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ABSTRACT
Modeling socio-economic impacts of infrastructure works

Nathalie Oum, PhD

Concordia University, 2017

Onethird of Canadian municipal infrastructure is in fair, poor or very poor
condition, thus increasing theski of service disruptiolFCM, 2016). This represents a
call for major construction works, which cause considerable business closures and
increased travel delays. Therefore, the quantification of smmoomic impacts on
businesses, residents, and roagrsisiue to construction works, has become important for
municipalities. However, there is a lack of research on the quantification of- socio
economic impacts at mactevel. In previous research efforts, developed quantification
models were mostly sHspedfic, at microlevel, with no clear distinction between
proposed categories of impacts. The main objective of this research is to model social
costs of municipal infrastructure interventions at mdewel. First, the indicators that
constitute tangible ahintangible social costs of infrastructure works were identified and
studied. Second, models were developed for each indicat@retict social cost
variables. Third, noilinear regression models were built on the relationship between
social cost varialels and predictor variables, using the method of least squares. The
following infrastructure assets are included in this research: potable water, wastewater
and storm water pipesnd roadsThis research demonstrates that social cost indicators
related to mfrastructure works can be modeled by #ioear regression functi@nthus

enabling to assess social costs at a large scale.tfisocial costs were incorporated in



a Decision support system to compare three scenarios of renewal pdiicgedirst
scenario that is avoiding opecut road reconstruction untihe buried pipereplacement,
results in the highest total costs and ltlestlevels of servicel(OS). The second scenario

that is avoiding pipe replacement urlie roadreconstruction, results ithe lowest total

costs and the lowest LOS. This is because of the increase of pipe failures. Finally, the
third scenario that is mixing both of the aforementioned strategies, results in- the

betweersolution withlower total costs and acceptable LOS.
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NOMENCLATURE

TCM: Traffic control measures
VAD: Vehicle accident damage

VED: Vehicle delag

PED: Pedestrian delay

VMO: Vehicle maintenance and operations
OEV: Obstruction for emergency vehicles
PRL: Parking revenue loss

TRL: Tax revenue loss

NBIL: Net business income loss

PSR.: Propertysaleandrentloss

PR: Productivity reduction
HLL: Human life loss

Al: Accidental injuries
Sl Service interruptin

LOR: Life quality reduction

PSD: Property structural damage
DDC: Dirt and dustleaning

BUD: Buried utility damage

AAD: Asset accelerated deterioration
AP: Air pollution

SGP: Soil and groundwater pollution
GAS: Green amenity damage

ER: Ecosysten restoration

AB: Administration burden

CC: Citizensd compl aints
UWA: Unforeseen work activities
ULR: Urban landscape damage
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CHAPTER 1: INTRODUCTION

1.1. OVERVIEW

Potable vater wastewater, storm water amoad systems areore infrastructureassets
that are critical to the quality of lifeef Canadians, andirost 60 % ofthem is owned and
maintained by municipalities (FCM, 2016)hey should be managed in a sustainable way
throughrenewal decisionfmtegraing both financial and notfinancial outcomeskor example
equipment and labarosts as well agaffic andnoise disturbancshould beconsideedin buried
pipe renewal decisionsour types oflecisionoutcomesare identified economic, social, cultural
and environmentado thatthe analysis and thiategration ofthose inrenewal policiesesult in a

sustainable infrastructure asset managerfdAMS, 2004)

Adverseimpacts related to public infrastructure works such as businessslagspollution,

traffic disruptions andaccidents are dten referreda s  fi s o ¢ i(GldhristcandsAllosiahe,

2005) Thesecostsshouldbe mitigatedto achieve an efficient renewal progrdRehmanet al.,

2005) For examplecoordinaing works among adjacent infrastructugiech as watesewerand

road asses, will reduce social costs as opposed to performing works separately over a short
period. Municipal infrastructure management with little or no consideration to coordination of
works can cause significant public complaintsdue to high social costs; thugiving an
impression that resources are not managed properly (Halfawy, 2008; CNRC, 2003). In addition,
this creaesa negativamageof municipal officers knowingt h a t nearly 60 % of

publicinfrastructure isnanaged by municipalities.



During theperiodrunning from 2007 througB014 busines®wners and the City of Montreal
bore high social costs related bwried pipe and road reconstruction on major commercial
arteries, to name a few: Saimurent Blvd., Du Parc Avenue, Bernard Avenue, S@atherine
St., etc. Businesswnerswere highly frustrated with accessibility angarkingissues, dust and
dirt pollution, reduceds a | irconse and water interruptionhe City of Montreal in turn
invested hundreds of thousands of dollars to support égs#s and bring customers back to the
place through marketing campaign. Therefore, in 2015, the rGatyed forward witha new
integrated roadwork plannirtg mitigate work impacts. bffers palliativessuch as speaking to
stakeholderdo gauge their needsoordinating works among all players (e.g., Hy@uebec,
GazMetro, Bell, and contracto)js giving bonuses to contractors to finish work eadnd
keepingbusinesses running during lotagting construction workin addition,a Coordinating
Bureauwas createdto achievebetter coordination oihfrastructureworks. However therewas

no standardized protoctd categorize andnticipatework-relatedsocial costs.

Programs of worken buried pipe and road liné®m the WaterDepartmentnd Transpostion
Department ofthe City of Montreal should be synchronizeds much as possibl® reduce
adversampactson society 75 % of keyfactorsto achieve coordination of works among various
infrastructure assets ae¢ theorganizational leveind 25 % at thetechnical level(Hafskjold,
2010) At the organizational level, the complexiy coordination isexplained by the fact that
assets are managed by differdapartmentsvith different mandates and fundinghereas at the
technical level, the complexistens fromthe fact that assets areated atifferenttimings and
subject to different degrees of maintena(€dlRC, 2003) Therefore effective coordination at

the organizational level can be achievedtby creation of a Coordinating Bureda ensure



comnunication between various infrastructure providéfewever, at the technical leve
guantification protocol fowork-relatedsocial costsneedsdevelopmentto justify integrated

renewalprojectsamong various assets

1.2. PROBLEM STATEMENT

This researcidentifiesthreeproblems which are discussed in the next sectidr®e first
is the need tacategorizesocial costs to civil enginee(®rmsby, 2009) The second is the
limitations in data collection to assess social c{¥tgafi, 2004) The third isthe limitations in

availableassessment models to predict them

1.2.1. Need to establish a generic protocol to categorize social costs

Discrepancies inaial costcategorizatiorand nomenclatureiere observed in literature.
In general, social costs were categed per. a) impacts such as traffic disruption, business loss,
health and ecological degradatig@ilchrist and Allouche, 2005)b) costs whether direct,
indirect or intangible (Rahman, et al., 200&)d c)bearers of costs whether municipglroad
use or society at largéManuilova,et al, 2009).Discrepancies in nomenclature welepicted in
Tableau 2.2In addition, there was nolear distinction between tangible and intangible costs.
Therdore, a standardized wato categorize workelated impactfias yet to be reached in civil

engineering



1.2.2. Limitations in data collection to assess social costs

The accuracy of social costs is subject to limitations in available and manageable

information on both data and quantification methods. Typically, sooslassessment is data

intensive.This research identifies three types of data:

T

Data extracted from the Data Repository or the Geographical Information Systems
These data are often subject to prior treatment before they can basusgdt variables

into the assessment mosldData treatrants can involve spatial analgser queries with a
certain number of assumptions, especially when there is no uidgogfier between
databased-or example, if we have two databases, fonduildings and another feoad
segments, a spatial query should be perfortodidk each building to a specific road.

Data obtained through interviews with relevant parteeexperts This includesalsodata

from literatureor field survey For example, the Value of time lost traffic can be
obtained through aurveyor from literaturecommonlyas the hourly wage rateven
though itfails to represent the true value that people place on theirAinoeher example

is the Number of vehicles circulating in a road, which shoelddzorded irsitu perthe

kind of vehicle (automobile, bus, heavy and light truck), the period of the day (morning,
afternoon and evening) and the day of the week (Monday to Friday, Saturday and
Sunday). This is practically tirronsumingCost data of wdous items can be difficult to
obtain if access tmformationis jeopardizedy: confidentialaccountscalls not returned,
intangible losses, etc.

Data assessed from innovative idedfese dataequired a set of assumptions and
creative techniques tarrive at an estimated value. Thaye mostly related to intangible

impacts such as human life loss or productivity reduction at work place due to machinery



1.2.3.

noise.Data such athe Numberof decibelsproducedby aninfrastructureprojector the
Value of tle risk that people are willing to accept in losing their life in traveling on a road

under worksare complex testimate

Limitations in available assessmentnodels topredict social costs

The assessment of social costs demands careful and imeovahsideration§TBCS,

1998) Most of available assessment techniques weresptific, at project level, and could not

be applied easily at mactevel (for an entire road networkyiven time-consuming data

collection.In addition, the following limtiations can be outlined:

T

Uncertainty and variability of input variablegere notcomprehensivelyonsideredn
available techniquesUncertainty deals with variables whose possible values are
associated to a random phenomenon, such as occupancy ratkiof [gpaces, road
accidents and vehicle maintenance costs. Variability deals with variables that vary over
time, such as vehicle density traffic which fluctugtesthe time of the day and the day

of the week.

Road status during works whether partialycompletely closed not clearly defined in
available techniques. Most of the techniques proposed the same equation in both cases.
However,detouringvehicletraffic canimpact a greater number of vehicles than allowing
vehicles to go through the worne.

Most of available techniques were proposed for single projeftsn on one type of
assets)of opencut reconstruction or trenchless rehabilitation. There was a lack in
considering bundled projects resulting from coordination of works among vassess,

such asombination of opertut andirenchlesgechniques in the same renewal project.

Impacts on Public Transportation Agency and Pokoeh as increased service casiie



to additional bus lines and drivers atakts of policgpresencearenotfoundin literature

1 Side-effects of work impactsre notcaptured such asunplannedwater interruptions
(whichincrease risks dire in restaurantand losses of frozen products in groceries, both
equipped with cooling water systeand prejudiceso other projects.

1 Possible compensatiorgiven by the municipality tdusinesss are not studiedThey
allow mitigating impacts on losing businesses or partgen though they are transfer
costs in a society point of vielwy increagng internal ostsfor the municipality and
decreasing external costs for business owners.

1 Quantification ofintangible impacts is often controversiakor example the valueof
human lifeloss (HLL) is based on forgone earnings or insurance payouts for death.
Likewise, thevalue of time (VOT) lost in traffic is based on average hourly wage.
However, these methods fail to reflectt f e c t s  sumoundingdor HLIn anslthe
realcost that people are willing to pay to save their tiore/OT.

1 No regression models had bgaoposed to assess social costs at large scale to overcome
the fastidious data collection required to assess tBemial cost regresion modelgan
be very useful for two main reasons: they ease thwa cost assessment for an entire
road network andhey can easilybe incorporatedin decision support systenfer the

consideration oéxternal costselated tanfrastructure projects.

1.3. RESEARCH OBJECTIVE S

The observatiogin previous sectiofead tothe objective of this researthatis to model
social cets related to municipal infrastructure interventions in all conditidimés will be

achievedhrough specific objectives outlined in the following section.



1.3.1. Specific Objectives

Theresearclobjectiveis divided into thefollowing specificareas

(1) Idenify and study thendicatorsthat constituteéangible and intangiblsocial costs
of infrastructure works

(2)  Assess angredictsocialcoss,

(3) Develop noHdinear regression modelgn the relationship between social cost
variables and predictor variables

(4)  Optimize the coordination among municipal infrastructures.

First, thebestindicators 6 categorize soal costsrelated toinfrastructure worksare identified

and studied. Secondnodels are developed for each indicator by taking into consideration
multiple deterministic and probabilistic variabjess well as social parametets, obtain social

cost variables that constitute response variables for regression molerfs the nontlinear
regression models were built on the relationship betvessial cost vaeblesand predictor
variables, using the method of least squaFesally, the developed regression models were
incorporated in a decision support system to optimize coordination scenarios of works among

three municipal systems: water, sewer and road.

1.3.2. Expected contributions

This research provides civil engineéng best social cost indicatdrscategorize adverse
impacts resulting from infrastructure workisproposes notinear regression functiorte model
social costindicatos with a set ofkey predctor variables.Compared to previous research, the
prediction of social costs integratamportant parameters such @se of the dayday of the

week land use and road function. The proposed approach is not psppafic, but rather can



be appliedat largeto an entire road network to simulate waoegfated impacts. Social cestan

be usedby managerdo set hierarchy levelor weighting factos of work impactsfor a road

network Social costs caalsobe integrated in decision support tools to ruenseios of different

renewal policiesand compare their resultSocial cost mappingan be reported to officials,
residents and stakehol der s .adv@rdeammactsaesuitingrframm s e p e
public worKks, bui | d anticipatingdnitigatioon measuses) and pronm@ r t b
restrictive practices such as pavement degradation fee, contractor penalty fee for delays and

permit fee for excavation with tariffs based on social cost values.

