfort (Figure 3-1). As mentioned before, such an assessment model could be used for

mode-choice analysis and asset management purposes.
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Figure 3-1,5DLOZD\ YHKLFOHY SHUIRUPDQFH DVVHVVPHQW DQG

3.3.1 Comfort assessment and asset management

Comfort indices could be used by asset managers to assess the entire network accordingly and

objectively distribute budgets for maintenance, rehabilitation and replacement actions leading to

improvement of comfort levels (Table 3-1
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Table 3-1, Comfort factors and their corresponding assets.

Comfort factor Corresponding assets
Vibration Braking system, wheels, damping system and tracks
Thermal Heating, Ventilation, and Air Conditioning (HVAC) syste
Noise Insulation system (including doors and windows)
Lighting Lighting and caballing systems
Air Quality HVAC system

3.3.2 Comfort assessment and mode-choice analysis

&RPPXWHUVY SHUFHSWLRQ DERXW VHUYLFH TXDOLW\ LQIOXH
service quality aspects of a public transit system include proper scheduling, reliability, coverage,

access to information, comfort, and safety (Eboli and Mazzulla 2009).

The mode-choice analysis is an integral part of travel-demand forecasting (Martin and McGuckin
1998). Traditionally, cost and time have been the two principal attributes considered in the mode-
choice analysis. These attributes can be easily quantified and incorporated into econometrics
models to establish travel forecasting models. However, qualitative attributes of safety, flexibility,
comfort, and convenience ai2OVR LQIOXHQFLQJ W Kidaking &dlot thé ehbic2fV GHF

of travel modes (Zheng et al. 2016).

In this sense, the level of comfort should be part of an integrated public transport modelling and
decision-makQJ SURFHVV 'HPDQG IRUHFDVWLQJ IUDPHZRUNV VKR
comfort and safety in terms of humidity, temperature, vibratiorg, @@ise, and lighting inside

WKH YHKLFOHV WR UHIOHFW XSRQ WKH FRPPRXWEddMNab HUV S

expanded demand forecast modeling framework that includes comfort criteria.
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Figure 3-2, Addressing level of comfort in mode-choice analysis and demand modeling

Disaggregate discrete choice models developed based on individual preferences are often used to
DGGUHVV WKH OLPLWDWLRQV DQG FKDOOHQJHV LQ SUHGLF!'
choices (Vuchic 2007). These types of models calculate a maximum likelihood for each travel
choice based on a trip utility function (Equation 3-1), which is a weighted function comprised of

travel time and cost, and other influencing factors:
7oL U E UsE UGE UsEi=2ton (3-1)

WhereU; is modal choice utility for mode . is a constant and afe regression coefficient
for the cost, time, and comfort respectively.Y, andZ are associated utility for the cost, time, and
comfort for modal choice Modal choices probability could be estimated based on Equations 2-3

and 3-3 for each journey option as follows:

43


https://en.wikipedia.org/wiki/Regression_coefficient

o
2L 55 % (3-2)

08

Where ” 3" and A} g2l s (3-3)
3.3.3 Comfort assessment indexes

Figure 3-3 presents a framework for developing a performance assessment model for railway
vehicles. Personal comfort levels during a transit journey could be incorporated in this model
accounting for thermal control; seating, and riding comfort (that could include the severity of
acceleration and braking); noise; as well as light and air quality inside the vehicles. As the
perception of comfort is different from rider to rider (depending on age, gender, fitness, and other
socioeconomic characteristics), there is no ideal comfort level that could fully satisfy everyone. In
this sense, some studies suggest that attaining about 80% satisfaction from the riders is considered
a good performance (TSI 2016). Also, the interdependency among the influencing factors on
comfort should be assessed carefully, where non-motion factors such as acoustic noise level, visual
stimuli, temperature, and humidity, interact with vibration changing the passenger's perception

about comfort (ISO 2631-4 2001).

Comfort expectations and annoyance tolerance are quite different in transportation vehicles as
compared to commercial or residential buildings (ISO 2631-1 1997; ASHRAE 2015). Several
LVVXHV VXFK DV H[SRVXUH WLPH W\SH RI DFWLYLW, WRG D |
develop specific comfort and discomfort thresholds and ride quality in transit systems. The railway

trip could consist of very short to long journeys. As such, this study classifies the travels into two
categories of A: the suburban trip (average of 3 hours travels time) and B: the urban trip (average

of half an hour travel time).
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Figure 3-3, Railway comfort assessment framework development

Thermal Comfort

Thermal comfort accounts for environmental conditions in which a user expresses satisfaction
(ASHRAE 2013). It relates to several factors ranging from weather conditions to level of physical
activity and clothing. Furthermore, the thermal sensation perceived, and environmental conditions
required for comfort can be different for different people (Simion 2016). However, in this case, as
ASHRAE 55 (2010) recommended, thermal comfort usually refers to a zone, for which, an 80%

of sedentary or slightly active persons accept its thermal conditions as comfortable. Among
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different controllable indicators, temperature and Relative Humidity (RH) have the most
significant contributionWR WKH H[SHULHQFH RI FRPIRUW $6+53%(fV VW
FRPIRUW 3]RQH" IRU ZLQWHU DQG VXPPHU UHVSHFWLQJ WKH
likely to feel comfortable. The requirement of ASHRAE 55-2010 can be customized for
transportation systems in two main perspectives: passengers clothing-level in winter and travel
duration. In comparison with building occupants, the travelers use different clothing levels in
winter inside transit vehicles (ASHRAE, 2015). Therefore, EN 14750-1 (2006) recommended
colder boundaries (19-22 degrees Celst@)(for railway vehicles in winter to set a preferable

comfort zone inside of transit cars.

In addition, high humidity supports bacterial growth. Thus, ASHRAE 55-2010 recommends that
humidity ratio should be maintained below 0.012. A specific lower level of humidity has not been
recommended in both standards of ASHRAE (2015) and EN 14750-1 (2006). Charles et al. (2005)
recommended a minimum RH of 30% to control dry conditions and the resulting health problems
(such as skin irritation) in transit systems. This boundary could be ignored for relatively short

travels.

In the sense of the above discussion, Figures 3-4 and 3-5 are presented to coordinate summer and
winter thermal comfort levels (through appropriate Indices), with respect to the above-mentioned

temperature and humidity thresholds.
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Figure 3-5, Thermal comfort index for winter (Category A)

The second criteria that could impact thermal comfort zones in transit vehicles (in comparison with

buildings) is travel duration. Since rail journey is not long, particularly in case of urban railway,

EN 14750-1 categorizes railway trips into two groups: less or higher than 20 minutes and assigns
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1°C flexibility for minimum temperature in winter and@ for maximum temperature in summer.
Following this standard, 10% flexibility could be considered for maximum RH in the summer.
Therefore, a similar approach is considered for short urban railway trips with an average travel

time around half an hour to address the impact of exposure time (Category B).

Vibration

9LEUDWLRQV DUH DVVRFLDWHG ZLWK GLITHUHQW UHVSRQVF
environmental conditions an6 RPPXWHUVY FKDUDFWHULVWLFV %DURQH |
factors contribute to determining the degree to which discomfort may be noted or tolerated.
Direction, frequency, magnitude, and duration are the main factors contributing to vibration
discomfort (Griffin 1990). According to ISO 2631-1 (1997), an index for the level of vibration can

be determined by the root-mean-square (r.m.s) of the instantaneous vibration corresponding to the
exposure time (Equation 3-4). BS 6841 (1987) and ISO 2631-4 (2001) standards for comfort, use
frequency-weighted accelerations to establish a measure for the response from the human body.
These standards apply a verti¢@#h) and lateral-longitudinalWa) weighting system to index

acceleration. On that basis, the overall vibration could be estimated through Equation 3-4:

=L ¥:G 3°E 6 % °E 16 3:,° (3-4)

Where =s7 =9, and =g are the frequency-weightedn.s.acceleration in (m# alongx, y andz
directions, andG Gyand Gare multiplying factors with respect to the orthogoggl andz-axis,
respectively. ISO 2631-1 (1997) suggests multiplying factor&efl.0, G~1.0, and G= 1.0 for

seated passengers respecting comfort issues.
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A customized Vibration IndeX/) is presented in Equation 3-5 for whole body vibration based on
ISO 2631-1(1997) recommendations as a function of measured acceleration in rail transit vehicles.
Also, the effect of exposure time on vibration comfort in transit vehicles has not yet been
investigated (ISO 2631-4 2001), therefore, a same group of indexes is defined for both category A

and category B.

;S ar ¢ " We; Q résw §—"tefZ> ‘et —f 7%

Argr usndd f *We; Q narr t7> et f 7%

grz'g'{r wirgO f ° We; Q rEwr et f L7 %
Su#H-$; Lﬁréﬂvr ywdO f " We; Q sar (3-5)f <"

Arar  rs@O f * W Q dvr o tet_f 7 F

gréﬂ;r tverD [ " We; Q tRrr 7> —e . et f 7%

Qrar rrr Otd " We: S—"tefZ> —e. et —f 721

'LVFRPIRUW FRXOG EH XQGHUHVWLPDWHG E\ XVLQJ DQ DYHUL
be influenced by peak values of acceleration (ISO 2631-1 1997). Therefore, railway companies

use statistical methods to take into account variation in vibration (ISO 10056 2001).

Auditory Comfort

The sound could be described and assessed qualitatively and quantitatively. Loudness can be
DVVHVVHG TXDOLWDW L Yxdeniénde iMIHp@rcéptipn SHMISEO H §an adliso be
measured quantitatively in decibels. Noise exposure is a function of two main factors: (1) the
frequency-weighted exposure level, measured in A-weighted deailiy @nd (2) the exposure
duration. For hearing loss protection, the World Health Organization (WHO) (Berglund 1999) and
U.S. Environmental Protection Agency (EPA) (1974) recommended a maximum daily equivalent
A-Weighted sound level of 7@B for 24 hours, and with the same energy contained, a level of 75

dB for 8 hours. The same trend could be used to find maximum health thresholds for shorter
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exposure time such as 3 hours @) and 30 minutes (9dB) (Neitzel 2009). Nagano and

Horikoshi (2001) and Yang and Kang (2005) concluded that a sound threshold for the human

comfort of less than 5@IBA) satisfies most individuals. Based on such thresholds, Equati®ns 3-

and 3-7 correspond to the Noise Ind&k) (according to the equivalent continuous A-weighted

sound pressure level (LAedB)) to comfort levels for categories A and B, respectively.
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(3-6)

(3-7)

Visual comfort mainly comes from light levels, contrast, and glare. Guidelines and standards such

as (ISO 8995 2002; DiLaura et al. 2011; and NSW 2014) recommend a minimum levellox 300

for common seating areas for reading purposes, andix7&s a minimum lighting level for

passengers safety and health (EN 13272 2012). Equation 3-8 and 3-9 provide a Lighting)ndex (

as a function ofl(x) level for categories A and B, respectively:
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Lsar twr HQT R
Al &r twrP HQTIIR
rgr trrP HQTsRr

AL v swP HQTsRr (3-9)
Srar srrP HQTYR
Or&r y W HQT O

Air quality

Indoor Air Quality (IAQ) could be impacted by different factors including type and concentrati

of pollutants in the air, outdoor conditions, and indoor cleanness. A commonly used indicator for
IAQ is the level of Carbon Dioxide (Gpresent in a given space. A €level assessment in the
cabins of Seoul metropolitan metro showed that there is a high correlation between kee3O

and the number of passengers, which could reach up to 4000 Parts Per ppifibm(rush hours
(Kwon 2010). ASHRAE Standard 62 (2001) recommends that indoor levels 0$l@Qld not
exceed 70(pmabove the outdoor ambient air, which means typically a level between 300 and
400 ppm CO levels beyond 1009pm correspond to an unsatisfactory human experience and

higher health risks.

IRC (2005) showed that for a range of 470 to 1pp6y there was a direct relationship between

CO, concentration and human satisfaction; in cases whernc@@entrations were less than 650
ppmmore people expressed satisfaction. Satish et al. (2012) assessed direct effects of increased
COz on decision making capability of twenty-two participants for a 2.5 hours exposure time.
Moderate and statistically significant decrements in six of nine scales of decision-making
performance were observed between gpthand 1,00opmCQO; levels. Equations 3-10 and 3-

11 present an indoor Air Quality IndeX) using CQ levels ppnm) considering the above-

mentioned thresholds for each category
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Overall condition index

Overall Index ©O)) of comfort for each journey could be estimated based on a weighted geometric
average of the above-mentioned indices (Equation 3-12). In comparison to an additive weighting
approach, the geometric average has the advantage of highlighting the extreme discomfort

conditions.
~ - 5x~»
1L AY o °g "08- 0 (3-12)

where . is the weight corresponding to comfort indethat reflects criticality of each comfort
factor. However, similar to American or Canadian infrastructure report cards (ASCE 2017; CIRC
2016), this study proposes a qualitative grading system based on the overall comfort index

particularly for communication with non-technical stakeholders (Equatior).3-13

_8ANU ?KIBKNP=>HA {r +J@QATR ra
2% KIBKNP=>HA {rP+J@ATYW ra

1AL _(=EN yrP +J@ATWR réara (3-13)
ATJ?KIBKNP=>HAWIrP +J@AT WRara
O8ANU QJ?KIBKNP=>HArP +J@AT ra
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3.4 CASE STUDY AND DATA COLLECTION

The metro system in Montreal city is selected as a case studg$oCl&é de Transport de Montréa
(Montreal Society of Transportation) (STM) recently celebrated itis &niversay (Figure 3-6

and Table 3-2). The network includes 4 lines: Green, Orange, Blue, and Yellow with 68 stations
(73 platforms). It is one of the busiest metro networks in North America with over 430 million
trips per year in 2017 (STM 2019). STM has started to replace the old MR-63 cars, which date
back to 1966 by new MPM-10 (named AZUR) mostly in the Orange line and recently in the green
line. New cars are benefited from acoustic environment, innovative lighting, and pneumatic
suspension system to present more comfortable environment (STM 2017). The Yellow line
connects only two stations to the network and has a low rate of ridership; therefore, data were not
collected for this line. Below is an overview of the main routes (Green, Orange, and Blusg) in thi

network.