1.3.3. Scope and limitations

The scope of this resesh is limited tosocial costs resulting from interventions among
the following infrastructure assets: potable water, wastewater and storm watearpipexads
Works on other buried infrastructure assets such as gas and electricahrinexcluded
Interventions could refer to a single project on one type of assets or a bundled project on more
than one type of assets. The latter case portréamsuétidisciplinaryd coordinationof municipal
infrastructureprojects which is achieved when uncoordinated departmentalprojectsare put
together topropose one integratdmindled projectThe coordinating process is limiteal this
researchto infrastructure assets located within the same road corridor, whacktiset block
from oneintersection to ano#r. The choice to stick to a street block is motivated by the fact that
public works are usually perford within this boundaryEventually, ganned interventions on
municipal assets can lead toplanned ssetfailures such as pipe brealduring works. Een
though these unplannddilures can increaseocial costsfor exampleto suchan extentas to
evacuad residents and businessdhle associated adverse impaetee not considered in this

study



1.4. TASKS

The methodology of the current research consisteur specific objectivesThe first three sub
objectives ardllustrated in Figire 1.1 and can be broken into many tasks as explained in this
section The last sulbbjective consists in one task of using social costs to optimize coordination

of works.Review of literature was necessary through all these steps.

—{ Expert Opinion

Prediction of Social Cost
variables - Data collection

Specification of Social
Cost Indicators

Non-linear regression
modeling for socia costs

Figurel.1l: Research methodology

The first specific objective could be broken in two tasks:

i TASK 1: To identify indicators of social costs

1  TASK 2: To slectbestindicators to specify social costs for municipal infrastructuoeks

Step 1would be supported by comprehensive literature reviews as well as interviews with
experts and municipal plannetsterviews will lelp to capture hidden social costs not found in
literature. Social costs are categorizetierdomains this resuling in a list of key social cost

indicators.



The second specific objective could be broken into three tasks:

1 TASK 3: To identify key paramet's

1  TASK 4:To developmodels

1  TASKJ5: To predict social cost variables

Key parameters are known parameters related to project specifications such as the type of works
(opencut, trenchless) andelatedto the site vulnerability such as the land useidesdial,
commercial, and institutional). They are used to devehmgolels which are new oupgraded
from literature The modelswere implemented to compute social ceatiables in numerous
cases of different infrastructure projects on more than a thdusads in the City of Montreal.
Their implementation required large amount of dat¢hat were extracted from thdifferent
databases or collected frodifferent partiesoy phone calls, emails and eoa-one interviews.
The resulting social cost variablegre validated through expert opinions, real cost collection or
comparison of results with two different methodsis stepresults in vectors of social cost

variablesused as response variables for regression analyses

The third specific objective catdibe broken into two tasks:

1  TASK 6: To design regression models

1  TASK 7:To calibrate and validate regression models

In Step 3 regression models are developted each indicator based on the project type or
duration, and the road status during works whetpartially or completely closedThe
parameters of regressidanctions wereestimated through least squares methblis step

results in social cost regression functions.
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1.5. THESIS ORGANIZATION

Chapter 2 presents the literatureipon which theresearchwas carried out The
specification of existing social cost indicatorand previous techniquesto assess thenare
presented Chapter 3 presents thewhole methodology research. First, a standardized
categorization of social costs is proposed, where social tisators are classified under eight
domains. Acharthas beemlesignedto determine whether an indicator is tangible or not. Second,
modelsto predict social cost variablese explained with associated variables and parameters.
Third, thenontlinear least squaresegressiormodelis describedChapter 4deak with the data
collection and challengesChapter 5 discussesethimplementation of noiinear regression
functionsand theresults oftheintegration of social costs in InfraModebecisbn support gstem
to compare thregypical renewal scenario$inally, Chapter6 presents the thesis conclusions

and recommendations.
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CHAPTER 2: LITERATURE REVIEW

2.1. OVERVIEW

This research found various literatures in social cost specifications and assessment
techniques. The structure and content of the literature is outlinedrigure 2.1. Section 2.2
covers the definition of social cost to civil engineers. Aalyses of existing social cost
categorizationslepict current dcrepancies in the nomenclaturesotial cst indicators. Section
2.3 presentgurrent approaches to predictc&d costs and limitations in available assessment
techniques. A review of previous parametric modelsdand a brief description of regression
models to be used faocial costassessménare presentedSections 2.4 and 2.%leal with
limitations in existing models and the decision support system InfraMtmdée used in this

study for optimisation

Section 2.2 SPECIFICATION OF SOCIAL COST INDICATORS

———»  Definition of social costs

———»  Categorization of social cost indicators

———»  Nomenclature of social cost indicators

Section 2.3 ASSESSMENT OF SOCIAL COST INDICATORS

————»  Current approaches to predict social costs

————»  Parametric models for assessment

———»  Regression models

Section 2.4 LIMITATIONS IN EXISTING ASSESSMENT TECHNIQUES

Section 2.5 INFRAMODEX DECISION SUPPORT SYSTEM

Figure2.1: Chapter 2 Content Diagram
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2.2. SPECIFICATION OF SOCIAL COST INDICATORS

Since the 2000s, esearchers have investigatadverseimpacts related tomunicipal
infrastructureworks (Matthews, et al, 2015; De MarcelligVarin, et al, 2013; CERIU, 2010;
Ormsby, 2009Manuilova, et al, 2009; Wereyet al, 2005; Gilchristet al, 2005; Rahmargt
al., 2004; Nagfi, 2004) They attempted to assess these impacts in dollar value and referred to
them as social costs which were broken down into several social costamliGilchrist and
Allouche (2005) definea social cost indicator as a measurable cost ,itgoantifiable in
monetary terms and resialg from one or more conasictionrelated adverse impactearthe
construction work arearhe following sectiors presentan overview ofsocial costdefinition,

categorizatiorand nomenclature

2.2.1. Definition of social costs

Even though the concept of social costs is relatively new to civil engindeengn the
beginning of 2000s)o0cial costs are weditudied topics in Ecamics, with research dating back
to 1850s(Ormsby, 2009) Social costswere introduced in Economics toonsiderpositive or
negative externalities resulting from undertaking an activity;, tlreygesent the overall impact of
an activity on the welfare dhe societyln a project cost analysisedisionrmakersinitiating a
project will typically assumeinternal orprivate costswhile third parties not involved in the
decisionwill bear external costsTherefore, social costs in Economics encompass intanthl

external costs.

13



On the contrarysocial costdn civil engineeringare exclusivelyexternal costsesulting from
infrastructure worksthus, do not include private costsnormally specified in the contrabid.
Therefore social costhavebeen defind asthe monetary equivalent of resources consulmed
parties andtypically not directly accounted for in construction proje¢fdlouche, 2005
Rahman,et al, 2005. They are not part ofthe contract bid with utilities havng no direct

responsibility aprt from possible compensat®{Manuilova, et &, 2009;Werey, et al., 2005)

However, the exclusion of contractual costs from social costbeahallenged because some

cost items are engagedh the bid solely to mitigate adverse impacgd thus shad be
considered as social costs, to name a Bwpass installation, urban landscape reinstatement and
traffic control measuredn addition, works cargenerate implicit effects resulting in internal
costs borne bynunicipalitiessuch as losses in pankj meter and ticket revenuebherefore,

social costs to municipal engineers encompass internal costs borne by the municipality and

external costs borne by other parties.

In a nutshell, the current definition of social costs should be revised to theamyoeguivalent
of resources consumed by all parties in term$fath internalcosts included in and excluded
from the contract bidhat are borne bylecisionmakers, and of external codterne byall
remaining partiesNote that both internal costs indeedin and excludedrom the bidare often
referred as direct and indirect cogisthe municipality Thisfact has led to amxchangeable use

of the terms social cost, indirect cost and external cost in the literature.
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2.2.2. Categorization of social costs

Tabe 2.1 illustrats different dimensions ofocial costcategorizatios upon which

indicators are built.

Table2.1: Social cost categorizatien

Dimensiors Categories Authors
91 Design and lanning
Construction phase  { Construction Najafi, 2004
9 Postconstruction
1 Traffic
Impactedarea 9 Economic activities Gilchrist, et al, 2004
1 Environment degradation, health and sal CERIU, 2010
i Adjacent utilities
Municipalit
Bearerof cost E User(”IO ’ Ormsby, 2009
. Manuilova, et al, 2009
1 Society
Dir
Type of cost E Indier(:ct Rahm'anet al, 2005
i Manuilova,et al, 2009
1 Intangible
9 Accurate
Accuracy of cost 1 Estimate Manuilova,et al, 2009
1 Guestimate
Immediate
Time frame® E Short term Rahmanet al, 2005
Manuilova, et al, 2009
1 Longterm

@ User costs affects solely users and are separated from all other costs to society
@ 1n which the cost occurs

A two-dimensional categorization was proposed whihbearerof costaxisandthetypeof cost
axis, in such a way thatosts borne bythe municipality are either direct or indirect and cost
borne bythe societyeitherindirector intangible(Manuilova, et al., 2009Figure 2.2 illustrates a
four-dimensional categorizationith bearer of costaxis, typeof costaxis, accuracy of costaxis
and time frameaxis, in such a way thatirect cost are accurateand borne bymunicipality
immediately indirect costs areestimatedand borne by theocietyat ashort runandintangible

costs arguestimatecénd borne by theocietyat along run(Rahman, et al., 2005)
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DIRECT COST / Munlupahty CUT €

INDIRECT COST w Ent|ty Indlwduais w Estlmat
INTANGIBLE COST Q Soc'ew at Guestimate
large — /T
BEARER DEGREE OF ACCURACY TIME FRAME

Figure2.2: Fourdimensional gcial mstassessment

Furthermore,local regulatios and poliges play a role insocial cost assessment. (ig 2.3
shows that external impactould be supported by the municipality in the form of gassi
compensations, thus increasing internal costs and reducing external\esty et al., 2005).

Note that in the society point of view, compensations are meegigfer costs as opposed to the

municipal point of view.

EXTERNAL TRIGGER

Rain, etc.
RENEWAL FAILURE PERFORMANCE DEFICIENCY
For example, pipe Sewer pipe not performing Sewer pipe not complying with
replacement, pipe lining a required function D the general objective
\ |
i DEFECT or FAULT |
EXTERNAL EFFECTS Sewer pipe not complying with |

the nominal design and having |

Physical changes impacting the world a lower potential for use

outside (e.g., presence of work or
rainwater in the street)

i SITE VULNERABILITY
EXTERNAL IMPACTS < Type of road, presence of
public transport, etc.
Consequences of external effects on

the surrounding environment (e.g.,
traffic disturbance)

NET EXTERNAL IMPACTS

External impacts minus
compensations, pollution taxes, etc.

NET SOCIAL COSTS

Assessment of net external impacts

Figure2.3: Net social costaluation
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2.2.3. Nomenclatureof social cost indicators

Table 22 summarizes the nomenclaturesofcial cost indicators originally formulated by
different authors for eightypes of impacts road safety and traffigssue local economy
disruption, life quality lossaddon construction work, urban landscape damage, adjacent utility
damage, ecologicatnvironment damage and litigation and legal fd@screpancies in the
nomenclature arexplained by the following observations:

a) Use ofdifferent namesto designateone singleindicator: e.g.Loss of incomeBusiness
loss Lost business incomeoss of tade Lost business revenue

b) Lack of adequate names for some indicators: Blgise and vibrationstandingfor the
loss of property value due to noise and vibrations

C) Mixture of norrdescriptive versus sedfxplanatory name®.g.,Health and safetyersus

Accidental injury and death
d) Micro-segmentation cdome indicatorse.g.,a singleindicatorfor one authorMunicipal

revenue losss divided irio two by anotherlost parking meter revenundLost parking

ticket revenue
In addition, interviews with expty point out new specificindicators, adapted to the socio
eonomic contextof Montreal City and not discussed in literatursuch as Costs of police
presenceon worksite, Increased costof bus service borne by the STM (Montreal Public
Transpor} and Increasedadministrationcostsborne bythe municipalty to support businesses

andprovideroad accessibilitat any time
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Table2.2 : Summary of existing social cost indicators

ed and qualitativelyssessed
ed and quantitatively assessed

ed anly t

D O<W
|

Najafi, 2004
Rahman, et
al., 2004
Gilchrist, et
al., 2005

d) Werey etal,
Manuilova et
al., 2009
Ormsby 2009

©)
2005

e)

a)
b)

CERIU, 2010

9)

De Marecellis,
etal., 2013

h)

Matthews, et
al, 2015

i)

ROAD SAFETY AND TRAFFIC ISSUE

[N

Traffic control measures

Traffic accidents
Repair costs a
Increased collision rate 0
Damage of goods

Traffic disruptions o} 3
Travel delay 0
Vehicular traffic dsruption 0
Fuel consumption E
Obstruction to emergency vehicles
Increased pedestrian travel time
Increased vehicle operating cost 0
Vehicle operating cost
Increased vehicular travel time 0

o)
0

O« O¢ O«

O«

O¢ O«

O«

LOCAL ECONOMY DISRUPTON

Municipal revenue loss 0 0
Loss of parking spaces a
Loss of parking revenue
Lost parking meter revenue
Lost parking ticket revenue

Compensations and tax rebates
Reduction in tax revenue a
Business and trade loss

Loss of income a
Business loss a a
Lost business income o)
Lost business revenue
Loss of trade 3

Lost property value due tmise 0
Noise and vibrations 0

O¢ O¢ O¢

O«

Productivity reduction 0
Psychological and physical ailments 0
Noise and vibration
LIFE QUALITY LOSS

O¢ O«

b2

Service interruption 3
Water and wastewater service imtgtion o}
Temporary service provision

Reduced quality of life a
Dust 3
Noise o] o] 3
Noise pollution costs
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ed and qualitativelyssessed
ed and quantitatively assessed

ed anly t

an O«
|

Najafi, 2004

b) Rahman, et
al., 2004
Gilchrist, et
al., 2005

d) Werey etal,
2005
Manuilova et
al., 2009

f)  Ormsby 2009

g) CERIU, 2010

a)
<)
e)

h) De Marcellis,
etal., 2013

Matthews, et
al, 2015

i)

Health and safety
Health and disability insurance
Accidental igjury and death
Road rage
Safety
Pedestrian safety
Site and public safety

13
13

Q1

o
O«

Qe

ADD-ON CONSTRUCTION WORK

Unforeseen overhead costs

Unforeseen construction costs
Reinstatementasts

Emergency services

Redundant systems and temporary services

QO Qe o Qr Qe
e r r . e

URBAN LANDSCAPE DAMAGE

Property damage

Repair costs

Damage to adjacent structures

Damage and lost amenity of reciieagl facilities
Dirt and dust

Cost of dust control

Heavy construction and air pollution

(@] an
O« O« O«
(@]

ADJACENT UTILITY DAMA GE

Accelerated road degradation
Service life reduction

Pavementervice life reduction due to excavatiol 0

Pavement service life reduction on alternate rot .

due to increased traffic

Decreased road surface

Damage to detour road

Road and pavement damage
Damage to adicent utilities

Adjacent buried utility damage

e O< an

ECOLOGICAL ENVIRONMENT DAMAGE

Restoration cost
Air pollution
Environmental degradation
Air pollutant and GHG emissions
Environmental darge and contamination
Groundwater pollution
Environmental impacts

an O«
O

o O«

LITIGATION AND LEGAL FEES

Property claims
Citizensd compl aints

0 0

Note Non-monetary quantitative assessment is considered ¢itatjua assessment
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2.3. ASSESSMENT OF SOCIAL COST INDICATORS

Given that adverse impacts resulting from public works can range from taeits
such as parking revenue losses to intangible as air pollution, approaches for predicting social
costs shouldnitegrate methods to value damage of goods without market .pficescurrent
approaches used in Economics are presented in the next section, followed by limitations with
respect to their application in the assessment of social costs related to infrestugris. The

last section deals with parametric mod##selopedor social cost valuation.

2.3.1. Current approaches for predicting social costs

Approaches fopredicting social costare divided into two methods:sstatedpreference
andrevealed preferendseeFigure 2.4). They wereoriginally applied in Economics to estimate
c u s t opredereldcs/behaviowgiven a set of alternativg¥arian, 2005; Kroesind Sheldon,
1988) In civil engineering, stated preference methods refer to technilgaiassesurveybasel
datato statei ndi v i d u,ahdsebealdd preferensm thosethat exploit market data to

reveal i ndi vidual s6 | osses.

2.3.1.1. Stated preference methods

Stated preference methods require purpasesign surveysvhich provide respondents
with a set of alteatives to sorin decreasing ordear to selectoneof them(Kroes and Sheldon,
1988). The bestknown methods are: contingent valuation and choice experin@oritingent
valuation is obtained by directly questioning individuafs their Wllingnessto-pay (WTP) to
have moreof a good or service, or their lihgnessto-accept compensation (WTAC) to have
lessofitFor exampl e, respondents could be asked (
willing to pay to avoid traffic accidents in the wazkn&® @ r A how much woul d vyo

to accept to be delayed for an hour in road t
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faceto-faceinterviews andelephone or mail surveys as wélhe choice experiment valuation
is achieved by asking indivihls to choosene among manglternatives. For exampld, trees
along the roasidecan hinder worksresdentsc oul d be asked pteservardeo o0s e b

and install new pipes at higher casts a mrerdowefrees and renewld pipes at lower cosbs

In general stated preference methodee easyto control because researchers define conditions

which are being evaluated by respondeiitsey offer flexibility in being capable to deal with

many explanatory variables and get variations in these vasidimen multiple responderst 0
observatios (Kroes and Sheldon, 1988y nature theyaresusceptible to bias problems both in

the sample and in the responge$si | chr i st and All ouche, 2005) .
background and misperceptions combineith their age, gender and level of incamkhe

second idecausgeople tend t@ver or under statideir responseunder hypothetical situations

andmay not necessarily do what they say

2.3.1.2. Revealed preference methods

Revealed preference methassumehat the preference of individuals can be revealed in
their purchasing behaviourhusrequirefirevealed preferenoadata to examine all explanatory
variables expressed in engineering undéferent revealedpreference methodare available
(see Figire 2.4) and presentgmitations oncollecteddata such athe lack of variability andhe
strong correlation betweeaxplanatoryariables.

Figure 2.4 illustrates examples of commonly used stated and revealed preference nidtagds.
are complementary and rcdoe used in conjunction to avoid the problems of stated intention
versus revealed behaviour (Kroes and Sheldon, 198%8).Value of Statistical Life (VSL) is

separated from the rest of revealed preference methods because of the dilemma associated to the
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fact that some people consider human life priceldesvever, techniques of VSL value human

life based on revealed preference data.
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Figure2.4: Examples otommonassessmemhetiods

Stated and revealed preference methods are dferred ashadow pricing methods ' he latter
are appliedto monetiz nonmarketed goodsuch as aiand naturgor to convert monopolistic
market prices into competitivenes(FLOODsite, 2006) In thefirst case,financial effects of
transfer payments such as taxes and subsidies should be removed. These suilddat of

assumptionsthus oftenleading to a fairly guestimated valu€able 23 illustrates that stated
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preference methodare rarely used to assessdverseimpactsrelated to infrastructure works

compared to revealed ones.

Table2.3: Use of stated versus revealed preference methods (SPM vs. RPM)

SPM RPM
E
s 2 7
2 s B 5 2 8
L = @ 9 o © 2 5
g g s £ ¢ 5 8 ¢
s £ % 2 S g 2 3 ¢
Q O ¥ 2 © 5§ £ ®©
X @ [} = o = =
E 3 8 8 55 28 ¢ 3
Authors = S < F o o a I O
a) Najafi, 2004 a
b) Rahman, et al., 2004 a a a
¢) Gilchrist, et al., 2005 a a a
d) Werey, et al., 2005 a
e) Manuilova, et al., 2009 a a a a a a
f) Ormshby, 2009 a a a a a a a
g) CERIU, 2010 a a &a &a &a a a

an
an
an
an
Q

h) De MarcellisWarin, et al., 2013
i) Matthews, et al., 2015

an
an

The following sectionis an overview of previouparametric modelsisedto assess social cost
indicators. Readersan skip this section and go straight to Chapter 3 of Research methodology

which presents $ected indicators and upgraded versions of parametric models.

2.3.2. Parametric models for assessment

The following subsections present previous parametric models which are grouped under
eight categories of impact$) road safety and traffic issug) local eonomy disruption3) life
quality loss,4) addon construction work5) urban landscape damagé) adjacent utility
damagey) ecological environment damage aiditigation and legal feesAll these models use
revealed preference data.
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2.3.2.1. Road safetynd traffic issue

Impacts on road safety and traffieere divided into three:traffic measures, traffic

acddents and traffic disruptions as illustratEable 24.

Table2.4: Assessment methodisr road safety anttaffic issue

Indicators Revealed preference methods

Traffic measures

Traffic accidents Market analogy
Traffic disruptions Tradeoff, travel cost
Vehicle operating costs Tradeoff
Vehicle delay costs Tradeoff
Pedestrian delay costs Tradeoff

Obstruction to emergency vehicle  Travel cost

T Traffic measures

Costs of taffic measurs in terms of control, inspection and administrationadren engaged in
the contract bidGilchrist and Allouche, 2005No assessment methods were found in literature.
In the context of the City of Montreal, costs of police presence on major work sites,aahich
amountup to $60,000 a week and are paid by the police budgstaffic measureoststhat are

missed in literature.

1  Traffic accidents

Even though there ilttle evidence to suppoxorrelation between workasnd accidents, works
can potentially increase traffic collisions withe presence ofraffic control devices, safety
featuresand construction equipment and machiner{®$anuilova, et al., 2009)In addtion,
externalfactors such aweatherconditionsandd r i vbehawsotscan trigger traffic accidents

Traffic accidentswere assessed itwo forms as illustrated in Table52.The firstis by using
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fixed costs of collision per vehicldistance traveledOrmsby, 2009). The second is by

multiplying the likelihood of the accident by its expected impacts in money teDERIU,

2010)

Table2.5: Parametric model®r traffic accidents

Author  Social cost indicator

Abbr. Detailed calculations

Traffic accidents
) Increased collision rate

(9) Damage of goods

ICR ACC L DTD PD
DG P N C

ACC = average cost of collision [$/vdm]
L = length of the work zone route [km]
DTD = daily traffic density [veh/day]

PD = Project Duration [days]

P = probability ofacciden{%]
N = number of occurrers
C = average Costs ohpacts per accidefi$]

Table 26 showsa Canadian average cost of collisjper vehicle distance traveled (Manuilova,

et al, 2009) They werefactored twice by 0.6 and 0.63 to reflect the decrease of collision rate in

urban aeas and higher percent of collision rate in construction zespectively (Ormsby,

2009) Table 27 shows average costef impacts per accident used by Saskatchewan

Government Insurance for cost benefit analyManuilova, et al, 2009; De Marcelliset al.,

2013) Cost elements considered in collision rates are not clearly specified but include all kinds

of elements such as material damage, productivity loss and health degradation. More research is

needed in this area and we strongly recommend sepatatigiple from intangible costs for the

sake of clarification.

Table2.6: Average costs of collision

Types of vehicles

Manuilova et al. (2009)

For entire traffic fleet including
highways areas

Ormsby(2009)

For construction zone in urban

Urban/interurban vehicle
Urban/interurban bus

Freight vehicle/truck

CA (2006) $154.38/1000vekm
CA (2006) $482.32/1000vekm
CA (2006) $164.99/1000vekm

CA (2009) $60.86/1000vekm
CA (2009) $190.16/1000vekm
CA (2009)$65.05/1000vetkm
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Table2.7: Costs ofimpactsper accidenin Saskatchewan

Types ofimpacts* Valuation(2006)
Crash $3,500
Injury $16,000
Death $96,000

* Material resource mobilization (hospital, ergency services, etc.)

i Traffic disruptions

Traffic disruptionswere divided into four: vehicle operating costs (VOC), vehicle delay costs
(VDC), pedestrian delay costs (PDC) and obstruction to emergency vehicles (O&aWic
disruptions are reflected imcrements in travel time and route, leading to traffic delays which
can be measured through field studies, empirical formulae or traffic modelling(@ohsby,
2009. They were commonly estimated as opportunity costs of forgone work activities by setti
the value of time lost in traffic at the hourly wage rd&gisting assessment models for traffic

disruptions are illustrated in Table 2.8.

o0 Vehicle operating costs

Vehicle operating costs (VOQyere separated intdwo: costsfor additionalfuel consumpon
(VOC) andcosts for increasedchaintenancgVOC,,) which includeother norfuel operating
costs Increased maintenance refers to vehicle depreciation resulting from toaegroute or
time andincreased stopndgo cyclesthat damage shocks, muéils, tires, axie and chasses
VOC were assessed by using average operating cost (AO®) dollar per vehicleéilometer
driventhat considers both fuel and maintenafi€AdA, 2013).In case of a partial road closure
allowing traffic through the work zon®OC weredivided irto two: VOCx, for queuingvehicles
and VOGy for vehicles taking detour®g Marcellis,et al, 2013; Najafi, 2004) Specifically,
VOC; were assessed for each type of vehiGegomobile, budjght and heavyruck) to reflect
their differences intdiel mnsumptionDe Marcellis et al, 2013)
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o] Vehicleand pedestrianlelay costs

Vehicle delay costs (VDClvere assessed as opportunity costs of forgone work activities by
setting the value of time (VOT) lost in traffic at the hourly wagfe.iThe latter is borne by each
passenger in circulation. In case of a partial road closure allowing traffic through the work zone,
VDC were dividedinto two: VDCg for queuing vehicles and VQ@Qor vehicles taking detours