®
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>
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® RADISSON
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7 cuamp-oe-mans [[{]]

] R wsme
e

Figure 3-6, Montreal metro system map (STM 2019)
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Table 3-2, Overview of Montreal metro system

Line Green Blue Yellow Orange
Length (km) 22.1 9.7 4.25 30
Number of Platforms 27 12 3 31
Ridership (Entries) | 99,551,806 25,410,817 9,517,996 | 114,728,719

3.4.1 Green Line

This line has starteth 1966 with 10 stations connecting Montreal city west to east. Latttre
end of 1980, the blue line was extended to 27 stations (platforms)Aingmignonto Honoré-
Beaugrand MR-63 cars are still operational in this line since 1966; however, by extension of this

line, the MR-73 type has been added.

3.4.2 Orange line

The longest line in Montreal with 31 stations and the highest rate of ridership was initially launched
in 1966 with 15 stationdt was extended on two occasions in 1980 and 2007 and now connects
north-west Cote-Verty to north-east Nlontmorency crossing the downtown. Currently, two
different types of cars -old (MR-73) and new (MPM-10)- are working in this line simultaneously.
That creates the possibility to verify the proposed model by comparing comfort factor observations

for these vehicles.

3.4.3 Blue Line

The blue line was put into service from 1986 to 1988 and this \Bestwdoih to east $aint-
Michel) line, covers north areas in the city and has two connections to the oraniy#R#i8.cars

are used to transfer passengers in this line, which has 12 stations (STM 2017).
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3.4.4 Data collection methods

In our case study, RH (%), temperatut€)( accelerationrt/s’), noise (LAeq @B)), CO: (ppm)

and lighting [ux) are measured for the above three lines and for both new and old cars during
winter and summer seasons. Accelerations are collected using a smartphone (iPhone 6). The use
of a smartphone as a tool to collect vibration data is a promising alternative because of its low cost
and easy to use features (Douangphachanh 2013; Scholotjes 2014). Acceleration in three
dimensions ok, y andz is measured by Graphical app (Vernier, 2017), which observes 50 times
per second. As per ISO 2631-4 (2001) recommendafmm$ixed-guideway transit systems,
measurement at the seat/body interface was selected for collecting acceleration siguascie
weighted acceleration was estimated by running MATLAB script (Irvine, 2013) based on ISO
2631. On that basis, measured vibration values are characterized in reference to 95 percent of the
weighted r.m.s for 5-second time intervals. mean measured signals are removed in process of
estimating frequency-weighted acceleration, therefore any phone noise is removed from data. Data
collection for thermal, lighting, noise and €l@vels are done using NODE+ (Variableinc 2017) -

with a rate of one observation per second-and also Casella (Casella 2017), and Vaisala (Vaisala
2017) devices. Data were collected at various dates of the year as well as different times of the day

in the year 2017.

3.5 RESULT AND DISCUSSION

The main findings of this study could be summarized as follows with respect to targeted comfort

factors:
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3.5.1 Vibration comfort

Figure 3-7 presents the 95 percent of the total weighted r.m.s acceleration signals of amold car
Green line Angrignonto HonoréBeaugrand for 5-second time intervals. As presented in this
figure, a similar repeated trend is followedthis journey, which shows changing acceleration
between every two stations and is directly influenced by the speed of metro car. Therefore, when
metro is passing the city center (i.etiates between 15 and 20 min), where stations are closer,
and as such, metro cars cannot reach a higher speed, we could observe lower acceleestion va
Figure 3-8 shows the fluctuation of corresponding vibration index during this journey, showing a

more desirable vibration index for the downtown area.
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Figure 3-7, One sample total frequency-weighted acceleration in Green line
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Figure 3-8, Vibration index for same sample journey in Figure 3-7
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Figure 3-9 compares vibration indices for representative old and new cars operating in the Orange

line (Montmorencyto Céte-Vert). It can be observed that the new car exhibits better comfort

condition throughout this line. In this figure similar fluctuation has been observed for both car

types. Considering the distance between stations, one can conclude that the fluctuations are mostly

resulted from variations in car speed. Therefore, an inspection team could examine thg track b

running the car at constant speed to find the track condition and in the next step, inspect the

vehicles to assess the performance of each car or wagon in terms of vibration.

Figure 3-10 shows the vibration index trends for another sarBplendonto Saint-Miche) in

Blue line. Similar levels of vibration index are observed for this line comparing Green line

however, a slightly higher level of comfort could be observed in this sample journey.

Vibration Index Index
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Figure 3-9, Comparing vibration index for one sample of old and new cars in Orange line
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Figure 3-10, One sample vibration index in Blue line

3.5.2 Thermal Comfort

Figure 3-11 presents thermal (temperature and RH) observations for one sample journey in the
Green line, in the path towards downtowin@rignonto McGill) in winter. RH (%) fluctuations

are associated with the metro-car movement inside the tunnel as well as stops at thelstations.
the beginning, the tunnels are closer to the surface and hence colder; however, the temperature

increases in the subsequent deeper tunnels and this contributes to dropping of the comfort index

values (Figure 3-12
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Figure 3-11, One sample temperature (°C) and RH (%) measurement in Green line
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Figure 3-12, Thermal comfort index for same sample journey in Figure 3-11

Another sample journey is selected in Orange line from downtown heading to north-east
(Bonaventurgo Montmorencyto further compare old and new cars (Figure 3-13). This sample
shows that the old cars haaenore uncomfortable thermal condition. Despite improvements, the
new cars still present an uncomfortable environment in most situations. i$hereseparation
between wagons in new sawhich allows the air télow through the vehicles. This contributes

to commuters feeling more comfortable in warm weather inside metro vehicles in winter. This is
in line with Srivajana (2003) study that showed the fact that in hot and humid climates, higher air

velocity is preferable; however, it has not been measured in this study.
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Figure 3-13, Winter comfort index for one sample of old and new cars in Orange line

59



3.5.3 Lighting, noise, and air quality level

Old cars were found to suffer from low levels of lighting. Measurements showed that there is less
than 200lux inside the old vehicles in all routes. The new cars are very bright and easily satisfy
the 300hux threshold. LAeq in old and new cars are 75-80 and less thaiB, T&spectively. Lower

levels of noise can be observed in the downtown asezars run slower due to shorter distances
between the stations. There is a correlation between crowding and air quaity{@@ever, even
during the rush hour, the level &0, concentration is less than 6@Pm. This shows that in
comparison with many other metro systems, passengers experiencer kel@vof density, and

thus, higher levels of comfort.

3.5.4 Overall comfort

In this section, lines and cars are compared in terms of different comfort factors to establish an
overall level of comfort. For each factor, several observations have been collected in.aldines
such, an average index can be calculated as summarized in Table 3. The results revealithat old ca
in the Blue and Green lines have almost similar levels of vibration, while old cars in the Orange
line present the lowest level of comfort. In Orange line, higher accelerations for this car type could
be resulted depending on vehicle or track condstidfor new cars, the vibration index drops to
0.835. In this case, it could be concluded that track condition has impacted the level of vibration
comfort. Two significantly varied levels of thermal comfort in winter and summer were observed
Results for summer show that a higher comfort level can be observed for most of the journeys,
while in winter, cars are often overheated and thus uncomfortable. This condition is exacerbated

by Montreal's city weather condition, which is very cold in winter and moderate in summer. During
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winter due to the level of clothing, a lower temperature is preferable, while in most journeys the

monitored temperature was higher than 25°C.

Table 3-3, Comfort assessment summary results for Montreal metro

Line Green Blue (cc))lrdag%?) (l\?e rv?/ng;r)
Vibration () 0.67 0.69 0.61 0.83
Thermal Winter 1) 0.46 0.43 0.60 0.64
Thermal Summert) 0.97 0.97 0.99 0.99
Noise ) 0.60 0.60 0.57 0.70
Lighting (1) 0.60 0.51 0.63 1.00
Air Quality (a) 1.00 1.00 1.00 1.00

Observations also show that new cars are not associated with a high level of noise comfort and
only aslight difference was observed between old and new cars. As seen in the above, the old cars
could not provide comfortable levels of lighting, while new cars provide a more comfortable
environment for reading. As it was discussed earlier, air quality is not a critical concern for the

level of comfort in this case study.

Basically, it is not easy to establialweighting systento combine comfort indices and arrive at

an overall comfort index() as the passengefs SUHIHUHQFHYVY FRXOG YDU\ JUHD
gender, travel distance, etc. Thus, a sensitivity analysis is conducted to elaborate futttieer on

impact of different weighting approaches that can be adopted for calculat®nTdfis has been

done for a sample winter journey in the Orange IMer{tmorency to Cote-Ventaboard the old

car (Figure 3-14). As it can be seen from Figure 3-14, weighting scenarios caule tha value

of Oyin this sample journey and using equal weights led to highest overall comfort levels.
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Figure 3-14, Sensitivity analysis for weighting comfort factors

3.6 MODEL VALIDATION

As the model was used to compare new and old cars with respect to different factors; a
guestionnaire was also designed to conduct a safidpntreal metro passengers for verification
purposes. Commuters in the Orange and Green lines were asked to evaluate old and new cars in
terms of comfort factors in five qualitative levels from very comfortable to very uncomfortable.
230 and 263 surveysere collected for old and new cars, respectively. To verify the model outputs
and compare them with the outcomes of the survey, scores of 0.90, 0.70, 0.50, 0.3, and 0.10 were
assigned respectively to very comfortable, comfortable, fair, uncomfortable, and very

uncomfortable qualitative judgment to convert survey responses to numerical values.

To reflect on the relationship between the age of respondents and the comfort preference, the
survey targeted two groups of passengers; less and more than 40 years old. It is revealed that 71.4%
of participants were less than 40 Years (Y). AlImost equal Males (M) (52%) and Females (F) (48%)

participated in this survey. However, the survey results show that females assigerdtidonval
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comfort index to old cars. Youngers mostly complained about noise in both old and new cars,
which comes from their higher sensitivity to sound level. Also, impact of noise while listening to
music,apopular choice in urban journeys, is another reason for this feedback. Surprisingly, metro
riders ranked air quality in uncomfortable levels in old cars while almost same scores are observed
for thermal and air quality in both car types. Although it was clarified that thermal reflects
temperature-humidity and air quality means fresh air, it possibly comes from mixing these two

factors by interviewers (Table 3-4).

Furthermore, when passengers asked to select the most important comfort factor, the thermal and
air quality factors were given the highest weight. Further, comparing malesl ifeiID O HV |
preference shows that females ranked thermal and air quality factors much more than males, while

vibration has the highest rank for male (Table 3-4).

Table 3-4, Online survey feedback summery

Old Cars New Cars W (%)
Comfort Factor _ /| 40l ave. | M | F |<40|>40| Ave. | ™ F | <40 | >40 | Ave.
Vibration ¢) | 0.49 | 0.53| 0.51 | 0.50| 0.50| 0.75| 0.78| 0.76 | 26.13| 15.79| 21.18| 14.08| 17.63
Thermal ) | 0.45| 0.46| 0.46 | 0.49| 0.42| 0.71| 0.74| 0.72 | 21.62| 30.70| 27.06| 33.80| 30.43
Noise f) | 0.39 | 0.46| 0.42 | 0.41| 0.41| 0.64| 0.71| 0.68 | 17.12| 15.79| 19.41| 14.08| 16.75
Lighting () | 0.52| 0.54| 0.53 | 0.51| 0.53| 0.79| 0.77| 0.78 | 6.31 | 7.02 | 5.29 | 7.04 | 6.17
Air Quality (a) | 0.43 | 0.44| 0.44 | 0.45| 0.42| 0.69| 0.72| 0.70 | 28.83| 30.70| 27.06| 30.99| 29.02

By considering a 95% confidence level 8% margin of error (), the maximum observed

Standard Deviation (SD)/) (i.e. 0.214) for lighting index in old cars, and using Equation 13, the
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N (sample size) would be estimated at 195 samples, which is less than the number of collected

survey responses:
0L22H s (3-14)

Table 3-5 provides a comparison of survey and model results for old and new cars. Since 100%
satisfaction is not achievable, in the most comfort factors, the model estimated higher index as was
expected. The survey was done in winter; therefore, thermal comfort assessment for this season is
compared with feedback. Thermal factor in new cars should be increased considering airspeed as
was discussed earlier and that probably caused higher grades for air quality in the new cars.
However, a more accurate judgment could be done in future have both summer and winter survey
feedbacks and considering airspeed. Although a higher standard level of lightinixB80
prepared in all new cars, still some commuters are not fully satisfied. Onli @@asured in this

research for air quality assessment; however, in future studies, more indicators could be assessed.

Comfortability and uncomfortably in one or more factors could influence others due to mutual
relations and it could be seen in this table that similar scores are assigned for all factors in each
type of car by commuters. In new cars, riders experience the more comfortable environment in
most factors and the mutual relation among factors possiblyedgulscoring higher noise level

by commuters. The overall level of comfort is estimated based two weighting systems; equal

weights and survey-based weights as reflected in Table 3-5.
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Table 3-5, Comparing model and survey outputs (comfort indexes)

Comfort Factor Old Cars New Cars

Model | Survey| Model | Survey
Vibration () 066 | 051 | 0.83 | 0.76

Thermal ) 050 | 046 | 0.64 | 0.72

Noise f) 0.59 | 0.42 | 0.70 | 0.68

Lighting () 058 | 053 | 1.00 | 0.78

Air Quality @ | 1.00 | 0.44 | 1.00 | 0.70

Overall (Average) 0.64 | 0.47 | 0.82 | 0.73

Weighted Overall

(Survey feedback 0.66 | 0.46 | 0.80 | 0.72

3.7 CONCLUSION

A railway vehicle assessment model was proposed in this study to measure metro car performance
IURP D SDVVHQJHUYV FRBIRheWworR HalM SeHabM tranibit agencies to
guantiitively assess the level of comfort incorporating five critical factors of thermal, vibration,
noise, lighting and air quality. Applying the model to Montreal metro system confirmed that old
FDUV EWFaAQJOBIY¥YHO RI FRPIRUW IR tbnpdrisbH With @QéW deabsk- WihiRiU V

S U H SCobifidrtéble” environment. Vibration is mostly influenced by car speed; however, new
cars braking, and damping systems could control vibration more efficiently. The thermal
assessment indicates that higher levels of clothing and overheated environment inside vehicles
create less comfortable conditions for riders in winter in all car types. Although, the new cars noise

level is graded higher in comparison to old cars; however, as a brand-new vehicles insulation
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system should work more efficiently. A direct correlation between crowding and air quality (CO

was observed. However, passengers generally experience a low level of density.aimd CO
Montreal metro system compared to other major metro systems. A survey of a large sample of
passengers provided a verificationtlud results from the model and revealed the interdependency
among comfort factors. Overall, the passengers considered the thermal and air quality as the most
important comfort factors in Montreal metro cars, while they are not satisfied by old cars and

assigned a comfortable rank to new ones.