(De Marcellis,et al, 2013) Speifically, VDC were assessed for each type of vehicles to give
higher VOT to light and heavy truckdn literature, case studies were presented with a
knowledge of detour patterns; thuemoving theneed of traffic simulation tools téorecast
behaviors® dr i ver s6 c hoi c eandwaitingve queuestikewise,megestdaat our s
delay cost§PDC)were assessed as opportunity costs of forgone actibibiese by pdestrians
andpeople in bikes, strollers and wheelchabiBC is significant when theumber of pedestrians

is important; this were oftenneglected for ofpeak hours in business areas. In case prtial
sidewalk closureremainingadjacentwalkways couldootentiallybe used as alternate routpsr
peoplesafety/comfort desire to ged theirdestination Note that accessibilities to buildings are

always provided.

o  Obstruction to emergency services

Costs for obstruction to emergency vehicles were assessed in the same manner as delay costs,
except for the value of time set at the empoyeresponse time such as response fees associated

to a call or penalty charges for exceeding predetermined response times. Emeetiriey are

limited to ambulance, police and fire, even though regular vehialesalso provide emergency
services irrushing to hospital oairport (Ormsby, 2009)Given that thesgehicles are supplied

with communicatiordevicesensumg up-to-date traffic conditionglus location ofroad works,

potential accessibility isssare mitigated; thyseaving only additionalraivel time concern.
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Table2.8: Parametric model®r traffic disruptions

Authors Social cost indicators Abbr. Detailed calculations
(b) Traffic disruptions VOC + VDC + PDC
(b) VOC L AOC DTD PD
(e), (h) (i) VDC + PDC
Travel delay
(9) VDC + PDC + VOC
(9), (e) T VOT ANPV DTD PD
(h) vDC VDC, + VDCy
0] ®T VOT DTD PD
VDC, 5
(h) y4 /. 066/ 4 .6
VDCy .
(h) ya /. 066/ 4 .6
(e), (9), PDC T NPD VOT PD
(h), ()
(a) Vehicular traffic disruption VOC; + VDC
(@ VOCy, FP ®AF CWTD, PD
(a) VOCiy L FP AFCVK DTDy PD
vDC VDC, + DVCy
(a) ®@AFCV LR @pAFCVK
M, (9) Obstruction to emergency velasl OEV T VERT NTD PD
M Increased pedestrian travel time PDC T NPD VOT PD
® T LRwe/ WSye T LRpe/ WS,
0] PE RW/WS+T
U] T 10-30 sec
® . . L AOC DTD PD
Increased vehicle operating cost VOC
(9) VOC; + VOC,
AFCWP DTD PD
(9) VoG, P
(h) VOCy, + VOCy
(h) .
VOCy &0 Y &#6 . 6
(h) y
VOCy Y, &0 | &#6+ .6
() ®AFCV AFCVH T
@) oL AOC, DTD PD
(h) VOC,, o
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0] Vehide operating cost VOC L OCA DTD PD

®, (c) Increased vehicular travel time VDC T VOT ANPV DTD PD
® T TTwel TThe

() oL LRue - LRy

M Pl @T AVS

DTD = daily traffic density [veh/day] T = increment in travel

L inerement in traveldngth [km]

AOC = average operating costs [$Meh] solely for
maintenance and nefnel operating costs

PD = project duration [days]

AFCV = i ncr e me nonsumption aer ehicla
[liter/veh]

FP = fuel price [$/liter]
L = additional travel | en

AFCVK = average fuel consumption per vehikilometer
driven[liter/'vehrkm]

LR = length of the travel Roufé&m]

AFCVH = average fuel consumption per vehibur driven
[liter/vehrhouq

ANPV = average number of passenger per vehicle [per/veh
OCA = operahg cost allowance [$/vekm]

TTc = travel time in work conditions [hr]

TT,. = travel time in normal conditions [hr]

LR = length of travel route

LR, = length of travel route under work conditions
LR, = length of travel route under normal condiiso
AVS = average vehicle speed [meter/sec]

VOT = value of Time [$/rper]

NPD = number of edestrans per dy [per/day

WS = walking speed [m/s]

RW = road vidth [m]

T ¢ = crossing delay [Sf crossing is required

T, = traffic light waiting time[s]

VERT = emergencyresponsdime [$/min]

NTD = number of trips per day [trips/day]

Where i = 1 to n (total number of vehicle tgpand j = 1 to m (PD)

Two problems are identified from previous studiesthe assessmerdf traffic delay costsThe

first is the use othe hourly wage rate as the value of time (VOT) lost in traffftee second is

the use of constant value of the daily traffic density (DTD) for the duration of wdrke.use

of a VOT based in personal incorfals to represent the true valueat people place on their
time. By nature, th&/OT will depend on the time of the day which is often related to the types of
trips. For instance, morning rush hours are most likely commuting trips {ivankeor schoot
work). More research should be done &stablishing a VOT that reflects opportunity costs of
deprivation fromproductive, leisure or educational timieor the time beinghe useof thelocal
average wage rate commonly accepted arsgecificallyweightedpertrip purpose (businesor

nonbusiness) or vehiclgpes puskes automobils or trucks).
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Traffic investigations reveal that tHe&TD varies per the day of the week andhie time of day
(Manuilova,et al, 2009) Indeed, the DTD is higher for weelaysthan weekend likewise for
peak tha off-peak hoursln that regard, some authors used a correction facteeglectimpacts
by assessing delay costs only for working days and then multiplying the results tgilthe
duration of peak hours$n a nutshellwe conclude that the time of tiday is a key parameter for
traffic delay costs and should be integrated in the assessment process. Taikwietting

VOTs based operiodsof the day and affecting them to DTD in circulation durtingtperiod.

2.3.2.2. Local economy disruption

Impacts on loal economyweredivided intosix: municipalrevenue losyusinessncome
loss property valudoss,productivityloss, compensations and tax rebagsllustrated in Table
2.9

Table2.9: Assessment methodisr local economy disruption

Indicators Revealed preference methods
Municipal revenue loss Benefit transfer

Business income loss Benefit transfer

Property value loss Benefit transferTradeoff
Productivity loss Hedonic pricing
Compensations Beneft transfer

Tax rebates Benefit transfer
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i Municipal revenue loss

Municipal revenudoss resulting from parking place reduction or suppressiondiveded into

two: lost parking meteand ticketrevenugLPMR andLPTR). LPMR was commonlestimated

as theproduct ofthree explanatory variablekst metered spaces, daily parking space rate and
project duration Likewise, LPTR was assesseds the product ofhree variablesnumber of
tickets per day, average fine amount and project dura¥feh variablessuch as lost meter
spaces and the number of tickets are random. In that regard, some authors proposed to multiply
LPMR and LPTRrespectivelyby a percentchangeof occupancyand of ticketing thus allowing
dealing with uncertaintiegRahman et al, 2004; Ormsby, 2009;Manuilovg et al, 2009
Matthews, 201ph LPRT ishighin areas where average ticketing infractions are considerable. A
correlation between LPRT and LPMR might exist becaliedots of parking spacesouldresult

in increasechumber oftickets given thatsome driversvould risk to park in restricted zoseand

thus willingly accepting to pay any finéor infraction (Ormsby, 2009) Existing assessment

models for municipal revenue losses are illustrated in Table 2.10.

1 Businessncomeloss

Busiress nhcomelosswas commonly expressea$ the difference between thieanges in both
revenue andotal mstdexpensedecause reduced operating costs can offset decrease in revenue
and thus mitigating losseSome authors considered thatoverall loss ofsales in goods and
services of onbusines®wnercouldbe offset by anothérgain, except for specific shops with a
lack of competition Customersare simply transferred from one shop to another; theretioee
impacts are nilHowever, lusinessownerscan incur losses in the form damaged goods and

delays of transported goottsat might increase freight shipping as well
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1 Property valueloss

Property valudoss wascommonlyestimated by transferring results from studies on depreciation
of real estite due to highway traffic noise, which expresses the loss as a function of the noise
depreciation ndexranging from 0.4 to 0.65 percent of decreas@roperty valueper decibel

above the ambiemtoiselevel (Manuilova, et al., 2009). Howevesthers fomd this method not
adapted for nomecurrent noise related to works in urban ar@a®pposed to recurrent noise
such as highway traffic noisén fact, nonrecurrent noise associated with the use of heavy
machineries used for drilling, blasting and exd¢ang can hinder sales for a while because
property owners can choose to postpone their sales after the completion of Tianefore,
property valudoss was alternatively assessedopportunity costs of missing sales during works

(Ormsby, 2009)

1 Productivity loss

Productivityloss at work place due to noise disturbawes commonly assessed through human
capital approachwhich expresses the loss as the producthefaverage hourly wage rate
multiplied by the percentage of lost capikalown as the goductivity reduction facto(PRF).
The commorPRFvalues are illustrated in Rige 2.5 with respect to the rae level in decibels

and thetype of businessg®e MarcellisWarin et al., 2013)
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Figure2.5: Productivity loss due to noigPe MarcellisWarin et al., 2013)

1 Compensations and tax rebates

Customersod6 tendency t o rm@aultsindossesofssalddowaevardnwok ¢ on st
impacts on commercial tax reven(ia terms of goods and seces tax/harmonized sales tax
(GST/HST) and Quebec sales tax (QSdan be neutral during the taxation year period given
that the loss of potential customers in one shop would only transfer them to another shop within
the area, except for specific shopsthwlack of competing actorsSpecific shopswill not
necessarily suffer from permanent losses in sales besalesscan simplybe postponed and
possible transfers of activities in both time and spacetake plac@.e Gauffre, et al., 2002). In

the contet of the City of Montreal, businesses that are closed during wankslligible for
property tax rebatesTherefore,compensations in the form of tax rebates, compensatory
paymentémeasuresand legislative lenience such as temporary rights to use psjices to
enhance business salasee borne by the municipalitythus reducing sale/income losses for

business owner®©rmsby, 2009)
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Table2.10: Parametric model®r local economy disruption

Author Socialcost indicators Abbr. Detailed calculations
(b), (e) Municipal revenue loss LPMR + LPTR
(b), (e) LPMR NLMS DPSR PD
(b), (e) LPTR PCT NTD AFA PD
(b), (e) DPSR HMR DOH PCO
(9 Loss of parking spaces LPMR + LPTR
(9) LPMR NLMS DPSR PD
(9) LPTR  PLRZ NTD AFA PD
(9) DPSR HMR DOH PCO
pLRZ 3 2
432:
0] Loss of parking reenue LPMR + LPTR
0] LPMR NLMS DPSR PCO PD
0) LPTR AFA NTD PD
®, (h) Lost parking meter revenue LPMR NLMS DPSR PD
0] PMRC FPF+DPSOR PD
®, (h) Lost parking ticket revenue LPTR PLRZ NTD AFA PD
® PLRZ o2
432
) Compensation and tax rebates TACM
(a) Business and trade loss LCTR AALOSTD PD
(9) Loss of income LOBI
) Lost business income LOBI CIRT CITCE
CIR PCIR (%) AER
CITCE PCITCE (%) AETCE
0] Lost business revenue LBR IF TW PD
), (h) Lost property value due to noise LPVNyw od B ( ANDI TVOAP
® e . 39008, %
(h) TVOAP
6/ ! 0!&0
(e) Noise and vibrations LPVNyy ACOHN L DTD PD
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(c) Productivity reduction
0] Psychological / physical ailment
(h)
Noise and vibration
)
(d)

($+ ! (6 . %)

ocQTC U st
AcoHn  ° P TS Bep Y

mingy(4$

LOP  PD PRF NOAE AHWR
LOP  PD PRF NOAE AHWR

0$ 02&./! %! (72
LOP

PD PRF NOAE AHWR
LCTRyoss LCTRuei TACM

LPMR = lost parking meter reven(#]

NLMS = number of lost metered spaces

DPSR = daily parking spacate[$/dayj

PD = project dration[day§

HMR = hourly meterrate[$/hr]

DOH = daily operationahours[hr/day]

PCO = percent of changeaipancy%o]

PMRC =parking meter revenue compensation [$]
FPF = fixed permitée[$]

DPSOR = daily public space occupanase[$/day
LPTR = lost parking ticketavenug$]

PLRZ = percent of lost restrictedrze

NTD = number of tickets peray [ticket/day]

AFA = average fie amount [$]

SLRZ = surface ofdst restricted zongn?]

TSRZ = total srface of restricted zor{en?]

LCTR = lost commercial tax revenue [$]

LPVN,y = lost property value due to work related noise
pdB(A) = increase in dB(A)
IF = impactfactor

TW = turnover per week [$/week]

TVOAP = total value ofaffectedpropertied$]

NAU = number ofaffectedunits

TNUM = total number ofunits

ANSD = areragenumber ofsales peday

APP = Average Property Price [$]

DNE = duration ofnoiseexposure/dayq

VOAP = value of #ectedproperty[$]

AFP = aljustmentactor forproperty

LPVNyt = lost property value due to highway traffic relate
noise

ACOHN = averagecost ofhighway roise[$/veh-km]
HDK = housing density pemi¢

AALOSTD = average amount loss of sales tax per day [ AHv = averagehousevalue[$]

LCTR = netcommercial tax revenue loss [$]
LCTRy0ss= grosscommercial tax revenue loss [$]
TACM = total amount of compensatioreasure$$]
PCIR = percent change in revenue [%]

AER = average expectedvenud$]

PCITCE = pacent ofchange inotal costs anéxpenses
AETCE = arerageexpectedtotal costs andexpenses$$]

NDI = noise depreciation index, ipercent of reduction o

HTD = hourly traffic c&ensity[veh/hj

ANPV = averagenumber of passenger pezhicle[per/veh]
ACOHN = average cost of highway noise [@km]

L = length of roadkm]

DTD = daily traffic density[veh/day

NOAE = number of affectedngployees

AHWR = averagehourly wagerate[$/hr]

the house price per dB(A) above the ambient n PRF =poductivity reductionfactor{%]

[(%/dB(A)]

Where i =1 to n (total number of properties) and k=1 to m (total number of business
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In a nutshell,different observations can be drawn from previous studigst, impactson
businesses are difficult to estimate in part because business owners are not willing to divulge
their accounting repastSecond, workeanc aus e changes i n cwmakeibmer s o
difficult to bring themback to the place after workEherebre, nore studies should be dooa
business logsto considerthe following elementfor eachbusinessnit:
1  The type of customer: regular or occasional; regular ones are usually loyal
1  The type of shops: local or regional; local shops such as drugsatwiegroceries are not
impacted by works, as opposed to regional shops which can suffer from deferring
purchases
1  The type of products: for example, beverage and clothing areseesjtive because they
can be bught anywhere
1  The type of units: shops scattd along a street oorcentrated in trading complexes often

with underground parking areas; the former suffers more losses

Secondthe knowledge of local regulatioms terms of compensatory measuresmportant to
estimatenet losseswhich meangyross loses minus compensations. For exampiee City of
Montreal offers mitigation measures such as marketing campaigns before and after works to
increase customers and subsidies to renovate business properties during atkaorks can
also inhibit ental of business units because some business owners do not renew their lease in
case of upcoming workg.ourth, the loss of parking spaces can geng@atdngrelocation costs

borne bybusinesses in order to provide parking ateasistomers and emplogs.
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2.3.2.3. Life quality loss

Impacts orife quality weredivided irto three: service interruptiomsalubrityand health
deteriorationas illustrated in Table 211 Existing assessment models for life quality loss are

illustrated in Table 2.12.

Table2.11: Assessment methods for life quality loss

Indicators Revealed preference methods
Service interruption Preventive expenditure
Insalubrity Tradeoff

Health deterioration

1 Service interruption

Impacts of sheduled water service interruptions to block and reopmmectionscan be
mitigated by the fact thahe population is usually forewarned and can adjust their behaviour
optimistically at no cost. Howevesome facilities such as dental care, restaurdmtigls and
hospitals, are highly dependent on the service and might engage costs of adjustment. Therefore,
costs of water interruptionsvere estimatedas the monetary value of preventive behaviors

(CERIU, 2010; Ormsby, 2009).

1 Insalubrity

Heavy machineris such as jackhammer and backheguipped with backip alarms and
pneumatic equipment faarth moving, paving andemolitioncan be a great source of noise in
urban areaqGilchrist and Allouche, 2005)Even if one cannot ascertain a direct causal
relationship between health deterioration and infrastructure projectsiéomgexposure to noise
can lead to negative health effects ranging from fatigue to permanent ear d&ahgean, et

al., 2005) Specifically, sideeffects of noise can behysdological (hearing loss, sleep
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disturbance), psychologicaliritability, tenseness) andocial (communication interference);
thus leading to citizerdiscomfortand complaintsGiven that people react differently to noise
exposure, with some functioning with less gwotivity and others not coping with, itoise

impactswere estimated as opportunity costs of time lost tduroise exposure (Najafi, 2004;

Rahman et al., 2004)

In addition, d@rt and dustresulting from construction activities can be harmfulfoman lealth
Dependingon the nature and the degree of exposure and the people vulnerability, iogacts
range from irritability and discomfort feeling to temporary problem of vision, allergies and
respiration(Le Gauffre, et al., 2002)Costs of dirt and dustegardinglife quality losswere
expressed in the form of medical treatment costs (CERWMIQ) The aspect of cleaning costs
related to dirt and dust is discussed in the section 2.3.3.5 of urban landscape damage, and the
aspect of air pollution in termd particular matter (PM) in the section 2.3.3.7 of ecological

environment damage

1 Health and safetissues

Health and safetwereaddressed irhe form of human life loss and injury co¢kdanuilova, et

al., 2009; Ormsby, 2009Human life losss thelargest component of accident codanuilova,

et al, 2009) It is highly associated with trenchirrglated activitiegNajafi, 2004; Matthews,
2015) Although many people think that human life is pricelessthods referred asalue of
Statistical life attempt to gie a price to life loss (see FiguB4). Injury costscannot be
neglected given thd0 % of traffic accidents directly related to construction works involve a
member of the construction cref@rmsby, 2009)However, h westerncountries, ifuries are

indemnified in most casdbroughhealth care systenis/ spreading outosts of health services
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to all beneficiaries Therefore,benefits of health care offset medical tsoborne by injured

individuals, except for medical expenses not coverdewise, wage loss not compensated by

insuranceduring convalescencghould be taken into consideratidit. this stagefamily burden

and activities forgondrom injured individualsare unpredictableFinally, costs of bypass

installation are often neglesd but constitute on their own social costs engaged in the bid to avoid

any service interruption.

Table2.12: Parametric modelf®r life quality loss

Author Social cost indicators Abbr. Detailed calculatins
Service interruption usiC
4] Water ar_1d wastewater service UsIC PC RE OAP PD
interruption
(9) Temporary service provision usic PC RF OAP PD
(©), (h) Reduced quality of life
(a), (b) Noise disturbance NEC LTNED NOAP VOT PD
0] Noise pollution costs NPC NOAP PD (NGCw-NG)
Health and safety
) Accidental injury and death AIDC ICsofc + 1Chiip
(9) AIDCy IP WAWD PF NAW PD
0] Safety IP WAWH PF NAW WHD PD

USIC =utility serviceinterruptioncosts

PC= preventivecosts

RF = reductionfactor[hr/day]

PD =project duratioridays]

NEC =noise &posurecost

LTNED = lost time due to noise peag[hr/day]

NOAP = number of #ected pople[per]

VOT = value of ime [$/hr-per]

NCy = noise cost vale for construction works [$/day]
NC»p = noise cost value prior to works [$/day]

AIDC = accidental injury and death costs

ICsotc = INjury costs settled out from court

IChiip = injury costs neglected from insurance policies
AIDC,y, = worker accidental injurand death asts

IP =insurance pme ($/ $ of wage)

WAWD = worker average wage peayl[$/hr]

WAWH = worker average wage per hour [$/hr]

PF= pain factor(multiplier for individual pain)

NAW = number of #ectedworkers

WHD = working hours per day [hr/dhy
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2.3.2.4. Construction works

Additional @nstruction work normally included in the bidsuch as overhead,
reinstatement, emergency serviaad redundant systemcan be accurately quantified after
project completion(Rahman, et al.,, 2005)They areusually coveed in the project cost

contingencyranging from5 to 20% of total costdut could exceed.it

2.3.2.5. Urban landscape damage

Urban landscape damagesults from dirt and dust deposits and hazardous use of heavy
machineries. They were assessed in two fodmsand dustcleaning costs angroperty damage
as illustrated in Table 23. Existing assessment models for urban landscape damage are

illustrated in Table 2.14.

Table2.13: Assessment methods forban landscapdamage

Indicators Revealed preference methods
Dirt and dust cleaning costs Preventive expenditure
Property damage Asset valuation

1 Dirt and dust cleaningosts

Dirt and dustis very critical in heavy urbanization areas (city center) and affectsapiym
residential, commercial and specific areas such as hospitals and g&uaduisan, et al., 2005)
In addition to lowering aesthetair quality, theycan increase ehning and maintenance costs

particularly for building facades made of glass.

1 Propertydamage
Excavations inappropriatework planningand hazardous operations of heavy machinerass

damage the urban landscape in an irreversible thag leading torestoration costs for damatye
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structuresof historical heritagandrecreational facilitts andfor ecosystentomponents such as
parks, surface watend trees. Damage to structures camiggated by using proper techniques

in shoring, underpinning, excavatingnd dewatering,to prevent uneven settlements and
distressegNajafi, 2004) Damaye to ecosystem can take many decades to be restored to its
original balanceDamage to structures can be seen immediately or detected after several months.
Therefore,restoration costgan beborne byeither owners or responsible parti@dter court
settement, or simply not restored but tolerated particularly ifdamage isnot immediately
detected during and after work®rmsby, 2009)They were often assessed by multiplying the

likelihood of damage by its expected impacts in ntayegerms.

Table2.14: Parametric model®r urban landscape damage

Author Social cost indicators Abbr. Detailed calculations
()] Property damage CPD LOD LCOD NDO
)] Damage and lost amenity of

recreational facilities DLARF VOA PORA DODI

DDCC ITCD CLCS PD
(b), (g), ()  Dirt and dust
CLCS NOAU HPRU

ITCD CLCS PD

0] Cost of dust control CDC

2 LB HB W CF CCMS
CPD = costs of property damage ITCD = increased time of cleaning per day [hr/day]
LOD = likelihood of damage CLCS = cost of local cleaning services [$/hr]
LCOD = likely cost ofdamage PD = project duration [days]
NDO = number of damage occurrences NOAU = number of affected units

DLARF = damage and loss of amenity of recreatio HPRU = hourly pay rate per unit

facilities LB = length of building next to work zone [m]
VOA = value of the amenity [$] HB = height of bilding next to work zone [m]
PORA = percent in reduction of the amenity W = share of windows [%]

DODI = duration of the damage impact CF = correction factor

DDCC = dirt and dust cleaning costs CCMS = costs of cleaning per meter square f/m
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2.3.2.6. Adjacent utility damage

Impacts on djacent utility damage cdre divided intdwo: damage to road and pavement
and damage to bbed utilities as illustrated in Table 2.19EXxisting assessment models for

adjacent utility damage are illustrated in Table 2.17.

Table2.15: Assessment methods fadjacent utility damage

Indicators Reveded preference methods

Damage to road and pavement  Asset valuation

Damage to buried utilities Asset valuation

1 Damage to road and pavement

Road damage induced Ipavement cuts and trenchean take time to develgperthe original
pavement condition§Ormsby, 2009) Likewise, mvement damages resulting from additional
heavy traffic | oad on detoured roads not de:
immediately and can also take many years to devV®ajafi, 2004) All this canlead to reduced
pawement lifespary up to 30 % (Matthews, 2013)ifespan reduction ig part due to induced

soil differential settlement below the pavement leading to surface roughness, cracks and
distresses, potholes, structurdiscontinuities andeventually to collapse (Najafi, 2004)
Therefore,extramaintenancelemandsshould be considered) addition to reduction in travel
comfort and safetyand accelerated vehicle deterioration due to bad road conditamement

cuts in the first year of life can increase casftsnaintenance of around $150 pef over a30-

yearlifespan of the road structure (Ormsby, 2009).
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There is still a lack of conclusive results about the effects of a utility cut on the pavement
conditions (Ormsby, 2009) Many concurrent factors such emppropriate backfill materials,
poor sewerage drainaged poor patching proceduresan trigger the reduction of pavement
service life.Non-linear pavement deterioration issedby the Transportation Department of the
City of Montreal to simulatempact on pavement condition in thedh year of life (see Table
2.16).