The findings of the above assessment could provide feedback and insight for decision-making as
relating to budget allocations for maintenance and rehabilitation of both cars and track assets. Also,
comfort measurements could be applied to the transit modal choices analysis to promote public
transport. The proposed model is applicable to railway systems (underground and surface) and

could be extended for applications in other transit systems such as bus-rapid or Tramways.
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Chapter 4: METHODOLOGY (MODEL II)

OPTIMIZING TRANSIT MAINTENANCE AND REHABILITATION TO SUPPORT
HUMAN DEVELOPMENT AND SUSTAINABILITY: A CASE STUDY OF COSTA
5,&%16 5%$,/52%" 1(7:25.
This chapter presents a decision-making model to governments and municipalities for objectively
distributing the maintenance and upgrading budget among urban railway alternatives that respond
to the improving level of service as well as various dimensions behind human development and
sustainability. This chapter is published by International journal of sustainable transportation:
Mohammadi, A., Elsaid, F., & Amador-Jiminez, L. (2018). Optimizing transit maintenance and
UHKDELOLWDWLRQ WR VXSSRUW KXPDQ GHYHORSPHQW DQG
railroad network. International Journal of Sustainable Transportation, 1-14.
Abstract: Public transportation plays a critical role in improving human development and
consequently the 17 Sustainable Development Goals (SDGs) set by United Nations. Convenient
and efficient transit enable inhabitants to reach labor markets, access social support facilities as
well as health and education services. This study develops a decision-making support framework
for transit agencies to select optimum maintenance, rehabilitation and upgrade alternatives to
accomplish good levels of service and improve human development and sustainability ikdexes.
caseVWXG\ Rl &RVWD 5LFDYV JUHDW PHWURSROLWDQ DUHD LV X
scenarios. The results show that the proposed systeatcomplish significant improvements on
both: level of service and human development. It is also confirmed that the explicit consideration
of human development and sustainability made a significant difference as compared to the classical

approach, which only considers the Level of Service (LOS). The proposed model could be used

by other public transit systems.
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4.1 INTRODUCTION

Network conditionand DYHOHUVY VDWLVIDFW L R @avebtimg, BothfortVaxdF K DV W
safety are critical to transit asset management concerns. Traditional decision-making frameworks
have been increasingly revised in attempts to reflect some of these issues on budget allocation
aimed at improving LOS. This classical approach has been applied and matured cross time since
the 1980s. However, such planning neglects sustainable goals, which infrastructure asset managers
are expected to encourage in order to boost human development (Wu et al. 2012).

Human development is concerned with nurturing human capabilities of the residents through
active participation in processes that improve and shape their lives (UNDP 2016). There is a mutual
relation between human development and sustainability and these two concepts share much in
common (e.g. poverty, good health, gender equality, and quality education). Human development
is in principle what sustainability proponents demand to sustain (Neumayer 2012).

Sustainable transportation plagscritical role in human development and its improvement.
Through economic growth; job creation and reduces poverty; provaticass to markets and

health; empowerment of women and equality in gender, and the well-being of persons with
disabilities and other vulnerable groups as per the 17 Sustainable Development Goals (SDGs) (UN

2016; UN 2016b) (Figure 4-1).
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Sustainable Transi

Sustainability ~ De\'j(;g?rﬂent

Figure 4-1, Sustainable transit impact on sustainability and human development
A sustainable transport system should be convenient and economically accessible. A safe, secure,
resilient, and efficient transportation is vital in middle and low-income nations. Human
development issues and sustainability challenges are commonly addressed in transportation
projects that seek the expansion of the network while developers try to accomplish SDGs through
the modeling of demand and future needs. Although transit-oriented objectives, such as LOS, play
a critical role in classical decision-making for existing transportation networks; they could also be
managed in order to improve sustainability in the regions served. The nsistffeotive
alternatives could be selected by transit asset managers in maintenance and rehabilitation plans to

improve LOS as well as to advance human development and sustainability.

4.2 LITERATURE REVIEW

Despite this significant potential, sustainable transport has not been given adequate recognition
(UN 2016b). Many types of research proved the role of mature transportation in developing
sustainable factors such as environment, health, employment, and poverty. For instance, the

impacts of expanding public transit on traffic congestion, air, and noise pollution are undeniable
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in the literature. Syed et al. (2013) conducted a systematic literature review of 61 studies in the
U.S. to investigate the association between transportation barriers and health care issues such as
rescheduled or missed appointmenislayed care; and missed or delayed medication use. The
study concluded that transportation issues are a significant barrier to healthcare access |yparticular
for low-income groups. Thomas et al. (2018) studied the association between access to
transportation and diabetes care visits. A zero-truncated Poisson regression model was applied to
assess the independent effect of using reliable transportation on the number of diabetes care visits.
The model showed a positive association between the use of transportation and the number of
visits. Grant et al. (2016) conducted a sturdyennessee and Mississippi and concluded that each
year 4% of children in the U.8niss an appointment due &shortage of transportation. In addition

to missed appointments, poor management of chronic conditions, problems with the filling of
prescriptions and preventable use of emergency room were reported to be associated with
transportation efficiency.

Kenyon (2011) highlighted the effect of poor access to transport and low mobility on education
exclusion. The results suggested that inadequate access to transport is a substantial barrier to good
achievements in higher education. Economic and human development have been proved to be
correlated to the extensiveness of civil infrastructure especially roads (Amador-Jimenez and Willis
2012). Taruna Shalini and Boopen (2011) Bachadan and Feng (2004) concluded thansit

system is a tool for poverty alleviation in urban environments.

In the meantime, several types of research have proved the positive relation between improving
the transportation system and employment rates (Sanchez 1999; He et al. 2014). Thakuriah and
Metaxatos (2000) conducted a study to assess the role of transportation and residence location of

welfare females in their ability to participate steadily in the labor force. The link between residence
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and employment locations was analyzed by D. B. Hess (2005) and improving public transit in low-
wage jobs regions was recommended. Lichtenwalter et al. (2006) and Fletcher et al. (2010) indicate
the role of reliable transportation in providing access to employment for low-income families.
Finally, Terenteva et al. (2016) proved the contribution of accessibility to transit systems, job
creation and attraction of investors.

The Recent framework developed by Mohammadi et al. (30a&posed the creation @f
decision-making for fighting poverty through a rescue of an abandoned transit system; however,
this model addresses only employment factors. LOS as a critical objective, asset deterioration, and
population change are ignored in the analysis.

As seen the state of art supports a direct relation between sustainable transit system and human
development; however, there is a lack of a decision-making system that supports its
implementation as guided by human development factors and that is capable of helping
governments and municipalities to allocate their budgets in a cost-effective manner. The main
objective of this study is developing such decision-making framework for transit agencies to select
optimum alternatives while addressing LOS and improving human development and sustainability

across regions.

4.3 METHODOLOGY

Optimum solutions for transit asset management seeks to prioritize among different alternatives
on the basis of common indicators for LOS as are described in Figure 4-2. In addition, sustainable
development factors such as poverty, health, education, environment, employment, and gender
equality could be part of the decision-making to reflect current/future issues and optimize budget

distribution in order to improve LOS as well as sustainability.
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Figure 4-2, Transit asset management decision-making model

Hence, transit planners will assign the budget to improve LOS and public transit could provide
cheap, fast, reliable and safe modes for fragile individuals to have better access to the job market,
education, and health services while reducing gas emission and air pollution. In this study, human
and sustainable development goals are translated into tangible targets that could be optimized
through a mathematical framework and give an opportunity to municipalities and governments to
objectively distribute available budgets to improve LOS while respecting sustainable

development.
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4.3.1 Human development assessment

Human development and sustainability in urban and rural communities could be achieved by
improving several interdependent indexes, which are defined by UNDP (2016). In terms of transit
infrastructure, some goals could be attained by already existing networks through asset
management plan that can be proposed by 8 indexes of the environment, poverty, education,
health, employment, gender equality, mobility and financial flow in this research.région
vulnerability respecting these indexes will be assessed and priority in maintenance and
rehabilitation tactical/operational planning is given to the most vulnerable districts. Generally,
there are complicated relations between socio-economic indicators while improvement or
weakness in one indicator could impact on several indexes. For instance, changing in illiteracy rate
advances education as well as enhances health knowledge. Therefore, indexes and indicators in
this study are defined as global; however, each transit agency could set its own indexes and
corresponding indicators considering strategy and policy. Table 4-1 summarizes the main

components of human development assessment.
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Table 4-1, The main indexes and corresponding indicators for human development
assessment

Index Indicators
Levels of Air pollution
Levels of Gas emissions
Levels of Energy usage
Percentage of Clean energy usage
Poverty gap
Poverty Poverty severity
Gini index
Rate of public schools per capita
Average years of schooling
llliteracy rate
Number of students in the upper degree
Rate of public hospitals per capita
Life expectancy
Health Mortality rate for less than 5 years of age
Percentage of insured people
Percentage of population with disability
Unemployment rate
Employment Job Accessibility
Female/male ratio in illiteracy
Female/male ratio in high education leve

Environment

Education

Gender Female/male ratio in morality
equality Female/male ratio in income
Female/male ratio participating in the labg
force

Number of international students
Internet users
Immigration rate
Number of Tourists
. . Region export/import
Financial ——
Region investment rate
Flow -
Agricultural area

Mobility
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Mathematical approach

This study uses a common and easy to understand mathematical approach to estimate indicators
and indexes in a hierarchical method. The defined indicators are observed for each region and
results are normalized by feature scaling to bring all values into the range [0,100] in order to be
comparable. Zero indicates the lowest level of sustainability and highest priority for improving
public transit. For instance, the region with the highest unemployment rate will be scored zero
(Equation 4-1).

(€488 U840
62062840640

KNsrrH |'s Foadéaleso, (4-1)

& avlesSrrH
Vatlas 162082820840

Where §; 4+ig normalized indicatoj for indexi in regionr, xijr is the measured variable for

indicatorj in regionr, xmax; and xmin; are the maximum and minimum observed value for
indicatorj in all regions According to Table 4-1, for each regian in this study, 8 indexes and
30 indicators jj could be estimated. To integrate indicators of each intex & weighted

geometric average (Equation 4-2) could be used, whihthe corresponding weight to indicator
j that reflects the importance degree of each indicator. When all weigh&r¢ the samét can

be simplified agEquation 4-3:

~ - 5x~»
+J @AF bak AL gh&apsg 08O (4-2)

sk 8 Aé @lg% 4 Pa3 (4-3)

Estimated indexes for each region should be assigned to public transit projects to be analyzed in
the decision-making approach (Figure 4-3). Thus, an averaging method is defined to transfer

regions indexes to the corresponding railroad segment. For this purpose, the population in each
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region and its distance to public transit are used to reflect the degree of priority and potential
benefit. Based on closest distance, region indexes are assigned to each railroad or bus route
alternative (segment) as shown in Equation 4-4. Finally, Equation 4-5 calculates the Human
Development Index (HDI) for each segment, which will be then used in the optimization model

described later.

Avos by
*Ua%ek—j;@ (4-4)
V0 gy
*& L ol Al oW vae (4-5)

WhereH;isis human development indexor segmens, | shows estimated indéxn regionr, Pr

reflects population anB; presents closest distance of the geographical center to transit segment
in the region N B 4espectively. Regions are assigned to the closest segment to set affected
regions groupKs) for specific segmerd Finally, HDI for each railroad segmeiits] is estimated

by Equation 4-5 respecting the inésxveight ( ;). Figure 4-3 shows a sample railway segment

(s) with 4 assigned regions.

Region (1)

Population (F.)

Geographical Ce.nter for region(r)

Figure 4-3,Sample railway segment (s) with 4 assigned regions
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4.3.2 Serviceability assessment

Each transit alternative (segment) needs to be scored based on classical factors associated to the
ability of the railways to provide adequate service, which in turn comes from the overall asset
condition, its structural integrity, risk of collapse and perceived ride-smoothness. The literature is
rich in serviceability assessment, also refer in some cases beyond the common association to
saturation flows, delays and queues at intersections or roadway segments. Level of Service (LOS)
assessment (Fraszczyk et al. 2016; Shatnah 2016) for one or more factors could be selected

to represent transit segment LOS. In this study, one unique index is used. However, it is not the
main goal to further characterize or measure the LOS. Hegads,defined as LOS of segment

in yeart.; for which the ranges of 90-100 represent very good, 70-90 Good, 50-70 Fair, 30-50 Poor

and 0-30 Very Poor.

4.3.3 Optimization model

A mathematical optimization model is developed to increase LOS while improving human
development and sustainability in different regions cross time and achieve optimum benefits in
budget distribution and rehabilitation planning. Optimum solutions for each year are chosen by
selecting the most cost-effective intervention to public transit segments while respecting the
available budget. Dynamic binary linear programming with a decision vaiabis used in this

study to find the set of best options. The model objective increases both LOS and human
development index, which is subjected to the available budget. Each year the decision binary
variable ¥st) could be actioned to improve LOBI{;) or human developmentl(s:) based on the

corresponding applicable treatment, which also considers the decay ofLld&}5of human
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development Kdst ) through time, for each segment. Equations (4-6 to 4-10) present the

mathematical approach for optimization model.