Table2.16. Pavement deterioration due to opzr repairgCity of Montreal)

Number of Level of severity of surface repair
repais Low Medium High
1 99 98 96
2 98 96 93
3 97 93 89
4 96 91 85
5 95 89 82
6 94 87 78

1 Damage to buried utilities

Damage to bried utilities can be caused kseveral factorspavementollapse around thepenr

cut, lossof trench wall stability, poor excavatiopracticesand naccurate subsurface utility
mappingduring excavation. The lattean accountor around 1.1% of project cos(®rmsby,

2009) Accidental water, electrical and gas main bursts during works can lead to severe impacts
such as other projecielays andusinessesident evacuation with significant emergency costs
(De MarcellisWarin, et al,, 2013). More research should be performedwrhdominoeffects

of damage to buried utilities
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Table2.17: Parametric model®r utility damage

Author  Social cost indicators

Abbr. Detailed calculations

Accelerated road degradation

(b), (e), RSLRG, + RSLRG
©@ Service life reduction RSLRC  PVpg - PVrst
(@) PVaw - PVaw
U] Pavement servicefé reduction due to RSLRG,
excavation
4] Pavement service life reduction on
alternate routes due to increased traf RSLRGy
0] Decreased road surface DRS L ADRSV [$/m]
2!
PVost ) ##p >
PV, 2!
L )RR T w2,
(a) Road and pavement damage RPRC RCFS NIS
Damage to adjacent utilities
BAUDC DCP AVCF ANC EVF
)] Adjacent buried utility damage %6
EVF %6
0

RSLRC= road servicelife reductioncosts

PVos. = presentvalue of the original service life
PVgs. = present glue of the reduced service life
PVgw = presentvalue before work§s]

PVaw = present valuafter works[$]

RSLRC= road service life reduction costs

ICC = initial costs of onstruction[$]

RA = roadage[yeai

RL = road Ifespan[yeai

L = length of excavation [m]

ADRSV = average decreased road surface value (
110 $/m)

RPRC = road and pavement restoration costs
DCP = direct costs ofproject

ACVF = averageclaim valuefactor(e.g., 1.1 %)
ANC = averagenumber ofclaims(e.g., 1.2)

EVF Excavated Volume Factor

EV Excavated Volume during works in°m
EV,¢ reference Excavated Volume.g., 3,000713)

Where q refers to road under works and d refers tardite/detour roads
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2.3.2.7. Ecological environment damage

Impacts on eological environmentwere grouped into three: air pollution,
groundwatesoil pollution and green amenity damags illustrated in Table 2.1&Xxisting

assessment models for ecological envinent damage are illustrated in table 2.23.

Table2.18: Assessment methods fecological environment damage

Indicators Revealed preference methods
Air pollution TradeOff

Soil and groundwater pollatn Delphi

Green amenity damage Travel cost

1  Air pollution

Air pollution resulting from fuel consumptionis due to two factors: theise of heavy
machineries and increased vehicle emissi@Manuilova, et al., 2009)Air pollutant gases
emitted are thdollowing toxic substance@MTQ, 2013) sulphur oxidegSQy), nitrogen oxides
(NO,), volatile organic compoundgVOC,), poly-aromatic hydrocarbongPAH), carbon
monoxide(CO), hydrocarbongHC), particular matte(PM, s and PMg) and greenhouse gases
(GHG) such ascarbon dioxidgCOy), nitrous oxide(N2O), methangCHj,). Their emissionsre
harmful to human health and ecological environmeith depleton of the ozone layer Air
pollution costs from machineriesere based on the volumetric emission cosEQ@) for each
pollutant where GH&can be converted to G@quivalent CO,eq units andthus simplifying
calculations Table 219 showsthe VEC for air pollutant gasesyd GHGsused by the Ministry
of Transportation of Quebec for beneafdst analysigMTQ, 2013) Air pollution costs from
increased vehicle emissions were based on a passangsion cost (PEC). Table 2.80ows

PEC values obtained from appropriate environmental studies (Manteloaig,2009).
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Table2.19: Median costs of principal air pollutants and GKNETQ, 2013)

Unit cost GHG (6{0) HC NO, SO, PM, s PMyg
$ CAN 2011 / metric ton 81 1,742 6,339 8,086 6,747 30822 8,655

Table2.20: Passengr emission valuegManuilova,et al, 2009)

Types of vehicle Valuation(2006)

Urban private $0.001267 per4xm
Urban transit $0.000454 perm
Freight transport (trucks) $0.000589 per tohkm

Studies on social cost§ carbon have been conducted givea increasefpeopl eds awar e
on environmentapollution. In that regard NASTT (North American Society for Trenchless
Technology)developed a carbon calculator tool to assess.{tOns generated bylifferent

renewal techniques wittraffic controlledby a flag persorior one lane closuren a twelane

road flowing in both directionsTable 2.21shows results of the NASTDol experimenfor a

300-mm pipe, assuming alaily traffic density of 10,000 veh/day within 15 days andnit cost

of $3 per ton 65CO, (CERIU, 2010).

Table2.21: Results of NASTT carbon calculat®@ERIU, 2010)

Technology CO,tons  Total cost(2009)
Opencut 252,07 $756,21
HDD 12,06 $36,18
Slip-lining 25,21 $75,63
CIPP 5,04 $15,12
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CO, emissions are still controversial because they generate at the same time positive externalities
for economic growth and negative externalities with pollutidmanuilova, et al, 2009)
Available emission calculator tools can be used to assessigolleel associated with works

despite their limitations such as bias iss@snsby, 2009).

1  Groundwater and soil pollution

Groundwater and soipollution highly resuls from accidental or constant leakage from
machineries or exhaust fumes onto the gdodine magnitudeof impactsdepends oithe types

of groundwater and water usedich areillustrated in Table 2.22Werey, et al, 2005) Clear
regulations and policies associated with pollution rights will enhance assessment of these
impacts Foreseen @ds of removing, treating and disposing contaminated sogsnormally

included in the construction b{@®@rmsby, 2009)

Table2.22: Types of groundwater and water ugéerey,et al, 2005)

Types of groundvater and water uses Grade
Protected area for drinkable water production 100
Drinkable water production 80
Private domestic wells 60
Other sensitive water uses 30
Other water uses 10
No water use 5
No ground water 0

i Green amenity damage
Damageto historical treesgreen and protected areas can increéhseadministrative burden
(Najafi, 2004) Green amenity damage was assessaagy replacement cost methddsrestoe

the environment near to its original conditi®@ERIU, 2010)
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Table2.23. Parametric model®r ecological environment damage

Author Social cost indicators Abbr. Detailed calculations
Air pollution
®, (@), (h) Air pollutant and GHG emission ECuerc + EGiepc
. (9), (h) ECuverc 6 %# 0 %6
®. (@), (h) ECverc 0%#Y, 1.06
(9) Environmental impacts ERC
ECyepc = environmental costs from vehicle emitte L. = i ncreased travel
pollutant gases ANPV = average number of passenger per veh

ECverc = environmental costs from machinery emitt \ec = volumetric emissionasts[$/metric ton}
pollutant gases

o PEV = pollutant emittedalume[metric ton$
PEC =Pasenger Emission Cof¥/perkm]

Where i=1 to n (types of pollutant) and j=d tm (types of vehicle

2.3.2.8. Litigation and legal fees

Litigation and legal feegesult fromcitizen complaintsThey were assessed in two forms:

the total amount of complaints and the labor costs dedicated to claim management (see Table

2.24).
Table2.24: Parametric model®r litigation and legal fees
Author  Social cost indicators Abbr. Detailed calculations
(a) Property claims LM NC AAC
(9) Citizensd comp LAF NEA NHW HWR
AAC = average amount obeplaints NC = number of complaints
LM = litigation mattergresulting from vehicular ~ NEA = number of employeesfatted
wear due to potholes) NHW = number of hours worked
LAF = legal and administration fees HWR = hourly wage rate [$/kper]
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2.3.3. Regression models

The regression models have never been used in the literature to estimate social costs.
However, they offer a much simple way to assess social costs at a larg&egagssion models
will predict social cost indicators of a new input X as Y, where X is the vector of predictors or
independent variables and Y the expectation function or the dependant variable:lideaon

regression model can be writtéBordon, 2002

Equationl Y;=f(X;, dj) # H© 1, é, n

Where Y are the responses or social cost indicators, f is the known functions of the covariate
vector Xi=(Xi, € ;)X and the parameter vectde(di, € ¢f)', andU are randomerrors. We

/\
designate byr; the prediction ofY; based orX;, which results from the first implementation of

modelsdesigned in section3.3. Therefore, the errors can be formulated as follows
. o N . 7z
Equation2  UY=|Y;1 Yj| i= 1, é, n

To design the regression functions, the relation betwgesnd each independent variablg; X
was studiedThe unknown parameter vectoi=(ch, € )" is estimated by the method of least
squares, which consists in minimizing the sum of thersguaf the errorS¥y"™YOB - . The least
squares estimates of the unknown parameter vector are notédday é dp)T. The estimated

/N
value isY; = f(X;, . @he mean squared error MSE is given by SSR/[n and t he estinm

MO “Y'On arder to evaluate the ndimear regression, the-tést Twesample for variances is used
/N
for the two population¥; and Y;. We assume that the costs are normally distributed data. The

hypotheses are:
1  Ho 1= Wariances are likely equal
Hi 110 ,ariances are likely different
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| f G os (WhicliFis the critical value of F for the 0.05 significance level) we can rejeahétif

F < Ros we can not reject 6J{When H is accepted, it means that on average the costs are spread

out equally from their especti ve means. No w, I n g, o)yadhenr t o cC
the variances are known to be likely either equal or different, we can use the Two sdesgtle T

assuming eij=tJdlieor equoalbuf t)iThahyjothasas are: ( U
1  Hoie1= pa8neans are likely equal
1 Hy: 1le »8neans are likely different

lfthepval ue O 0.05 (i.e. 5% chance there is no r
can not reject bland if pvalue < 0.05 we can rejecibHVhen H is accepted, it ®ans that on
average the two means are reliably the same. Thergferepnclude thahe regression function

is validated
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2.4. LIMITATIONS IN EXISTING ASSESSMENT TECHNIQUES

Statedor revealed preference methods have been used to assess social costrdndicato
related to infrastructure works in various ways. Authors usually present parametric models for
assessment with no precision on whether their methods are revealed or stated. For example, a
parametric model used to estimate traffic delay costs is theugirad four variables: the
increment in travel time (hr), the value of time ($/hr), the daily traffic density (veh/day) and the
project duration (day). We classify this model in the family of Tr@ffemethods which are part
of revealed preference metho&nce the value of time lost in traffic is set at the hourly wage
rate, travel delay costs are considered as opportunity costs of forgone work activities. Therefore,
each parametric model can be related to one single family of stated or revealed mreferenc

methods.

Limitations in existing parametric models can be outlined:

1) Contingent valuation methods such \A&llingnessTo-Pay WTP) or WillingnessTo-
AcceptCompensationWTAC) arebarelyused However, these methodan be appropriat®
estimatethe vdue of time lost in traffiQVOT). The hourly wage ratecommonly used as VOT,
fails to represent the value people placed on their time. Another fact ipeibiale can adjust
their behaviour to get on time at workhe VOT can be both tangible and intablg. The first
caserelates to business tripghile the secondelatesto trips for leisure, commuting (horveork,
schoothome) or personal activities (sport, divertissement, etc.). Intangible costs are difficult to
estimate.

2) Previous techniqudsiled toconsider randomness in explanatory variables. For example,
the duration of works is a random variable thrty follow a normal distribution. Randomness

implies that the social cost value is attached to a probabflibccurrenceAlso, uncertainty and
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variability of explanatory variables were not comprehensively considered in available
techniques. Uncertainty deals with variables whose possible values are associated to a random
phenomenon, such as occupancy rates of parking spaces, road accidentscéndteagltenance

costs. Variability deals with variables that vary over time, such as vehicle density traffic which
fluctuatesperthe time of the day and the day of the week.

3) The time of the day and the day of the week play a major role in social costrasaé

These variables were neglected in previous models, except for the use of a night factor to assess
nightwork social costs by multiplying the factor with desprk social costs (Weret al, in

2005). This was done twnsiderthe fact that conduictg works at night greatly reduces impacts
except for noise (Le Gauffre, et al., 2002).

4) No attention is given to compensations and tax rebates. From a municipal point of view,
compensations are internal costs that neutralize or reduce impacts; whaemeassfociety point

of view, they are transfer costs that should not be considered in the analysis because a transfer
was madefrom one party (cost for municipality) to another (gain for businesses) within the
society.

5) Assessments of social costs were ®danly for one single road project and never at a
larger scale foan entireroad networkCase studies were proposed for single projects (often on
one type of assets) of opent reconstruction or trenchless rehabilitation. There alssa lack

in consdering bundled projects resulting from coordination of works among various assets, such
as combination of opecut and trenchless techniques in the same renewal project. Moreover,
road status during works whether partially or completely closed is notlycldafined in

available techniques.
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6) No regression models had been used to estimate social costs. These maslgiplare

for assedssg social costs at large scadeich as arentire road networland are also easi¢o
implement in a decision support syste® optimize infrastructure programs

A systematic approach to predict social costs is data intensivenguids a data protocol for
collecting and processing information on different explanatory variables such as numbers of
lanes, land use and road ftina. It also requires descriptions on types of works whether-open
cut or trenchless and assumptiongrafffic measures (see Table 2)25

Table2.25: Typical traffic measures for urban works

Description oftraffic measures Road closure
1) Aroad narrowed by works but having tway flows Partial
2) Oneway lane closure of a dual two or three lane road Partial
3) Aroad closed in one direction with traffic detour Partial

4)  Aroad completely closed imoth directions with traffic detou Complete

After all, social cost indicators should be valid. The validity is the ability of the social cost
indicator to measure what it is intended to measure and nothing else. The social cost validity is
challenged P the fact that the magnitude of impacts can be triggered by factors other than solely
the presence of works in the street. For example, high business losses during works can result in
part from constant poor management and thus fail to represent trakbcasts At last, hemain

gap in municipal infrastructure reseatbtlatwas identified in literaturés the lack of assessment
models to assess social costs at macro scale, not at project level oscaieoThis research

fill s this gap by standardimy social costcategorisatiorand by modeling them through non

linear regression analyses.
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2.5. SOCIAL COST INTEGRATION USING SIMULATION IN INFRAMODEX
ENVIRONMENT

This section dealsvith the integration of social costs in the decision support system
(DSS), InfaModex. During the 2000s, significant advances were made in developing
commercial DSS to assist municipal managers in decrsi@king processes for infrastructure
asset renewals. Seven wkilown systems had been discussed in the literature (Halfawy, et al
2006): Synergen, Cityworks, MIMS, Hansen, RIVA, Infrastructure2000, and Harfan. The first
four DSS include condition assessment and rating models. They focus on operational
management aspects such as work orders and service requests, with no ondtitedlity to
support long term renewal planning decision as well as the vast majority of existing systems that
are absent in the literature such as MAXIMO. The last three DSS implement some level of
support for long term renewal planning with modules feterioration modelling, risk
assessment, life cycle cost analysis, asset prioritization. However, the lack of considering social

costs created significant inefficiencies in letegm work programs.