[#::0:1*&# E U1.15;; L BALGSHH i E VAL S lesd *ic (4-6)
With
sk ek racHm BOHE KS FefKescolb . @ & 4-7)
“eal lekleacEB B HE ks FaipkEacos * @ g (4-8)
Sledk il =IGHLp (4-9)
Subjectto:r OAL g% 4 HQ $ (4-10)
Where:

) \S EB?PEKR=GRIOACIAXRI OBA UA=N P 411
EE rEBK=?PEKJ RFGACIABIRDA UA=N P ( )

OHDI;= Overall HDI in the influenced regions in the year t

OLOS= Overall railroad network LOS in the year t

Lst=LOS of segment s in the year t on a 0 to 100 scale

Hst= Sustainable development index i of segment s in the year t on a 0 to 100 scale

Cs.t= Unitary cost ($) of rehabilitation action of segment s in the year t

List & His= LOS and human development improvement percentage from a year (t-1) to the year
t for segment s

Lds:& Hdst=Dropped portion of LOS and human development percentage from a year (t-1) to

the year t for non-selected segment s
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wlsandwpst 6 KRZ WKH VHIJPHQWYYV ZHLJKW LQ WKH lépgt (¥ RUN IR
and for human development based on served populatignb{Psegment s in the year t.

and/ S5HOHYDQW ZHLJKW IRU /26 DQG KXPDQ GHYHORSPHQW
B:= Available budget in the year t.
Intervention effectiveness and deterioration for transit infrastructures such as road or railway
segment have been commonly studied; however, in this study, it is needed to predict improvement
or decay for human development index as a result of railway quality changes. Futuréresearc
could be done to explore this multi factors relation between transit system and human development
in regions.
For the purpose of this study, HBxhd railroad quality were collected for more than 120 countries
around the world as released by UNDP (2016) and World Bank (2017). Both factors were
normalized into a range [0,100] and ranked for the year 2015. Table 4-2 shows the first ten
countries in terms of railroad quality, which have higher than 90% HDI. Figure 4-4 shows the
direct impacts of transit condition. It compares 126 countries HDI and railroad quality and as it
can be seen, the best fitted linear trend could be asdigtieelse two factors. Therefore, it could
be concluded that 10% improvement or decay in LOS could lead to 4.362% impactdi@r.the
This ratio could be customized and precisely defined by transit agencies based on miand-data a

local observations.
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Table 4-2, The best 10 railroad quality in whole of the world

Rg‘gﬁfd Country Railroad Quality (%)| HDI (%)
1 Japan 95 90
2 Switzerland 93 94
3 Hong Kong 89 92
4 Spain 82 88
5 Finland 80 89
6 France 80 90
7 Netherlands 78 92
8 Singapore 78 92
9 Germany 76 93
10 South Korea 76 90
100 -
OO0~ e
90 - 0o © X0 M8 5.5 0%
o o) o) O T
o ©° o 00 0 o0 00.Q.
80 b %o 2 gg S O...---CS""& ©
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Figure 4-4, Countries railroad quality and HDI comparison

4.4 CASE STUDY AND DATA COLLECTION

This model is applied to Costa Rica railway network (Figure 4-5). This network does not have
proper coverage and was closed many years ago. Recently government started the operation and

given that the tracks presemhigh degree of deterioration, reconstruction must be done for each
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railway segment infrastructure. In a first phase, the tactical question would be which rail segment
to be refurbished first in order to improve OLOS as well as regions sustainability. Poorly connected
bus routes and road network in this developing country emphasizes the urgent need to boost the
old railway network to offer accessibility of cheap, safe, and fast transit mode, partitardéoly

and middle-income travelers.

Costa Rica Railway Network "

A

0 15 30 60 Kilometers

ID Name of Segment

1 SanJose - Cartago - Paraiso
2 Alajuela - SanJose - Heredia
3 Ciruelas - Balsa

4 Belen SanJose Pacifico

5 Balsa - Salinas

6 Paraiso - Casorla

7 Puntarenas — Caldera - Salinas
8 Sur

9 Casorla — Las - Juntas

10 Limon

11 Limon(2)

12

Sur(2)

Figure 4-5, Costa Rica railway network

Table 4-3 shows interventions applicability and cost issued as part of the decision-making model
EDVHG RQ UHJLRQDO LQW H UMihdd Baibténéndd [r8lHdeavail §rinddgsane® H Q W
replacement of damage in rail tracks. Major maintenance concentrates on the horizontal and
vertical realignment of a portion of the route, hence involving major changes for the tracks.

Reconstruction is required when the need for maintenance has been ignored leading to full sections
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exhibiting dangerous components fully deteriorated. Table 4-3 presents the impact of each
treatment in LOS gain and has been calibrated to reflect effectiveness and cost of preventive
actions. Also, the U.S. department of transportation deterioration rate for the railway is used for
this analysis (US 2007). Statistical data and observations for social and economic indicators are
collected from two main sources of (Knoema 2017) and (INEC 2017) for the year 2011. Also, in
this study population rate changes in each zone and inflation rate (3% per year) are cotwsidere
make the result more realistic. A five-kilometer buffer is used in the optimization model for the
effect of railways on HDI since many regions are far from the railway segments and could not be
LQIOXHQFHG E\ LPSURYHPHQWY RU GHFD\ RQ LW 7UHDWPHQ
zone distance, and population growth rate should be customized for the application in other
metropolitan areas. Per instance the availability of first mile/last mile facilities, such as park and
ride lots, the degree of multimodality, the weather, and the local idiosyncrasy could change the
buffer zone distance.

Table 4-3, Treatment windows for railway segments

LOS (%) Treatment LOS Gain Cost
Lower Upper (%) (US$/km)
90.01 100 Do Nothing 0 0
70.01 90 Minor Maintenance 30 100,000
40.01 70 Major Maintenance 60 1,250,000

0 40 Reconstruction 100 5,000,000

4.5 RESULTS AND DISCUSSION

4.5.1 Sustainable development assessment

Five hundred and twelve regions of 89 areas in 7 provinces are assessed in terms of human

development indicators and indexes are estimated by Equations (1) to (3) for the whole of the
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country. Local observations indicate that for the majority of gender equality indicators, women

have already reached an equal or better than men level; however, a significant difference is found

for the participation of male and female in the labor force thatc@u EH H[SODLQHG E\ ZF
responsibilities at home for taking care of children. Safe and secure transit system gives chance to
more women to use daycares located in other regions and be part of the labor force. Thus, only
this indicator is used to reflect gender equality for Costa Rica in this research. In terms of
environmental issues, big differences between regions were not observed and this factor is
removed from the analysis. Figure 4-6 summarizes indexes and corresponding indicators for Costa

Rica regions assessment.

Human Development Assessment
in Costa Rica for each regior) (

v v v v v
Poverty Education Health Employment Gender
(Il,r) (IZ,T) (IS,r) (|4,r) (IS,r)
— ———— 1 I
Poverty gap ||| yiteracy (X Neonatal Deaths Unemployment Labor Force
XKy Y e (Xs1.0) Rate &,.1,) Ratio(Xs 1,)
Poverty Severity Years of Infant Deaths Job Accessibility
> v P  Schooling > ve "
(Xl,z,r) 2 (x3,2,r) (x4,2,r)
(XZ 2 I’)
Gini Index University | |,| Insured Rate
(Xiay) > Degree (Xs,3.)
(%22, Disability
»  percentage
(XS 4 r)

Figure 4-6, Indexes and corresponding indicators for Costa Rica regions

Figures 4-7 to 4-10 present the assessment model results for the four indexes: employment, health,
education, and poverty for the whole country through Arc Map platform. The Zoomed frame in
these figures for the metropolitan area (San Jose) shows lower (worse) employment index on the

certral part (capital city) that could be translatedaldyigh density of population in San Jose city,
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while many far areas have better rates of employment due to less population as well as good job
opportunities mainly in agricultural production. As it could be expected, regions surrounding the
capital city have better health conditions in comparison to marginal regiaregt seme small

regions with very high rates of infant and neonatal death (Figureeti8gation index in the whole

of the country emphasizes that improving access to high-quality education for many provinces
should beavital objective (Figure 4-9). Finally, poverty assessment indicates that level of poverty

in north and south districts in comparison to middle regions (Figure 4-10).
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Employment index assesment

' - 40.1-60.0 Mediocre
| 60.1-80.0 Good
80.1-100 Exceptional

Figure 4-7, Employment index assessment for Costa Rica
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Health index assesment

Figure 4-8, Health index assessment for Costa Rica
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Education index assesment

100 Kilometers

I 40.1-60.0 Mediocre
‘ 60.1-80.0 Good

| 80.1-100 Exceptional

Figure 4-9, Education index assessment for Costa Rica
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Poverty index assesment

Figure 4-10, Poverty index assessment for Costa Rica
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Table 4-4 presents the assessment model results for railway segments (Equation 4-4). As was
discussed, central railway segments (San Jose metropolitan area) have low employment index
(almost 40%), while people in these crowded areas are benefitecafinagher quality of life.

Sur’ segments have acceptable employment probably in the agricultural sector; however, are very
poor in several factors. Except for a few segments, the overall trend shows that in central regions
around the capital city, employment becomes a critical issue, while in marginal districts people are
suffering from many human development and sustainability factors such as health, education, and
poverty.

Table4-4 &RVWD 5LFDfV UDLOZD\ VHIPHQWY DQG KXPDQ GHYI

. I Pr Employment| Health | Education| Gender| Povert

Railway Segment (km) Py crrlgtnege p(a;/ (b) © d © y
SanJose-Cartago-Parais( 27 | 315,403| 1.040 39 76 57 75 81
Alajuela-SanJose-Heredig 29 253828 | 1.047 37 58 57 71 81
Ciruelas-Balsa 15 74,427 | 1.063 52 54 54 52 71
Belen-SanJose-Pacifico| 26 406349 | 1.044 44 11 74 76 78
Balsa-Salinas 47 41,763 | 1.066 62 71 19 31 62
Paraiso-Casorla 54 27,850 1.023 48 81 22 25 58
Puntarenas-Caldera-Salin{ 27 10,092 1.072 55 63 25 34 60
Sur 47 31,112 | 1.055 87 64 13 26 19
Casorla-Las-Juntas 20 5,515 1.033 60 82 10 16 41
Limon 30 25,744 | 1.080 50 76 8 17 36
Limon (2) 60 37,902 | 1.046 39 73 8 20 25
Sur (2) 60 15,282 | 1.039 72 0 7 25 0

Different levels of criticality could be assigned to various indexes (Equation 4-5). Sensitivity
analysis is done to evaluate how segment human developmenthtidkki§ sensitive to selected
weights and results are presented in Figure 4-11. In this case study, there is not arsignifica

difference among weighting alternatives and equal weight represents average expectations.
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Figure 4-11, Sensitivity analysis of index weights fadDl s

4.5.2 Optimization model results

The decision-making model finds the most cost-effective solutions based on assessment model
outputs and available budget. Analytic solver platform (FrontlineSolvers 2017) software is used
for mathematical optimization. Railways are set to 40% LOS as the current value in lack of more

accurate assessment.

Optimum budget

The first challenge for the government would be to identify the optimum budget in order to increase

OLOS as well as OHDI in the analyzed regions. Additionally, maintenance and reconstrfiction o
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railway infrastructure have a nominal cost that is expected to increase following an expected 3%
inflation rate. US$60 million per year (50% of the gasoline excise tax) is used as starting budget
to be assigned by the government and since all segments are longer than 12 km, the model is run
for periods of five year. Four scenarios of budget availability including US$ 60M, 3Q0DM,

and 120M per year considering same criticality weigh( /) are analyzed to find the optimum

budget (Figure 4-12
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Figure 4-12, OLOS for four scenarios of budget availability

Figure 4-12 indicates that to accomplish an acceptable trend of improvement at least US$
100,000,000 per year should be invested to experience high OLOS (80%) in the whole network
after 30 years of investment. The change in slope towards the end of the analysis period comes
from two elements: first, the analysis is done for every 5 years, and secondly, it is attributable to
the budget availability and increased cost due to inflation. Until year 25 of the analysis, all budget
scenarios picked up at least one reconstruction and some minor maintenance actions in each step
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of the decision-making. 5, 4, 3 and 1 segments were left and had not been selectetd $$ the
60M, US$ 80M,US$ 100M, andJS$ 120M scenarios, respectively. In the last time-period (year

30), theUS$ 60M andUS$ 120M scenarios were unable to use the available budget since the
reconstruction cost for the remaining (not selected) segments is more than the availablerbudget. |
these scenarios, only minor maintenance could be applied to the other segments based on their
conditions, which led to dropping LOS values. However B8 80M andUS$ 100M scenarios

still could pick one new segment for reconstruction and this resulted in improving level for the
US$100M and near constant level for ti8% 80M. In simple terms, it comes from the fact that

the network has undergone a stabilization and reached a steady-state-like plateau.

Figure 4-13 shows that even US$60M per year could make a significant impact on human
development; increasing the OHID to more than 80%. The model tries to increase objectives by
selecting segments in densely populated areas, which result in improved sustainability factors
rather than OLOS. Model actions lead to LOS improvement in crowded areas, which goes along
ZLWK WKH VWXG\ REMHFWLYH KRZHYHU WKH RYHUDOO QHYV
Another point could be highlighted: after 15 years, sustainability does not change greatly when
shorter and more crowded segments are already in operation, however the model concentrate
resources in protecting their condition rather than assigning budget to long segments in low
population regions. Therefore, from the sustainability point of view, assigning the available budget

to other transit modes such as bus-routes might be a more effective solution; however, such

network was unavailable and left outside the modeling scope of this paper.
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Figure 4-13, OHDI for four scenarios of budget availability

As shown, it is achievable to improve both objectives simultaneously; however, transit agencies
are expected to give priority to LOS. Thus, another analysis is done with US$ 100M per year to
compare OLOS of the network while model ignores human development objective and measures
the explicit impact of its consideration. The results in Figures 4-14 and 4-15 indicate that in these
two scenarios, transit agencies reach almost the same LOS regardless of considering human
development in planning or not. However, significant improvement in HDI could be achieved by

explicitly including it in the planning as proposed by this study.
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Figure 4-14, Comparison of OLOS in combined-objective and only LOS objective
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Figure 4-15, Comparison of OHDI in combined-objective and only LOS objective

4.5.3 HDI improvement and railroad maintenance actions in 100MUS/year scenario

Optimization results of the US$100 million per year scenario are discussed in this section in both
views of transportation planning and human development. Table 4-5 shows intervention actions
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for 30 years of planning. As it was mentioned earlier, segments need to be reconstructed in the
first action and after 10 years model assigned minor maintenance, which is a common approach in
railway maintenance in this period of time. In the first round, the model selects the same three
segments that the Costa Rica government has recently chosen to put back in service, and this
validates the model. It could be predicted that after two times assigning minor actions, the segment
will need major rehabilitation. Selecting sequential segments may result in better mobility and a
future study could address coordination in the decision-making process. Table 4-6 compares
starting point and 30 years planning for all segments in terms of different indexes. Except for two
left segments (Balsa-Salinas and Paraiso-Casorla) in Table 4-5, acceptable improvement could be

seen in all segments.