InfraModex had never been discussed in literatureveasldeveloped in 2004 to help municipal
planners in londerm renewal programs. It is currently used in different canadian cities such as
Hamilton, Montreal and Gatineau. Contrarily to previous decision support systems (DSS),
InfraModex is a platform whit offers decision support modules to automate different aspects of
decision processes like to span multiple infrastructure assets as much as possible for coordination
purposes. It is used in this research to integrate social costs related to works io ootepare

long-term renewal policies for three linear municipal systems: water, sewer and road.
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2.5.1. Automated modules for decision support

The wuse of InfraModex by Montreal-terWat er

programs for water and sewer distriloutinetworks began in 2007. As part of the team, we

developed various automated modules to implement renewal treatment scenarios. However, no

attempt was done to integrate social costs in the analysis despite our awareness of their

importance in the decigmo In this research, social costs were incorporated for the first time.

InfraModex parameterization involves six modules: (1) asset listing, (2) simulation parameters,

(3) decision trees, (4) features, (5) costs and (6) clusters.

1)

2)

3)

The asset listing is thecreen view of all initial features of each type of assets before the
analysis, given that InfraModex is a wklsed tool with little interaction with the GIS.

Simulation parameters are of two types: general and financial. General parameters are the
year d analysis, the reference year for costs, the number of iterations and the planning
horizon, where the reference year for costs refers to the starting year when the inflation rate
will be applied. Financial parameters are the inflation and interest ratdistribution is
normally assigned to the inflation rate and applied to both social and construction costs.
Decision trees are designed to model decisiaking for infrastructure asset renewals. For
each type of asset (water, sewer and road), one thdivdecision tree (IDT) is built with no
consideration of adjacency with other types of asset. IDT consists in setting decision rules to
select appropriate treatments based on condition states and selected criteria. Then, one
coordination decision tree MD) is built to perform coordination of treatments resulting
from the three IDTs over a planning horizon. A preselected treatment from an IDT can then
be overthrown by another from the CMD; thasabling to advance and change treatments
resulting from thdDTs throughout the planning horizon.
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4) InfraModex also comprises two simulated features: progressive anpgrogressive. Non
progressive features consist in physical characteristics such as diameter, material and
installation date. Progressive featuresnsist in state conditions of segments. For
progressive features, automated modules to forecast their evolution should be programmed
such as deterioration curves and break rate previsions. New initialization of some features is
required for longerm plannng simulation when treatments are carried on over time, for
example a road reconstruction will bring the pavement condition index back to an excellent
state.

5) The cost module in InfraModex is built in such a way that each treatment can be broken
down intoone or more cost items at the discretion of the user. For example, three cost items
can be added to water segment replacement: pavement refection cost, pipe installation cost
and repair cost of existing sidewalks. Therefore, a list of cost items andatesdowmost
distributions are designed for each treatment per asset type and can vary accordingly to
either diameter classes or road jurisdictions (local/arterial).

6) The clustering module simply helps to customize the presentation of results per assets. For
instance, the user can decide to plot in the same graph, kilometers of assets scheduled for
works andcondition states. Also, the user can decide which type of costs (break repair,

replacement, CIPP) should be presented in the investment profile throtighdorizon.

2.5.2. Social cost optimization

The need to integrate social costs in InfraModex was met in this research to support
infrastructure long er m pl anning for the City of Montr ea
integrating social costs in the pag¢ms from the fact that they were difficult to assess at a macro

level, and they were subject to cost variability due to the site vulnerability and the gravity of
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damage. Moreover, they needed flexible decision support systems which provide varios gener
functionalities and possibilities to customize btiiid modules. In InfraModex, social cost

indicators should be added as items for each work package (see Eig.

ACTIVITIES DETAILED COSTS
‘Mnor rehabilitation w/ social costs ﬁ Central mail/ sidewalk/ curbs refection

Crack sealing/ pothole repair

% gzpl;trerventlon | | |Reconstruction w/ coordination w/ water

= Reconstruction || Reconstruction w/ coordination water & sewer
ﬁ Reconstruction w/ water pipe replacement || |Reconstruction w/ o coordination

QO Reconstruction w/ water & sewer replacement w7 [Minor rehabilitation

< Minor rehabilitation Maj or rehabilitation

8 Maj or rehabilitation Machinery gas emissions (MGE)

Major rehabilitation w/ social costs Vehicular gas emissions (VGE)

Reconstruction w/ social costs || [Property structural damage (PSD)

ly7 |Dirt and cleaning costs (DDC)

|| [Accelerated asset damage (AAD)

Buried utility damage (BUD)

Administrative burben (AB)

| | |Gtizen claim (CC)

| | |Accidental injury (Al)

v |Productivity reduction (PR)

" | [service interruption (3)

Human life loss (HLL)

Parking revenue loss (PRL)

Tax revenue loss (TRL)

Property sale and rent loss (PSRL)

Vehicle damage accident (VDA)

| | |Traffic control measures (TCM)

w7 | Vehicle delay costs (VED)

] |Pedestrian delay costs (PED) |
|| |Obstruction to emergency vehicles (OEV) |
w7 [Vehicle maintenance and operation (VMO) |
" | [Net business income loss (NBIL) |

Figure2.6: Example of cost items for road minor rehabilitation

Then the simulation was performed in InfraModex (seaféi@.§. At the beginning, condition

states are forecasted for each type of asset to feed in part decision tree criteria for treatment
sekction. Then, appropriate treatments will be proposed for each type of asset, resulting in three
uncoordinated work programs. The resulting treatments are now criteria for the coordination

decision tree to assess propose one coordinated work program dtirassets. This process is
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repeatednanytimes due to the Mont€arlosimulation (see Figure 2.7The result of a scenario
is not a single Present Value (PV) for investments but rather a distribution of PVs with their

probability of occurrence.

el " Monte-Carlo
Satic analysis simulation
OUTPUT
[ ]
o @
[ ] ®
° [}
Ps e
o ®-® . °-g. H
Monte-Carlo Satic
result result

Figure2.7: Social cost simulation versus static analysis
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Social cost
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Figure2.8: Optimization of renewal decisions
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CHAPTER 3: RESEARCH METHODOLOGY

3.1. INTRODUCTION

Figure 3.1 shows theteps ofresearch methodology3.2) specificaton of social cost
indicators, (3.3 prediction of social costvariables (3.4) nonlinear regression modeling for

social costand (3.5)optimizing coordination strategies

3.4. Non-linear regression 3.5. Optimizing coor dination
modeling for social costs strategiesfor renewal programs

3.2. Specification of social cost

3.3. Prediction of social cost variables

indicators

3.3.2.Social cost 3.3.1. Literature ;
parameters/ variables review Build Renewal
321 L?terature 3.4.1. Enumerate strategies
322 E"Pe” review infrastructure projects
consultation
333 Model InfraModex
> dév'el.opment v Parametrization
. 3.4.2. Develop
C;;g'rijgﬁ;ydmcgs regression functions l
indicators 3.34.Data Coordination
collection simulation
Non-linear
List of social cost regression
o i 3.3.5. Model . RS
indicators  ——— | e e functions Sy,
validation coordination

strategy

Vectors of
social cost
variables

Figure3.1: Research methodology

Social cost indicators were specified through extensive literature reviews and consultation with
experts sah as municipal officers, to specify and categorize social cost indicators. For each
indicator in the resulting list of social cost indicators, an assessment model is develop through
the upgract of existing assessment methods from literature reviewstladentification of
social cost parameters and variables. Data collection and processipgrfarenedto run the

developed models for ongarticular district of the City of Montreal. Once the models are
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validated, the resulting vectors of social cost alsles are used as response variables in
developing nodinear least squares regression models, to estimate the unknown parameters of
the social cost regression functions. At this stage, the enumeration of infrastructure projects helps
to assess the projeduratiors thatareusedin the models. fie developechonlinear regression
functionsenable to assess social costs large scale such an entire road netwbhien social

costs were integrated in the InfraModex decision support syst&hree typical rerewal
strategiesverebuilt and tested in InfraModex. The results of the coordination simulatioedelp

to select the strategy thabuld bring the best outcome for the society.

3.2. SPECIFICATION OF SOCIAL COST INDICATOR S

This section deals with thepecifiation of social cost indicatorshat is built upon
extensive literature reviesvand expertinterviews Each indicator should measure a specific
impact that would not have been made in the abseneertif The specificationprocessonsists
of three steps: (1) literature review,(2) expert consultation, (3election and categorization of

social cost indicators

3.2.1. Literature review

Chapter 2 describes the literature revighich covers all the major disciplines necessary
for this researctand reveals discrepmies regarding both nomenclature and categorization of
existing social cost indicatorén addition to a lack of cost breakdown analysis adapted for-work
related impactsThe literature also supports the fact thatial cost assessment is dattensive
Even thoughit is a hard task to record necessary input,ddte onstraints, difficulties and
challenges involved in data collection and processing are not disansktedature, as well as

issues of validit and reliability of indicators
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3.2.2. Expert consultation

Several interviewson impacts resulting from municipaorks such as pen-cut
reconstruction an@IPP were conducted with variety ofstakeholdersengineers white-collar
employeeandmanager®f the City of Montreal manager®f Montreal Riblic transport agengy
business owners and spokesmen, police agents, insurance company, agéddisg®
superintendentand human resource worke@ollected information abowtdversampacts,cost
parameters and work techniquess processed further ithis researchfor the following
purposesto establish a list of selected indicators, to design a social cost data protocol and to

develop new valuatiomethods

3.2.3. Selecion and categorization ofsocial cost indicators

The selection of social cost indtoas was performed gradually. First, a list of indicators
was drawn from the literature review. Then, interviews were conducted in an attempt to clarify
the cost composition of each indicatothus resulting intwenty-sevenindicators grouped into

eight caegories odomainsaffected by workgseeTable 3.).

Table3.1: Social cost specification

I T ROAD TRAFFICAND SAFETY

Traffic control TCcM Costs to ensure rodrhffic andsafety such as adminiative costs,
measures inspection costs and signaling cogthis costs of police presence
Vehicleaccident Average vehicle cost of insurance claim, plesrpanent loss in an
VAD A . i .
damage vehicldds mar ket v al ementohaneaccident ifireleganti

Costs of travel delayfer vehiclesbecause of lengthening of travel route

Vehicle delag VED . . .
increasing of travel time
Pedestrian delay PED Costs of.travel dglays for ped_estrldns:ause of lengthening of travel
route or increasing of travel time
Vehicle maintenance VMO Costsof additional fuelandnonfuel operationandvehicle maitenance
and operations because of lengthening of travel route or increasing of travel time
Obstruction to OEV Costs of additional operations and mainterebecause of lengthening c
emergency vehicle travel route or increasing of travel time
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II'T LOCAL ECONOMY

Lossesof parking meter and ticket revenyaascosts of parking space

Parkingrevenue loss PRL o >
relocationif applicable

Tax revenue loss TRL Munlqlpal propertytax rebate$or vac_an|e$)Iusrgductlon in tax revenue
resulting from loss on sale for specific shops with lack of competition

Net usiness income NBIL Mitigation costs to boostustomer sales before and after warks

loss compensations that businessners are willing to accept

:z);c;pertysaleandrent PSR. Revenudosssrelatedto difficulties to sale or rent properties

Productivity reduction PR Losssof productivityat workdue tonoise

7 LIFE QUALITY

Human life loss HLL Statistical @lue of human life

Accidental injuries Al Costs of accidental injuries not compensated by insurance

Service interruption S| Cosfts ofoypass ms_tallatlon plutamagecoss resulting fromunplannecbr
accidentainterruptions

Resident noise RND Costs of noise disturbance preventing peopldéming a good sleep

discomfort

during night works

IV T URBAN LANDSCAPE

Propertystructural PSD
damage
Dirt and dustcleaning  DDC

Restoration asts of property structural damage resulting fltamardous
or improper work activities