Table 4-5, Planning treatment actions for railroad segments

Railroad segment/Years| 5 10 15 20 25 30
SanJose-Cartago-Paraiy Recon. - Mln_or - Mln_or -
Main. Main.
Alajuela-SanJose- Recon i Minor ) Minor )
Heredia ' Main. Main.
Ciruelas-Balsa - Recon. - Mln_or - Mln_or
Main. Main.
Belen-SanJose-Pacificg Recon. - Mln_or - Mln_or -
Main. Main.
Balsa-Salinas - - - - - .
Paraiso-Casorla - - - - - -
Puntarenas-Caldera- Minor
) - - Recon. - - .
Salinas Main.
Sur - - - - Recon. -
Casorla-Las-Juntas - - - - - Recon.
Limon - - Recon. - - Mln_or
Main.
) Minor Minor
Limon (2) - Recon. - Main. - Main.
Minor
Sur (2) - - - Recon. - Main.
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Table 4-6, Indexes (%) comparison in starting points and after 30 years

. Employment Health Education Gender Poverty
Railway Segment

YO | Y30 ] YO | Y30| YO |Y30]| YO |Y30]|YO]|Y30

SanJose Cartago Paraisq 39 68 76 | 100 | 57 86 75 | 100 | 81 | 100
Alajuela SanJose Heredig 37 71 58 92 | 57 | 91 | 71 | 100 | 81 | 100
Ciruelas_Balsa 52 95 54 97 | 54 | 97 | 52 | 95 71 | 100
Belen SanJose Pacifico | 44 82 11 49 74 | 100 | 76 | 100 | 78 | 100
Balsa_Salinas 62 56 71 65 19 | 14 | 31| 26 | 62 | 56
Paraiso_Casorla 48 43 81 75 22 17 25 19 58 52
Puntarenas_Caldera_Salinl 55 | 100 | 63 | 100 | 25 71 34 | 80 60 | 100
Sur 87 | 100 | 64 99 13 | 47 | 26 | 60 19 | 54
Casorla_Las_Juntas 60 99 82 | 100 | 10 49 16 55 41 80
Limon 50 96 76 | 100 | 8 54 | 17 | 63 | 36 | 82

Limon (2) 39 97 73 | 100 | 8 66 | 20 | 78 | 25 | 83

Sur (2) 72 | 100 0 48 7 56 | 25 | 74 0 48

Note: YO denotes current condition and Y30 denotes after 30 years condition

The model impacts for employment and poverty indexes in the central part of the country are

compared to 5 and 15 years of network improvement in Figures 4-16 and 4-17. As it can be seen,
both indexes have been improved even in the short time in this crowded part of Costa Rica. More
sustainable regions with access to job opportunities and quality education for all ages can be

expected.
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Employment Assesment Current
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Employment Assesment After 15 years
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Figure 4-16, Employment assessment, current, after 5 years, and after 15 years
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Poverty Assesment Current
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Figure 4-17, Poverty assessment, current, after 5 years, and after 15 years
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4.6 CONCLUSION

Sustainable transport plays a critical role to progress the United Nation (UN) 2030 sustainable
development goals and it could be achievable through improvements in public transit and human
development. A novel framework is proposed to help governments and municipalities select the
most cost-effective alternatives in maintenance and rehabilitation of transit networks in order to
improveLOS in transportation systems as well as advance human development and sustainability.
This framework assesses human development and sustainability through several indexes and uses
them on an optimization model, which distributes the available budget to the most vulnerable
regions first in terms of both services and human development factors such as health, education,
SRYHUW\ DQG HPSOR\PHQW $ FDVH VWXG\ Rl &RVWDNFLFDTV
the approach. The results show that tHe) s not sensitive to the indexing weights used to
combine human development or sustainability indicators. It is also found that the model could
improve both objectives: LOS and human development. LOS increased gradually in all scenarios;
however, significant changes are achievable with at least US$100 million per year. Meanwhile,
sustainability is suddenly improved in the first 5 years in all scenarios because the most impacting
transit lines are placed to work attending a good percentage of the urban population. It is also
confirmed that with the same budget and explicit formulation containing human development
indicators (in addition to LOS) can accomplish same LOS but many superior values of HDI. With
US$100 million the model selects first the same three segments that the Costa Rica government
has recently chosen to put back in service. The proposed model could be used by all existing publi
transit networks such as Tramway, Bus Rapid Transit (BRT), Light Rail Transit (LRT), traditional

buses and metro to guide planning for their upgrade or expansion.

99



Chapter 5: METHODOLOGY (MODEL Il1)

RELIABLE, EFFECTIVE AND SUSTAINABLE URBAN RAILWAYS,
A MODEL FOR OPTIM AL ASSET MANAGEMENT

Chapter 5 fills the main identified gap in the literature regarding, which is lack of a comprehensive
and efficient decision-making (optimization) model for maintenance, renovation and upgrading of
urban railway systems. Developed models in chapters 3 and 4 can also be used in developing this
model in order to address literature gaps, transit agency concerns, and society needs. This chapter
is written in a paper format and is under review by the journal of construction engineering and
management (ASCE).

Mohammadi, A., Amador, L., and Nasiri, F. (2019). Reliable, effective and sustainable urban
railways, a model for optimal asset management, Journal of construction engineering and
management (ASCE)(Under submission process)

Abstract: Urban railways play a critical role in the daily life of citizens. However, extensive
deterioration of mostly aged systems complicates the management ofinthemping with
increased demand and the restricted upgrade and renewal budgets. The main objective of this
research is to develop a comprehensive decision-making model for managing urban railway
systems with the aim of maintaining the highest level of convenience, safety, comfort and
reliability in the movement of passengers in a metropolitan area. By considering ridership
fluctuations and network expansion scenarios, the proposed model integrates the current and
expected future usage rates into the decision-making process. Montreal metro system was
considered as the case study area. The results indicate that proactive maintenance sisheduling
able to save up to 25% of the cumulative expenditure during a 20-year horizon while improving
the overall performance of the system. Comparing the decisions proposed by the model and the

government plan for this network serves as a means of presenting the applicability for the model.
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The proposed model is applicable to rail rapid transit (underground and surface); Light Rail Transit
(LRT); and suburban trains as well as Bus Rapid Transit (BRT) and provides guidance for
maintenance, upgrade, and expansion of these systems targeting improvements in their

convenience, reliability, and ridership.

5.1 INTRODUCTION

Worldwide millions of passengers expect fast, competitive, and reliable transit systems for their
daily transportation. Maintaining urban railway systems as critical and complex transit
infrastructure with different types of facilities (rail cars, stations, tunnels, etc.) and many
subcomponents geographically dispersed across the network, is a challenge for governments and
municipalities. Meanwhile, extensive deterioration of already aged systems complicates the
management of the network while coping with increased demand and the corresponding need to
plan for capital upgrades with a restricted annual budget. The 2017 American infrastructure report
card assigned OH¥H@WR' WKH 86%TV WUDQVLW VHFWARCERXKDW PHDQ
7TKH &DQDGLDQ UHSRUW FDUG LQ DVVLIQHG D JUDGH RI
tunnels) with 25% of them ranked in poor and very poor condition (CIRC 2016). Effective
planning to maintain, rehabilitate, upgrade and expand transit networks is key to the success of
transit-oriented strategies. However, without a comprehensive multi-criteria decision-making
procedure, it is impossible to achieve optimal actions at the right time within the available budget.

The eQKDQFHG OHYHO RI TXDOLW\ RI SXEOLF WUDQVSRUWDW
preferences and encourage ridership. This can be accomplished through reliable and convenient
services that supporttte DVVHQJHU YV PRELOLW)\s@Haddusedafe&scdhabRr Y LGH D
cost and time. There are important interdependencies between the performance of public transit

systems, the deterioration of their components and the rate of. usggeved ride quality
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delivered by physical assets in better condition (e.g. vehicle comfort) or non-phydicadesaich

as train frequency encourages more riders to shift into public transit.ainamnge in ridership
LQIOXHQFHY EDFN WUDQVLW ctréasih@tiiedéteitrationbihfany Seétgnt® U P D Q
of the system. At the meantime, an increase or decrease in future ridership (e.g. due to opening
new transit corridors or changes in the social or economic environment) may influence the
ridership, which accelerates or decelerates the decay of the infrastructure (Figure 5-1). Therefore,

the dynamic fluctuation of ridership (usage rate) and its consequences in deterioration and

performance should be captured in transit systems asset management and decision-making.

/~ Existing System =N
/ Asset Managemeﬁt\ j Frequency

Current -
Technology | Ridership Mobility
Maintenance -
] i Accessibilit
Efficiency Physical Assetq \ y
Budget —> Performance ange» Rate of Usagee
Backlog | | Deterioration Network Expansion
Elements Age— Future Potential Demang
K / Ridership ] ]
Socio-Economig

Figure 5-1, Mutual relation between urban railway performance and rate of usage

5.2 LITERATURE REVIEW

Decision-making systems have been advanced gradually in the literature for managing
infrastructure such as roads (Faghih-Imani and Amador-Jimenez 2013; and Zhou et al. 2014),
bridges (Essahli and Madanat 2012) and water networks (Mohamed and Zayed 2013). However,

there is a lack of a decision-making model for maintenance of urban railway systems (e.g. metro
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and light rail) while implementing other infrastructure models cannot fully fulfill requirements and
address natural differences.

The earliest reference found in the literature was done to provide maintenance priority for metro
stations (Roy et al.1986) using the ELECTRE Il technique (Roy 1978). Paris metro stations were
prioritized consideringP XOWLSOH FULWHULD RI SHUIRUPBt€ HdstakVHUV
and Abu-Mallouh (2001) developedmore advanced model for the same purpose in New York
City. The Analytic Hierarchy Process (AHP) (Saaty 1980) was usediasision-making tool.

Similar approaches were used by Semaan and Zayed (2009), Kepaptsoglou et al. (2013), and
(Gkountis and Zayed 2015). All these performance assessment models focused on ranking stations
for maintenance using a worst-first approach, which does not guatantehieve optimum
solutions. Some other scholars only concentrated on structural components ignored other critical
electrical and mechanical elements (Semaan 2014; Abouhamad 2014; Nishimura et al. 2015; and
Taguchi et al. 2016). Gallucci et al. (2012) trusted on assets age as the sole indicator for decision-
making and maintenance prioritization, which can fail in addressing most concerns. Ferran and
Zayed (2009) implemented a life-cycle cost model to plan for metro rehabilitation. Meanwhile,
reviewing applied approaches by transit agencies indicates that there are several main limitations,
for instance, the STM uses a worst-first system based on the age of station and expert judgment
prioritization (Abouhamed 2014) or the Massachusetts Bay Transportation Authority (MBTA)
ranks rehabilitation alternatives considering some criteria such as health, age, and operational
impacts respecting budget constraints (Eric 2011).

Current and future ridership play a critical role on the management of existing urban railway
systems to maintain adequate operation of the entire system as well as to upgrade services through

network expansion and the opening of more corridors. One direct consequence of increased or
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decreased usage rate lays on the degradation rate of assets, which is a key consideragion in
term planning. For instance, traffic load is one characteristic of track deterioration in railroads
(Ferreira and Murray 199Badeghi and Askarinejad 2010; and Elkhoury et al. 2018), which i
identified with Equivalent Million Gross Tons (EMGTS) passing the track in a time period at
average running speed. In fact, deterioration models should dynamically capture the impact of
usage rates for those compondntsvhich are more sensitive such as rail track or station stairs.
Although the literature is rich in deterioration models; however, in addition to the common
limitation of historical data for railway assets, this dynamic feature is often missed in long-term
decision-making process.

A recent review study of metro systems conducted by Mohammadi et alaj2@b@luded that

asset management platforms for metro systems are not well-established possibly due to the
complexity of their interdependencies and lack of historical data. This study summarized the main
observed limitations in developed models in the literature or implemented by transit agencies for
maintenance, rehabilitation and replacement plans of urban railway systems (i.e. metro) as: there
is lack of a network level model and most proposed models are developed for either stations or
tunnels while decision-making should be done in a network level. There are less performance
assessment models for transit cars particularly from customer perspective while riders spend more
time in vehicles than stations. The impact of network expansion and changing ridership are often
ignored, and indicators used to guide decisions are commonly connected to some form of physical
deterioration tied backonlWR WKH DVVHWY{YV DJH PLVVLQJ WKH RYHUDOO
reliable, safe, and convenient movements of daily passengers. The budget allocation using
mathematical optimization model is widely neglected and worst-first scenarios capable only for

single-year planning are commonly used. Asset deterioration prediction is not often investigated,
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which leads to missing the long-term impacts of decisions and optimal solutions. Finally, use of
expert judgments and traditional qualitative approaches are still preferred by transit agencies.
This situation brings to matters the need to rely on a comprehensive decision support model that
can simulate and optimize dynamically the operation of the entire urban railway network. The state
of art indicates that Maintenance, Rehabilitation, and Replacement (MRR) models for urban
railways, which aim for efficient decision-making in a network level has not been studied
adequately. Meanwhile, the impact of ridership on current and future rates of usage is also
neglected in developed maintenance planning system for this type of critical infrastructure.
Therefore, the main objective of this study is proposing a comprehensive network-level decision-
making model for urban railway systems (such as metro) to distrébrdstriced budget and
achieve optimum solutions with respect a set of performance targets and objectives. Also, the
impacts of increasing or decreasing the number of entries to the system either through
improving/declining the performance or opening new corridors will be addressed in the planning

process for the first time.

5.3 METHODOLOGY

For the purpose of this study, a multi-platfrom decision-making model is proposed in order to
identify the optimum MRR scenarios for the existing network as well as the alternatives expansion
projects (Figure 5-2).

As can be seen in Figure 5-2, the model includes two parallel platforms of Maintenance Planning
(MP) and Expansion Planning (ERhe MP platform is responsible to improve the reliability and
performance of existing network from an asset management perspective respecting current and
future ridership (rate of usage); available budgets; and performance thresholds. This platform

presents a set of MRR actions for the following years. EP platform ranks the alternatives for the
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network upgrading through line extensions. The output of this platform would be a prioritized list
from feasible alternatives for following years; however, at the same time, the impact of this
upgrading on network ridership would be reflected in the next platfivti). (Also, newy built

segments (e.g. station and tunnel) will be added to the MP platform in the following year. Table

5-1 summarizes key decision-making (optimization and prioritization) elements in both platforms.
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Figure 5-2, Asset management model for urban railway
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Table 5-1, Decision-Making elements in both platforms

Platform Objective/s Variable/s Constraint/s

MP platform (Stage 1) Minimizing Costs Network Elements| Performance Threshold

Performance Threshold

MP platform (Stage 1) Maximizing Network Performance | Network Elements -
Available Budget

Maximizing Network Ridership Available Budget
EP platform — Future stops -
Maximizing Human Development Inde Construction order

5.3.1 MP platform

MP platform aims to improve the reliability of the network through up-keeping elements condition.
The performance of the urban railway network comes from two main parts of fixed assets and
rolling stocks in a hierarchical structure (Mohammadi et al. 2018a). Budget distribution and
decision-making either could be planned in the network level where all lines and corresponding
systems (i.e. fixed assets and rolling stocks) are considered at the same time or specific budget
may be assigned to each system and separate decision-making could be arrange&-@igur
Since the same source of budget is used for maintenance of stations, tunnels, and metro cars where
enhancing the overall performance of the whole network will be the main goal, in this study, the
model is developed making decisions at the highest level to possibly find more optimum solutions;
however, transit agencies may implement the same methodology in the lower levels. The
hierarchal structure for urban railway (underground) network in the system, subsystem,
component, sub-component and element levels can be defined as Figure 5-3.

Performance of the network comes from element condition and reliability. For fixed assets,
depends on transit agency approach and policy each element could be assessed hyrdeiersl a

and criteria as was discussed by Gkountis and Zayed (2015). For rolling stock, a similar approach

could be applied; however, assessing comfort level in the rail journey can also be utilized to



evaluate elements performance (Mohammadi et al. 2019). As long as performance for elements
are determined, scores could be integrated into defined hierarchy relation having sub-components,
components and finally segments performapfedue to data availability or agency policy, upper
levels of the hierarchy network (Figure b48ay be selected for performance assessment and

decision-making; however, this approach gives less flexibility and may not find the optimal

Metro
Network
T
v v
| Line B | | Line A
[
Fixed Asset: Rolling Stoc% System Level
Segment 1 Sub-System Level
A 4
Station A Car 1 Component Level
Mechanical Structural- Electrical- Mechanical Structural Blectrical- Mechanical Structural Electrical- Sub-Component Level
Architectural Instrument Instrument Instrument
1] ] 1] | | I — 1 — 1
Braking Signaling
-b| Elevator —>| Floor | ->| Cable Piping | wall | Cable "I System Car Body "| System Element Level
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Emergenc
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Figure 5-3, Urban railway (underground) hierarchy network
The formulation in this study is defined for the lowest level (element); however, could be easily
modified and sub-component level may be chosen. For instance, maintenance interventions could
be either planned for each element (e.g. escalator or elevator) or in the upper level $oibeach
component (i.e. mechanical or electrical). Using lower levels makes decision-making more
complex while gives chance to avoid missing critical elements as well as finding more efficient
solutions. For rolling stocks, there is no defined segment and similar hierarchical approach could

be used to assess each car (or wagon) and finally, the overall average performance is fEstimated
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the whole fleet in each line. Different formulations could be used to aggregate performance index
using Multi-Attribute Utility Theory (MAUT) in various levels of the hierarchy and in this study,
aweighted geometric average has been used in the element level to avoid of missing critical assets.
Although it helps for controlling assets with very low performance; however, to guarantee safety

in the whole of the network, the performance threshold will be defined too.

A two-stage optimization through dynamic binary programming is developed for the purpose of
this study. In the first stage, the minimum required budget is estimated for thg,y&gEQquation

5-1), through binary variables off;, s,jx and Xrynjk for fixed assets and rolling stocks,
respectively (Equations 5-2 and 5-3). It will be estimated while acceptable performarise leve
(thresholds) are respected for all elements of segmpf)t§Hquation 5-4) and vehiclepr
(Equation 5-5). Fixed assets in the planning ygamn gach linel( are assessed based on segments
(s) performance including two componeniy ¢f the station and tunnel, which are divided into
some sub-componeni$ ¢f mechanical, electrical and structural while each one has corresponding

elementskK). A similar approach could be implemented for cars whareeflects the number of

cars in the line.
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Next, subject to moravailable funds, the remaining budget will be assigned to other elements
(noncritical alternatives in the first stage) to maximize overall performance (Equations 5-6 to 5-
13). Overall performance for the whole network, which is aggregated from different lines
conditions, is a simple weighted combination of fixed and unfixed assets in each line (Equation 5-
6). Relative important weights could be defined by the transit agency for each line, corresponding
fixed and unfixed systems including segments, components, sub-components, and finally
elements. The performance of each fixed segment or car is estimated based on avghteg we
(geometric or simple) performance and defined hierarchy structure in Figure 5-3 (Equations 5-7
and 5-8) A time dynamic link is designed to estimate the timely performance of each element
respecting assigned binary variables and previous year condition (Equations 5-9 and 5-10). The

total cost for all MRR actions must be subjected to available b&RyéEquation 5-11).

Stagell:

[=TEIEYQ L ASody UAs q=HL Bankg Afad Minas (56)
L BankAD @QJAé@E:’PO&é@%L @é&éae%%é%% ° (5-7)
L Mk g GRS ol Ban e e ¢ (58)

L Banaw kugusm kel Byamon axh JeB Ena @ Fak SoFcana=Qb BrsunaxFulaBd@raxQuavan (5-9)
LDnaskviagmpadeiBosanadabaB Enadi¥Faks RanadakdbsanashvlaB@saduvar (5-10)
Subject to:

RododashostoVofinsmaustab Mo&oshoshotMNassuanasz  (511)

L Bagae Ro2GdBOrk (1,2, .K),j(1,2,.3),i (1,2, .. 1,5 (1,2, ..S)and [ (1,12 . (5-12)
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L NagaaRy26Nork(1,2, .. K), 0(1,2,..9),n (L2, ..N)and I (1, 2). (5-13)

Where:

PNi= Overall performance (0-100) of the network in the year t.

pf..s = Overall performance (0-100) of the segment s in the lingHeé year t for fixed assets.

priin = Overall performance (0-100) of the car n the line | in tharye

WsDQG 6KRZ WKH VHIPHQWYTV DQG OLQH Zndtwdrk péNbrnfabice Wasedod tidarship_a@d WdétionR Y H U D O ¢
pf..s.ijk = Performance (0-100) of the element k in sub-componergmponent i in segment s the line | in the year t for fix assets.
priinik = Performance (0-100) of the element k in component j in @athre line | in the year t.

U4 & = J @ RElevant weight for elements, sub-components and components, respectively.

Ci1sijk = Cost ($) of rehabilitation action for the element k in sub-compioria component i in segment s in the line | in the year
t.

ciinjk = Cost ($) of rehabilitation action for the element k in componanear n in the line | in the year t.

pfit, and pit, = Performancg0-100) improvement from a year (t-1) to year t for of the selected fixeonsfixed element.

pfdi, and pd: =Dropped portion of performang®-100) from a year (t-1) to year t for the non-selected fixed or n@ut-lement.
PTf =J @Trk =Performance threshol{-100)for of the element k or m, which presents the lowest acceptable perferiaaeic

h, k2, and | = Relevant weight for fixed assets, rolling stocks, and lines, respectively.

BP=Available budget ($) for MRR in the year t.

5.3.1.1 Deterioration model

As one main requirement of long-term decision-making, deterioration must be predicated for each
variable to capture the future impacts of current decisions. The model must be able to predict
yearly deterioration rates for each element (e.g. elevator or lighting system). Also,studyis

the effects of ridership (usage rate) could be captured in the deterioration trend where increasing
or decreasing the number of users may change service life and performance for some assets such
as escalator or station stairs. Features related to the rolling stock deterioration, such as the type of
train, the speed, the frequency of the service, etcetera, and their consequences, should also be

considered in the MP platform.
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Existing deterministic or probabilistic methods proposed in the literature could be utilized for
developing performance prediction models; however, respecting lack of data as a common obstacle
in these types of infrastructure, a customized method is illustrated in this studyNt? ghatform

and later data should be collected by transit agencies to update and calibrate their own model. The
Weibull distributioncanbe implemented as a widely used model in the literature. Semaan (2011)
and Gkountis (2014) used this approachaforetro management system with prediction based on
assumed service life or current performance respecting apparent age, which is the time passed from
the replacement or major rehabilitation. However, this study proposes a customized approach to
first, improve prediction model accuracy and second, to develop a dynamic deterioration

prediction model considering the effects of usage rates.

Weibull Cumulative Density Function (CDF) is defined as:

(CP;LSF?%; (5-14)
Where:

, , and / are shape, location and scale parameters, respectively. Then, reliability (performance)

function of time t) could be presented as:

B7 .
4:P;LsF (:P’TCA (5-15)

The shape parameter)(equal three represents the most typical trend of asset deterioration
(Semaan 2011). Meanwhile, in the time zero it could be assumed that R (0) = 1 as the asset is brand
new; therefore, location paramete)y Would be zero. Now, the equation could be solved to find

the scale parameter/)( for each pair of apparent age and corresponding performance.

Recommended service life and corresponding performance (i.e. end of asset life) cahtbe use
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find (/) in case of having no observation; however, at least current observed performance and asset
age can give the second scale parameter to capture the specific nature of decay in,e®cicltase
comes from several factors such as the environmental (e.g. exposure to harsh weather), the quality
and technology (e.g. the manufacture of the escalator), the maintenance approach (e.g. routine
maintenance). Customized approach for lack of data would be using current performance or even
more observations as well as recommended useful life in the literature for similar asset elements
to have more pair points and finally, an average of the scale parameter can be used to develop more
realistic and accurate deterioration models. Using average helps to be risk neutral rather than

optimistic or pessimistic.

The output would be a customized decay model, which is ready to be implemented in mathematical
optimization; however, this study aims to consider the impact of usage rates in asset deterioration
while it is commonly neglected in the literature. The rate of usage (e.g. station entry oSEMGT

can impact the degradation of many assets such as the escalator and elevator; stairs, doors and
floors; roiling stocks and rail tracks; and gates while some others are only age-based for
deterioration such as main structures; cabling and lighting; and piping systems. Thus, a dynamic
degradation model is preferable, and Equation 5-15 can be customized to reflect this factor

(Equation 5-1%

B, ..
4:P; L’A'  SDEHA U:P:LB:70=CA:P;; (5-16)

Where, the scale parameter is a function of usage rates (e.g. station entry), which can dynamically
be updated through time. Thus, even for lack of historical data, transit agencies can define specific
deterioration model for each element of the single station, which is sensitive to the rate of users.

In fact, for sensitive assets to the rate of usdgmptures the effect of ridership as well as the
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nature of degradation. In case of lacking data, depending on the sensitivity of degtadataie

rates and taking advantage of this flexible approach, clustering can be implemented classifying
segments into usage rate levels (e.g. high, medium, low) to develop deterioration models. Using
Weibull distribution as was explained here can be applied by updating scale factor by the rates of
usage. This makes model capable to dynamically customizes deterioration model for updated

ridership during the decision-making process.

5.3.2 EP platform

In addition to maintenance and renovation, Public Transit (PT) agencies usually plan for upgrading
and expanding their networks to catch up with fast urbanization (Seggerman et al. 2007). Decision-
making for network extension is often made separately as an independent budget coming from the
capital investment program is assigned by government and municipality for opening new corridors.
The main common goal in the expansion of the urban railway corridor is increasing overall
ridership and encouraging more people to abandon the use of the private car. At the meantime,
priority should also be given to PT expansions, which improve human development objectives
such as employment rates and education level. For the purpose of this study, a multi-objective
decision-making model is proposed to pick the best extension options among available
alternatives. The objective of the EP platform is to maximize overall ridership as well as enhancing
human development. The EP platform produces two main outputs: the ranked list of future stations
and the inputs for ridership analyses to predict the number of entries in existing and future stations,
which will be used in the MP platform.

Ridership (usage rate) for each urban railway segment is impacted by several factotsoof loca
features (such as population, employment, education level), criticality (such as interconnection of

other lines, connection to suburb trains), facilities (such as the elevator), and network level of
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service. Existing land use and demand forecasting approaches such as activity-based models
(ABM) can be used to predict potential ridership for new corridors and prioritize the expansion.
The ridership R,s) for existing segmentss) in the yeart) depends on ridership in the previous

year R-15) While for new segmentRfys) is forecasted based on demand analyses (e.g ABM).
Also, ridershipis dynamic and influenced by the trend of modal share change, which is related to
WKH XVHUYV SHUFHLYHG FRQYHQLH @isHIsD elated i (h®lewd ofR I W K H
quality of the network. For instance, opening more stations may lead to decreasing or increasing
ridership in other stations. Thug,4 swill be estimated for each segment to capture these impacts
(Equation 5-17). LatelR s for existing stops will be used in the MP platform (Equation 5-16) to

link deterioration model to the rates of usage while ridership for a new station is forecasted in order
to prioritize future extension alternatives.

4er54@ ¢ Baae roOoOQS5TEOPEJC OACIAJPO

4oad J4L§ég, ¢ fam 4 0AS OACISIBO® Q 5 (&-17)

Although, thelarge investments required in expansion projects are often supported by ABM
models; however, ABM models are time-consuming and required large data collection campaigns
to calibrate and validate (e.g. activity-based 24-hour travel-diaries, traffic counts, hotel interviews,
workplace interviews, pedestrian and cyclist interviews, trip generation surveys, parking surveys,
border crossing interviews, airport interviews, public transit on board-interviews, revealed and
stated preference surveys, etcetera), which makes it difficult for transit agencies to consecutively
develop such studies. Thus, in case of no access to such analyses, this research suggests using
customized and simplified approach proposed by Amador and Mohammadi (2019), which is based
on accessible and open data (census data), to predict potential ridership and rank expansion
alternatives. According to that study, the potential ridership for new stops can be estimated on the

population and preference of inhabitants within the catchment zone for each new stop. Also,
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current entries and the historical trend of change for existing stations and the impact of opening
new stops on ridership in previous years can be utilized to forecast the future ridership of existing
segments.

The second objective in the EP platform can be improving human development. Therefore, all
alternatives (i.e. future railway segments) are assessed respecting human development concerns
such as employment rates and education level to estimate overall human developmeHtipdex (

for each new stop as was developed by Mohammadi et al. (2018b). In that study, the level of human
development indicators were examined for all inhabitants living in the catchment areadHg find

for each railway station. Equations 5-18 and 5-19 show the formulation for evaluating urban

railway extension alternatives based on the assessment of surrounded inhabitants.

Ay b Ik s Thigo

Raddevrz g (5-18)
*cak A @@ amau (5-19)

Wherehsi is human development indicatofor segmentsd) in the yeart, I shows observed
indicatori in block ¢) in the yeart), P; reflects the population in blockwhere all corresponding

blocks are located in the buffer zoRé N B 4Finally, the overall human development index for
each segment (station) in the yedér (Hs) is estimated respecting the indicator weigh) (
(Equation 5-19).

Then, each station overall grade is estimated based on both objectives (ridership and human
development) and their corresponding importance weights. Grades should be normalized (0 to
100) to be comparable. Each year one or more new segments will be selected for expansion
respecting available budget. Cost of extension for each segment it) y@&E sand should cover

total extension costs fa@new segment including construction of the station and corresponding

tunnel. Then, the total used budget in each year should respect the available budget. Whenever
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one new segment is added to the network, it will be part of the MP platform as a brand-new
segment for following year planning. At the same time, the effects of this new stops in the other

VWDWLRQVY HQWU\ ZLOO DOVR EH FRQVLGHUHG

0AS OP=PEKJ EAFFAASLF % 4 (5-20)
Subiject to:

Rlo%:aQS' (5-21)
Where:

R.<= Normalized ridership of the segment s in the year t.

CE.<= Cost ($) of building new segment s in the year t.

¢ 4 stPropped or improvement portion of Ridership from a year (t-1) to yiardegment s either from modal share
change or action in other segments.

His= Human development ind¢®-100) of segment i in the year t.

2and 2 = Relevant weight for human development and ridership objectives, respectively.

BE=Available budget ($) for extension in the year t

5.4 CASE STUDY AND DATA COLLECTION

Montreal Metro system is selectedaasase study to implement the proposed methodology. This
50-year-old network is expected to face a growth in demand of 27% for the year 2020 in
comparison to 2010 (STM 2012). The network started with two lines and 26 stations in 1966-1967
and gradually has been expanded to 4 lines and 68 stations. The system is periodically maintained,
and repairs are common to upkeep it in good levels of operational convenience. However,
traditional planning approaches such as worst-first and expert judgment have been used for
maintenance planning in this network (Abouhamed 2014). Three lines of Blue, Orange, and

Yellow are planned to be extended in the future (STM 2012). Thus, the impacts of this extension
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should be addressed in capital investments and policies for the following years. In a similar
manner, the regional trains have been recently expanded and it is possible that another expansion

would come with the connection to other neighborhoods (Figure 5-4).

Orange Line Blue Line 2

Yellow Line

Green Line

Figure 5-4, Shows the Montreal existing network and future expansion alternatives

TheGouvernement du Québg016) planned to maintain a high, recurring level of investment to
ensure the maintenance and development of public transit infrastructure. In this regard, the 2016-
2026 Québec infrastructure plan has set aside almost C$7.1 billion for the bus, commuter train,
and metro networks. From 2016 to 2018,3loeiété de Transport de Montré&ITM) is investing

C$2.2 billion, or 78% of its total capital expenditure for maintenance and upgrading of the metro
system (STM 2015). At the same time, the Quebec infrastructure plan calls for substantial
investments in maintaining and rehabilitating the road network and, on the other hand, for its share

in major Quebec public transit development projects including the extension of the Montréal metro
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and more than C$10 billion to be invested in this reg&duyernement du Québ&n17).
Therefore, there are some tactical questions should be answered well by decision makers and
transit planners:

X Which assets (station, tunnel or car), when and how to be maintained, renovated or
replaced, in order to improve overall levels of service, convenience (safety, and comfort)
in the whole network respecting constramts

X At the same time, how expansion projects could be planned and prioritized to increase
network ridership and encourage the modal shift away from the automobiles while
supporting the socio-economic development and sustainability through better accessibility
to health, education, and job centers (reduced poverty)?

X Meanwhile, how ridership, service upgrades, and network expansion effects could be

incorporated in the asset management model of existing systems?

5.4.1 Data collection

MP platform

Maintenance history and current performance of some elements (pertaining to some
subcomponent) in stations and tunnels were collected through published reports from 1966 to 2018
(STM 2019). Although requested, the STM did not share more details. Therefore, the decision-
making model was developed considering one element in each sub-component for fixed assets.
7KH ILUVW UHQRYDWLRQ SURJUDP I-iBW WKL R QF HR0BIIMRU2E\N @/ H B |
the oldest stations were rehabilitated. It consisted of improving the entrance areas and the
acessibility for customers and replacement of architectural, structural, mechanical and electrical

HOHPHQWYV 7KLY SURJUDP ZDWV6\MWHRZH GK LAKW KV HNSHIQIRC
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telecommunications systems and operations control processes components were being installed
throughout Montrd OV X Q GH U JU RMNE Gy @WHewidgRrahtenance history (STM
2019; Semaan 2006 and 2011), current age and state of elements were identified.
Since STM has started the next main rehabilitation program after 2010, the model was run from
IRU \HDUVY WLPH KRUL]J]RQ WR JLYH WKLV FKDQFH WR FI
by STM. The EP platform was also run from 2021, which is expected to be the starting time for
metro extension in this city. This analysis focuses on fixed assets and 68 segments including
stations and corresponding tunnels were identified for the starting point. Each metro segment
includes two main parts of the station and tunnel and for each, three components of civil,
mechanical, and electrical were defined. In the next lower hierarchy level for each subcomponent,
several elements could be identified as was shown in Figure 5-3. Due to lack of data, only one
element is selected for each subcomponent (Figure 5-5). Performance condition (0 to 100) was

estimated for each element in 2010 based on assets age and collected historical data for

implemented maintenance.

Montreal Metro Network

[ station D Station B v v _ v Y
\Tunnel B 7 Tunnel Green Line Orange Line Blue Line Yellow Line
Segment 2 Segment 1
Segment 1
Station A Tunnel A
v , v v v v
Mechanical Structural- Electrical- Mechanical Structural Electrical-
Architectural Instrument Instrument
] ] ] ]
L Escalator FIoor/WaII/ “»  Panel Piping —» Dome/Wall L Cable
Stairs System

Figure 5-5, Defined hierarchy network for case study
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For each selected element in Figure 5-5, the deterioration model should be developed as was
explained in the methodology section throwgWeibull distribution. Two sources were used in

this regard to estimate the scale parameter. The first pair came from recommended useful life (i.e.
assuming an asset age in the 40% performance), which was found in the literature (Infrastructure
Canada 2016; RTA 2014; Toronto Hydro -Electric System 2009; FTA 2008; Schindler 2019; and
Eason 2012). To customize the recommended useful life for the Montreal metro system, previous
observations were also used as a reference point, which gives pairs of element performance and
age.

As was discussed earlier, the deterioration rate for some elements is a function of usage. Increasing
ridership (usage) in this case study can accelerate decay in escalators, stairs, and floors while other
elements such as the electrical panel or piping systems are less depended on the number of users.
The designed life for the elements comes from a normal loading. For instance, the escalator should
be designed for three hours with 100 percent design load, six hours with 50 percent and the rest
time with 25 percent (APTA 2015). Thus, increasing or decreasing loading patterns can impact the
rate of deterioration. For implementing this model in practical cases, real observations of different
stops with various usage rates can be used; however, for the purpose of this study due to data
availability, stations were classified in three clusters of high, medium, and low usage rates. By
changing the ridership (increase or decrease) for each station in the long-term planning,
dynamically the station may be classified in the other clusters and deterioration model will be
updated accordingly. For this case study, since there are only two elements subjected to this update
and considering the rate of ridership increase the majority of stations will remain in the same

cluster, this ridership update is ignored.
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Figure 5-6 presents the deterioration models for the escalator. Three deterioration models of high,
medium and low usage rate were developed while three scale parameters were estimated based on
the recommended useful life in the literature and also the STM inspection, which was made in
2004 for 24 first generation stops. In this study, corresponding useful life for the escalator in 40%
performance (reliability) can change from 30 to 20 years for low to a high rate of usage,
respectively (Figure 5-6). Figure 5-7 shows six deterioration prediction curves fomadingsein

this case study. As it was discussed earlier, depending on access to historical observations and
inspections, transit agencies can improve the accuracy of the deterioration models using this
customized approach or other deterministic or probabilistic models. Whenever the model is
implemented to rail tracks or rolling stock, the deterioration model can be updated based on the
change in usage rates (e.g. EMGTSs) for different lines or across time horizon.
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Figure 5-6, Deterioration model for escalator
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Figure 5-7, Deterioration model for metro elements

Table 5-2 represents the decision rules and treatment alternatives for each element. To develop
this table and to estimate the value for each asset, its corresponding maintenance and replacement
cost, first, the total construction cost for a brand-new corridor was estimated. The total cost for
Orange line extension with building 3 new stations and 5.2 km tunnel in 2007 (i.e. C$ 143,000,000
per kilometer) (TAC 2015) was used as a reference cost for this purpose. This cost is subjected to
be increased by an average inflation rate of 1.6 % (Bank of Canada 2019) and thiesiaitera
updated from 2007 to 2010. The cost breakdown in the station and tunnel was found through
literature (Flyvbjerg et al. 2013; Metro 2010; and Hass 2016) to estimate replacement and
reconstruction unit costs (Table 5-2). The unit costs for tunnel elements are presented per length
of the tunnel to justify the segment length. The suggested costs per station are estimated for an
average depth of the station platform (17 meters) and unit rates for civil (floors/stairs/walls) and

mechanical (escalator) sub-components are customized by station depth.
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Table 5-2, Treatment interventions cost and benefit for all elements

Component| Sub-Componen| Element Treatment Unit Cost (C$) | Lower | Upper Pe(zsr;(i)rr]r?;gce
Do-Noting Station 0 60.01 | 100 0
Civil FS'?;E Rehabilitation | Station| 6,515,171| 4001 | 60 50
Reconstruction Station| 13,030,343 O 40 Brand New
Station Do-Noting Station 0 60.01 | 100 0
Mechanical Escalator| Renovation | Station| 1,085,862 | 40.01| 60 50
Replacement| Station| 2,171,724 0 40 Brand New
) Do-Noting Station 0 40.01 | 100 0
Electrical Panel -
Replacement| Station| 723,908 0 40 Brand New
Do-Noting km 0 60.01 | 100 0
Civil DV‘\’/’;"?' Rehabilitation | km | 11,251,598 4001 | 60 50
Reconstruction  km 22,503,195 O 40 Brand New
Tunnel Do-Noting km 0 60.01| 100 0
Mechanical Pump Renovation km 750,107 | 40.01| 60 50
Replacement| km 1,500,213 0 40 Brand New
) Do-Noting km 0 40.01| 100 0
Electrical Cable
Replacement| km 750,107 0 40 Brand New
EP platform

To develop the EP platform, planned extension by STM was used (STM 2012). The metro
expansion plan designed for three lines: Blue to the east, Orange line for both directions (to create
a loop), and Yellow line to the south directiomoihongueuil City (Figure 5-4). The government

gave the priority to the Blue line extensidaouvernement du Québ2617) starting from 2021

to 2026, which means in average one station per year. Thus, for each year one new segment (station
and corresponding tunnel) can be selected in this study from a total of four alternatives, which
comes from three lines while there are two options for the Orange line (i.e. one option for each
direction). The new segments are evaluated from potential ridership as well as the human

development index. The latest (20XBanadian census data (CHASS 2019) was used to collect
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statistical data of the population, socio-economic, and socio-demographic characters for municipal
blokes within the buffer zone of each station.

To rank future alternatives, 1000 meters buffer zone was considered for the impacted zone by a
new metro stop. Amador and Mohammadi (2019) found that opening three new stations in Orange
line in 2007 caused a 6.24% net increase in public transit users in 2011 of workers 15 years and
older in the 1000 meters buffer zone of new stops while total growth was 7.95%. Using five-year
intervals helps to avoid short-term improvement due to expansion as well as fluctuations. Thus,
based on the total worker population living in the catchment area by each stop, the potential
ridership could be estimated for each new stat®pg. In future studies, other types of trip
purposes (e.g. education) can also be used for this analysis; however, this study only considered
workers given the availability in the census data. Employment rate (%) for population 15 years
and over as well as the percentage of postsecondary certificate holders were also used @ estimate
employment and education indicators in order to find human development index for future stops
(Mohammadi et al. 2018b). Meanwhile, several factors should be involved in estimatiod gf.

To estimate current and future ridership for existing segments, the previous observation (e.g. the
number of entries in each station) can be used to capture the trend of change. Also, by comparing
other stations entry before and after 2007, the impact of opening new station to whole network can
be considered. As there was no access to all entry records for the case study, the strategic plan
2020 (STM 2012) was used for this purpose. This plan predicted that by considering only
maintenance projects the STM should reach 420 million trips in 2020 in comparison to 363.3
million trips in 2006, which means approximately 15.6% ridership growth in metro users. Thus,
1.04% yearly growth is predicted as an average rate for existing stations. However, the report

forecasted for 455 million trips in 2020 with the addition of expansion projects (since 2014), which

12¢



means 2.4% growth per year on average for any given station from 2014 to 2020. Therefore, these
two rates were used in this study to predict future usage rates before and after opening new stations.
The 1.04% was adopted as growth for the existing stations in the planning horizon 2010 to 2021
and the 2.4% was the ridership increase on the existing stations after opening new stations (after
2021).

Exploring ridership history as well as the future prediction for segments helps decision makers to
apply a smart and more realistic planning by addressing the impact of ridership on asset
deterioration as was discussed earlier. Since all stations in this case study are operating in the
acceptable levels, minor changes are expected in ridership resulting from station overall
performance improvement or decay, thus, could be ignored in this study; however, future

researches can address this issue.

5.5 RESULTS AND DISCUSSION

5.5.1 EP platform

Table 5-3 summarizes the EP platform outputs while stations are put in order of construction (i.e.
location in the line extension) for each line in the table. For each station potential increase in
ridership (entry) is estimated and normalized (0 to 100). The current level of education and
employment (normalized) are two indicators represent the human development situation in the
corresponding catchment area for each stop. Equal weights are considered to estimate overall
human development indexes and grades. As can be seen, the first three Blue line stops have the
highest overall grades, which comes from the higher potential ridership due to the compacted
buffer zone. Assuming that government financial restrictions impede to invest in the expansion of

more than one line at a time and considering the order of stops from a construction perspective,
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the best approach is giving full priority to the Blue line, which has the highest average (Avg) grade.
This approach is fully matched with government decision for the coming expansion. The second
priority can be given to the Orange line based on the overall and average grades. Another
motivation for pushing this line, which is not captured here, is decreasing the travel time of many
commuters by looping the Orange line, which can also encourage more people to use the metro.
On the other hand, expanding the Yellow line may also improve mobility in the south; however,
more demand predication analyses should be done to capture all these potential benefits.

Table 5-3, Ridership and human development assessment for future stations

. . . . . Employment Overal Overall
Line Station Ridership * | Avg EduSatlon N Human Avg Grade Avg
Development
PiedX 100.0 55.4 54.1 54.7 72.6
Viau 83.4 54.0 52.4 53.2 65.1
Blue Lacordaire 80.7 58.3 51.6 50.3 51.0 51.2 64.9 53.5
Langelier 66.9 51.2 47.4 49.3 58.8
Anjou 58.3 54.5 47.8 51.2 53.5
Joliette 28.6 66.1 51.9 59.0 34.8
S;s'gst;re 20.3 68.2 52.8 60.5 34.4
De Chambly 60.6 58.2 58.1 58.2 51.2
vellow Roland- sa0 | PO 617 57.0 5.4 131 g5 | 138
Cure-Poirier 61.7 52.0 55.9 54.0 53.8
Jg;ﬂtﬁ‘:rs' 54.6 51.7 54.5 53.1 50.7
Poirier 521 53.8 51.6 52.7 49.7
Bois-Franc 74.7 59.2 535 56.3 59.2
Gouin 27.7 66.4 55.4 60.9 334
Orange Chomedey 53.7 44.9 47.7 48.2 48.0 54.7 52.9 45.1
Notre-Dame 58.3 43.6 49.1 46.4 56.0
Saint-Martin 25.7 46.1 47.7 46.9 394
Souvenir 21.8 50.9 92.4 71.7 25.0

Note: * normalized



5.5.2 EM platform

Stage | was run for 20-year time horizon started from 2010 to elaborate the minimum required
budget to satisfy the performance threshold of 40% for all selected elements across the network.
In this approach, the model only concentrates on critical elements to satisfy constraints (Equation
5-4). Figure 5-8 presents both yearly and total required budget (C$). For the first $éar, C
million is required to take care of critical assets called backlog, which is a common obstacle in
managing public infrastructure. As can be seen, the average required budget has been increased
through this time horizon while several huge jumps were observed after year 8 (2018) and it is not
usually easy for governments to handle these increased costs.

Figure 5-9 shows the corresponding performance resulted from this budget allocation scenario.
Although opening new stations from the eleventh year (2021) helped raise in overall performance
in the Blue, and later Orange line, the trend is declining where the overall performanazdoopp

less than 80% by 20 years (Figure 5-9).
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Figure 5-8, Required budget in stage |

12¢



(]
(&)
)

Performance (%)

g OO O ~N N 00 00 ©
o o o1 o U1 o U1 o
1 1 1 1 1 1 1 1

Overall ses--- Green === Orange = = Blue = -Yellow

a
o

8 9 10 11 12 13 14 15 16 17 18 19 2

Time (Years)

Figure 5-9, Corresponding performance in the stage |

In stagell, the maximum available budget for each year should be defined. The average spent
money in the first stagé R U \HDUVY WLPH KRUL]JRQ ZDV & yeaPBRIOOLRQ
the beginning less budget was spent by the model replacing critical elements. Thus, three scenarios
were designed based on maximum budget availability of C$25, 30, and 35 million while the
assigned budget for the first year would be the same as the stage |. These budget caps similar
unit costs for interventions were subjected to the inflation rate for the following years. A same
performance threshold of 40% was implemented as a constraint. The model was run three times
and Figure 5-10 compares the cumulative expenditure (C$) for all scenarios. As the figure shows
if government assigns maximum C$25 million per year, a couple of times, more than defined cap
should be spent to satisfy performance threshold; however, C$30 million starting point would be
enough for this purpose while C$35 million was sometimes more than enough.

Figure 5-11 shows the impact of each scenario on the overall network performance across the time
horizon. Except for stage I, which gradually overall performance was dropping and only opening

new stations in year 11 (i.e. 2021) made it up, the rest always kept up (more than 80% performance

12¢



the overall performance while the much less total budget was spent. This efficiestagenl

comes from doing major maintenance to avoid later replacement, which proves the beauty of using

proactive maintenance. Stage | only satisfies performance thresholds and could lead to

faster-declining performance while by spending more money on maintenance, renovation, and

rehabilitation, stage Il could save asset owners from more expensive future replacement.
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Figure 5-10, Comparing cumulative expenditure in stage | and stagé
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Figure 5-11, Comparing overall network performance in stage | and stage |l
From a life cycle cost perspective, the stage Il scenarios might be criticized as nyzieshodld
be spent in advance. Therefore, the present value method (Equation 5-22) was used to compare
more precisely the four scenarios based on the average interest rate of 1.15% (Bank of Canada
2019). Table 5-4 compares all scenarios from cumulative expenditure, present value ayel avera

performance in this study.

2NAOAIP 8AMQAL

(5-22)

Table 5-4, Comparing stage | and Il from life cycle cost and achieved performance

Stagell

ltems Stage |

C$25Mlyear

C$30M/year

C$35Mlyear

Cumulative Expenditure (C$

804,217,822

644,979,370

683,536,744

713,405,389

Present Value (C$)

710,668,027

576,721,100

612,076,263

639,033,269

Average Performance (%)

81

83

84

84
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The long-term plan indicates that C$25 million could be the most efficient approach in case the
government will be able to raise budgets for a couple of specific years; otherwise, C$30 million
gives a smooth budget allocation. However, the combination of these scenarios could also be tested

where the maximum available budget at the beginning might be more or less and vice versa.

5.5.3 Maintenance and Expansion practices in Montreal

Generally, it is not easy to validate decision-making models particularly the one preséhigd in

case study given that not all assets where studied (i.e. whole elements, sub-components, and
components). For the purpose of this study, the suggested maintenance and expansion plan by the
models were compared with the transit agency (STM) approach. Coincidentally, for EP platform,
giving priority to Blue line is the same decision as the government has made for expansion of the
network indicating model works well. For maintenance and renovation plan for existing assets
(MP platform), it seems STM often relies on age-based approach, which prioritizes intervention
according to asset age, and has its own limitations in capturing reality and finding the optimal
solutions. In this time horizon (2010-2030), STM is running Reno Metro, which is included two
maintenance and replacement programs of Reno-System (Phase Il to 1V) and Reno-Infrastructure
(Phase | and II) to modernize and renovate metro system (STM 2019).

Escalators as one critical element in the level of service of the stations are also part of this program.
Previously in 1997-2000, STM replaced 79 old escalators from the first opened stations. In the
second round starting from 2016, 24 escalators will be replaced, and 39 escalators will undergo a
major refurbish. These escalators are selected due to the average age of 30 years (STM 2019);
however, it seems the STM in the second round also planned for proactive maintenance instead of
only reactive ones. The decisions made by models for escalators were compared with the published

plan by STM for replacement and renovation. The stage Il and | planned years for interventions
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are compared for chosen stations by STM for replacement in this program (Table 5-5). Considering
2016 (the seventh year of planning) as the start time of replacement by STM, similar decisions
were made by the model in stage I, which only replaces elements at the end of serviceliie. It ¢

be concluded that these escalators have not been fully renovated before and STM possibly used a
similar approach as the stage I. Analyzing decisions for the same stations in the second stage
(C$30/year million) indicates that model gave priority to these elements to accelerate major
renovation and avoid replacement to increase the life span as well as optimize spending budgets
in long-term planning. Except for the first year, which model only removed the backlog, escalators

in these stations are ranked in the top priority for action.

Table 5-5, Planned year of renovation and replacement in stage | and Il

Station Name Saint- Edouard_— Jean-| \amur Cote-des-| dela Fabre
Michel | Montpetit| Talon Neiges | Savane
STM After 2016 (i.e. year 7)
MP platform,Stage | 6 10 17 6 8 6 8
MP platform,Stage Il C$30 M) 2 4 13 3 4 3 3

Some other similarities have been observed for structural elements of the stations. STM also did
some renovations in stations aBdrri-UQAM as the most important station was renovated from
2010 to 2018 and some other stations suclrasnvdon Guy-Concordia Villa-Maria, place-
d'Armes andMcGill were also chosen for renovation. The model in stage 1l (C$30 million) also
picked these stations during a similar time period (2010 to 2018), which shows that it could be

trusted.

5.7 CONCLUSIONS

A comprehensive network-level decision-making madgiroposed to handle maintenance and
renovation plans for urban railway systems. The model including two platforms of maintenance

and expansion planning is able to capture the impact of ridership fluctuations and network
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expansions through into the decision-making process. The model was implemented in the Montreal
metro system; however, due to data limitations, six elements in all&Bsiegments (i.e. station

and corresponding tunnel) were selected. MP platform was run in two stages and through four
budgeting scenarios while the impact of usage rate was considered and comparing results indicated
that proactive maintenance (C$25/year) million was able to save C$150 million (25%) cumulative
expenditure after 20 years while the overall performance was also slightly (2%) improved. There
is a good matching between the EP platform and government plan for the extension. Similar
replacement decisions were made for the escalator by STM and the proposed model in stage |,
which confirms applying the reactive maintenance approach for those elements. By having access
to more complete performance assessment and historical data, future studies can apply a full
model.

The proposed system can be applied on rail rapid transit (underground and surface); Light Rail
Transit (LRT); and suburban trains as well as Bus Rapid Transit (BRT) to guide planning for their
maintenance, upgrade, and expansion to achieve higher levels of convenience and reliability,

which then encourage higher transit ridership.
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Chapter 6 : SUMMURY, RESEARCH CONTRIBUTIONS, LIMITATIONS

AND FUTURE WORKS

6.1 SUMMURY

The main objective of this research was to develop a comprehensive model for managing urban
railway systems, such as the metro, that supports strategic decisions to maintain the highest level
of convenience, safety, comfort and reliability in the metropolitan area. To overcome the gaps
found in the literature, these proposed steps was:taken

Step I: Developing an understanding of convenience with special concentration on the level of
VHUYLFH IURP WKH SDVVH Q JWwtth vhoSet| quastithfvahLandt practically. G H D
DVSHFWV UHOHYDQW WR WKH XVHU FRS$pH@keIQomdnticddd WUDQ"
decision-making macel to mimic the operation of the transit systems capturing indirect impacts
such as human development and sustainal8tigp 111: Development of an optimization model

to analyze investment scenarios for the upgrade and expansion of the railway network, while up-
keeping the existing operation at acceptable levels of service, guiding policies, and respecting
budget limitation. This was included the relationships between the transit system and human
development issues, addressing fighting poverty; supporting accessibility to health, education and

job centers; and encouraging the modal shift away from the automobiles.
6.2 RESEARCH CONTRIBUTIONS

This research could be used by several public transit systems. The platforms and models can handle
urban railway systems such as Light Rail Transit (LRT), metro, and suburban trains as well as

Bus-Rapid-Transit (BRT) and tramway to guide planning for their maintenance, renovation,
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upgrading and expansion to achieve higher levels of convenience and reliability, which then
encourage higher transit ridership. The main contributions of this study could be summarized as

below:

- Comprehensive literature review in the second chapter prepared a good foundation for
future studies in urban railway asset management platforms and solutions. The framework
developed in the second chapter is suitable for further research of underground as well as
LRT, BRT, tramways DQG VXEXUEDQ WUDLQV ZKLOH DGGUHVVLQJ
concerns and expectations.

- The third chapter filled literature gaps including lack of a quantitative performance
assessment platform for rail cars while theX V W Rpendgédtive and concerns are also
addressed. The proposed model in this chapter is applicable to railway systems
(underground and surface) and other rail transit systems such as Tramways and suburban
train to evaluate the level of comfort in the rolling stocks. The assessment results further
could be used for decision-making and optimum budget distribution in the maintenance
and rehabilitation of both cars and track assets. Also, comfort measurements could be
applied to the transit modal choice analysis and land-use planning.

- The proposed model in the fourth chapter could be used by all existing urban railway
systems as well as other public transit networks such as BRT, and traditional buses to guide
planning for their maintenance, upgrade, and expansion. This platforead timk human
development and sustainability issues to asset management of transit infrastructure for the
first time to address novel raised concerns and expectations. The proposed decision-making

model enhanced classical approaches to optimally distribute the available budget to the
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most vulnerable regions in terms of both the level of service and human development
factors such as health, education, poverty, and employment.

- Finally, the fifth chapter covered the main gap in the literature, which is the lack of a
network-level decision-making (optimization) model for urban railway systems. Taking
advantage of the previdysdeveloped modelsa comprehensive optimized decision-
making model was proposed to find the optimum long and medium-term scenarios in
maintenance, rehabilitation, upgrading and extension planning for urban railway assets
while addressd for the first time the role of ridership (usage rate) trends in the planning

process.

6.3 LIMITATIONS AND FUTURE WORK

As it was summarized in the second chapter, there are several open research windows of asset
management for urban railway systems, which are not addressed in this study. In addition, further
studies can be conducted in expanding (or adapting) proposed models in this research. Other

potential future works are categorized respecting proposed models one to three:

Model I:

- Future studies can consider more functional factors for car assessment related to
mechanical or electrical aspects.

- Addressing user comfort in demand predication as was explained is a potential future
research to improve transit planning.

- Using an expanded survey with more details to improve model accuracy and prioritize
factors.

- Testing model through newly built system to update the model.
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Model Il:

- Comparing before and after (opening or advancing rail systems) human development
assessment and calibrating model in a more accurate way.

- Testing model for other case studies capturing more indicators.

- The combined objective approach was used to solve the multi-objective optimization
model to take advantage of flexibility and sensitivity analysis for weights and also to avoid
complexity for practitioners. However, other approaches also can be tested in future

studies.

Model llI:

- Collecting more historical data to improve deterioration models for different asset types.
- Testing a case study with more elemdrytgollecting enough data.

- Addressing uncertainty in both deterioration and effectiveness in decision-making model.
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