Costs of cleaning resulting from dirt and dust pollution

V1 ADJACENT UTILITY

Buried utility damage  BUD
Accelerated asset

deterioration D

Costs ofdamage t@ccidentabdjacent buried utilityn terms of immediatt
repairs andifespanreduction

Accelerated deterioration of assets due to increased traffic load on
detoured roadsot designed to support it

VI 7 ECOLOGICAL ENVIRONMENT

Air pollution AP
Sml/G_roundwater SGP
pollution

Green arr_lemty GAS
suppression

Ecosystem restoration ER

Environmental costs resulting from air pollution caused by fuel
consumption andust emissions

Costs to mitigatedl and groundwater polleti by fuel leakage and spills
from heavymachineryand exhaust fumes onto the ground

Social compensationgesulting fromirreversiblesuppression afreenor
protectecareasand tres

Coss of restoring the ecosystem near to its original state
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VIl i CLAIM MANAGEMENT

Administrative burden  AB  Increasedervice costs for public transport agency

Citizen clams CC Total amount of tizen claimsrelated to works

VIII 1 CONSTRUCTION WORK

Unforeseen work Unforeseen construction and overhead costs related to activities norr
o UWA . ) ;

activities included in the contract bid

Urban landscape ULR Costs of pavement ah@ndscapeeinstatement often considered in the

reinstatement project cosbr contingencies

In building the specification of social costs, it is important to notice that:

T

In the City of Montreal,TCM costsare usually included in the contrduid, except for

costs of police presencEowever,police presence isequiredon major roadconstruction
sitesalthough its cost can be high

Traffic accident impacts anesually broken down intbwo: material and personal (light,
serious, fatal) damag&Ve consider it inaccurate to use a total cost for traffic accidents
including both personal and material damage since value of human life is controversial.
Therefore, we divided traffic accident impaatsthree indicatorsVDA costs forvehicle
materialdamageAl costs for lightandseriouspersonal damagandin HLL costsfor fatal

one The last twoalso consideboth publicandsiteworker®personal damage.

PRL costs are not only related to losses in parking meter and ticket revbatiedso
additional costsof parking space relocation incurred by the municipality or enterprises, for
example when the accdsfity to public orprivate parkingspotsis denied

Ideally, NBIL should be assessed as the marginal loss of income revenues from losing
busineses that cannot be recovered afterward and that are not offset by other gain of
income revenues from winning businessagus potentialcompensationsThe latter an

be municipalfunds to boost customer traffand sales on commercial arteries before and

64



after works through marketing campaigns, or to renovate business properties during works.

Yet, lack of information concerning business accounts laade compute NBIlas either

mitigation measure cost® r esti mates of busi nespt owne
compensationsin fact, interviews with business owners reveal that they are willing to

accept compensations from the municipality in the form of tax property rebates.

1 Sl costs of bypass installation are usually included in the contradidwkever, mplanned
interruptions can affectosne facilities such as food production plants, dental care and
hospitalswhich are highly dependent on water serviééso, restaurants can be forced to
closetemporarilyand are subject to risks of buree as goceriesto losses of goods
productswhen equipped witkkooling water systems.

1 DDC arecritical for buildings in the city center made of glass and also for restaurants with
a terrace and for tailers Daily cleaning should be done in order to prevent losses of
customersand to maintain good aesthetic quality of the urban environment

1  AB costs ardimited toincreased service costs feuablic transport agency to maintain bus

lines functional during worksugh as costs to provide additional bus lines and drivers.

At the first level, he categorization of social cost indicators is strongly based on whether the cost
is tangible or notSo far, literature review was not clear ofstimatter.We propose aimple
methodto determinethe tangibility of a social costsee Fig. 3.2).At a second level, both
indicatorscan be separated into direct or indirect costs, and at a third level into fixed or variable
costs thus resulting in a devel social cost hierarchy (see Fig.3 Bixstly, let us discuss about

how indicatols can be tangible or intangibleaéh indicator is defined in such a way that only

one type of resource whether income, time or good is directly consumed because of works. Time
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resource can be divided in two: work and swaork such as personal, care anekeftime. Loss of

work time is tangible and can be assessed based upon the salary wage whereas loss of personal
or free time is more complex to assess and thus intangible. Fig.3.3 illustrate®nkotime use

by individuals which is an average of 16.5 I gay.Likewise, goods can be divided into several
groups: environmental goods (air, surface water, and green), real properties, consumer goods
(beverage, food, and vehicle), infrastructure amenities, human health and life. Some goods are
marketed such asal property, food and vehicles, whereas others are not such as air quality,
rivers and greens. Some are even considered to be priceless such as human life and health, even
though they can be marketed to some extent in terms of health and life insimamgtshell,

losses of income, work time and goods with market price, are tangibdegible costscan

consist of both tangible and intangible cost objects.

Social cost
indicator

oss of income
worktime?

YES
Loss of YES
property?
NO Existing
market YES
NO ricing?
Intangible indicators [« Tangible indicators [«

Figure3.2: Schene to determire the costtangibility
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B Sports, movies and ) )
Active leisure

other entertainment K
® TV, reading and events 7%
other passive 1%

leisure
15%

L Socializing
including restaurant
meals
12%

® Night sleep
50%

B Other personal
activities B Meals (excl.
7% Restaurant)

8%

Figure3.3: Average time use for neworked hourgbased on North Americarehaviour)

Secondly, indicators can be separated into direct and indirect €ostst coss aresolely
attributable to workand nothingelse;thus couldneverbe made in the absence of worksd are
easily traceable such as TCMdirect costs are naolelyattributable tovorksbut also to ther
uncontrollable sourcedor exampleVAD which can betriggered by various factors such as
dri ver s 6, poootraffid doritra orssignageand pavement surface distressdisdirect
costscan consist of both direct and indirect cost objeldtidly, indicators can be separated into
fixed and vaiable costsFixed costs aréndependent of the outputhich is chosen to béhe
number of daysthus do not change with an increase or decrease in the duratisark$é such

as ULR On the contraryvariable costsuch \ED rise as the duration increas®ariable costs
canconsist ofboth fixed and variable cost objects. a fourth level indicators can be separated
into certain or uncertain costs, where certainty refers to impacts that will unquestionably occur if
works take place such as VED wWehuncetainty to impacts that might or not occur such as

VAD.
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ER: Ecosystem restoration

CC: Citizen claims
ULR: Urban landscape reinstatement

BUD: Buried utility damage
Fixed

UWA: Unforeseen work activities
@ TCM: Traffic Control Measures
Variable VMO: Vehicle maintenance & operations
Direct PRL: Parking revenue loss
Service interruption
@ DDC: Dirt and dust cleaning
PSD: Property structural damage
Tanghble Indirect Fixe/@< Al:  Accidental injuries
VDA: Vehicle damage accident
e OEV: Obstruction to emergency vehicles
Variable TRL: Tax revenue loss
NBIL: Net business income loss

PSRL: Property sale-and-rent loss

Intangible AB:  Administrative burden

l GAS: Green amenity suppression
leed
VED: Vehicle delays
V bl
Ll ariable PED: Pedestrian delays
AP:  Air pollution
SGP: Soil & groundwater pollution

Indirect
HLL: Human life loss
Fixed/@<AAD: Accelerated asset deterioration
Variable RND: Resident noise reduction
\@<: PR:  Productivity reduction

Figure3.4: Social cost hierarchy
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3.3. PREDICTION OF SOCIAL COST VARIABLES

This section deals witlthe prediction of socid cost variablesthat constitute response
variables for the regression functions that are explameide nextsection The development of
modelsused for the prediction of social cost varigbhleas achievedn five steps:(1) literature
review on existig assessment techniqug®) determination of social cost parameters and

variables(3) design ofmodels (4) data collectionand(5) model validation.

3.3.1. Literature review on existing assessment techniques

Existing assessment techniques aresentedn section 2.3 Models were providedor
someindicatos and applied to case studies arspecific road segmenHowever, theywere
subject tosome limitationsto name a fewtime parameters such as the time of tfag and the
day oftheweekwere notintegraed even though social costs highly dependimem contingent
valuation methodssuch as Willingnesto-pay or Willingnesdo-accept compensatiowere
barelyused and no attentiomasgiven to municipacompensations dax rebategsee Section
2.4). Therdore, these existing techniqgueere used as a foundatiamd upgradedtio achieve a

high level of confidence isocialcostprediction

3.3.2. Social cost parametersaand variables

Ten key parametersvere identified for social cosassessmer(seeTable 3.2 basel on
literature reviewSome of these parameters such as the time of the day and the day of the week
werenot used in existing assessment techniques. This research proposes an apmokute

theseparameters in social cost prediction.
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Table3.2: Social cost input parameters

Parameters Value domains

Night, morning, morningpeak hoursmidday,

Time of the day afternoonpeak hoursevening

Day of the week Week dayssaturday, Sunday
Season of work Summer, wintey spring, fall

Type of work 35 scenarids

Land use Commercial, industrial, residential
Road classification Local, arterial

Transportation mode Bus, light truck, heavy truck, automobile

Traffic density Annual average density traffic (AADT
Duration of works Number of days
Type of oad closure Partial, complete

Asee Appendix M

TheTime of the daynd theDay of the weekhould be taken into considerationequation
modes if traffic pattern recorslreveala variability of thevehicle densityaccording to
themandalsoif works are performed at niglm orderto mitigate social costs except for
noise.

The Type of workand theSeason of worlare relatedo some extenbecauseopencut
works are usually performeth summer For kuried pipe renewals, two main types of
works are considered: opent and trenchless techniques. For road segment, three types of
works areretained minor and major rehabilitation, and reconstructiearthermore given
that major eventssuch asfestivals sidewalk / street sales can take plackiring
summertime,a detailed study of work impacts onesk activities should be addressed
specifically

The Land useand theRoad classificationare important for customer traffic because

commercial arteries wht retailers and restaurants scattered along ribed will
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unquestionablys u f f er s adluriegswiorks! llo fad, eestaurant owners cahe
prevented fromusng theirterraces becaus# noise and dust pollutiofiRoad classification
is importantin caseof complete road closure becaushicles especially trucks and buses
circulatingon arterial roadsire detoured orotherarterial roadgo keep the same level of
serviceand so it is for local roads

1  TheTransportation modand theTraffic densityare assciated by defaultising the modal
shares of vehicle volume in circulation

1  TheDuration of worksand thetype of pad closurearealsosignificant parameters because
manyindicatorsvary perthem.The duration of works depends on the type of works. Two

status of roadheutralizationis considered: partially or completely closed.

In the next sectionsocial costvariablesthat are used for each equatiare describedvhether
probabilistic or deterministicThe probabilistic ones should be assigned with giodiy
distributions.Given he largenumberof variablesrequired, a lot of effortis neededo processto
save andio update information in databaselBable 3.3 illustrates the full list of social cost

variables collected in this research.
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Table3.3: Social cost variables in alphabetical order

AC:
ACPK:
AHOR:

AHW:
AIHP:
AMR:

ASC:

CR:
CM:

CLPG:

DI:
oor:

DN:
DOH:
DPTIK:

FC
FCB:
FVHOR:

HMR:
HWR:

IOE:
IPD:

LCC:
MR:

NBA:
NDFNW:
NEA:
NHA:
NHW:
NLH:

amount of claim

annual cost of service per kilometer
averagenouseholdccupancy rate
average hourly wage

annual increase in house price
average monthly rent

area of the surface to be cleaned

cost of repair
compensation meages
costs of lost products and goods

duration of interruption

additional travel time

additional travel distance

duration of noise

daily operational hour

daily parking ticket infractions per km

milesto-acre conversion factor

fuel cost

frequency of cleaning buildingser day
fire vehicle hourly operating rate

hourly meter rate
hourly wage rate

increased operating expenses
insurance payouts for deaths

road length
length of the asset
local cleaning cost perm

mortgage rate

number of buildings affected
number of week days following night works
number of employee affected
number of housing affected
number of hours worked in a day
number of lost hours in a day

NLPS:
NPO:
NRTR:
NTP:

NPV:

OocC:
OR:

PAL:

PC:
PD:
PDCC.:
PFR:

PIMV:

PNRU:
PVHOR:
PRC:
PRF:
PTR:

RF:
RTP:
RTR:

SW:

TNRH:
TTCC:

TUTV:
TVPM:

VAC:

VDFE:
VEC:
VOR:

VOT:

VPEK:

VTD:
VRV:
VR:

number of lost parking space
number of police officers
nonresidential tax rate
number of trips per day
numberof police vehicles

operating costs
occupancy rate

% of average loss in residual value
preventing costs

project duration

property damage claim compensation
pedestrian flow rate

% of increase due to market value
% of nonresidential units

police vehicle hourly operating rate
parking relocation cost

productivity reduction factor
parking ticket rate

reduction factor
transition period
residential tax rate

sidewalk width

total number of rental housing
temporary traffic control cost

total unit taxable value

total value of properties in the market

variable ambulance costs

victim discounted future earnings
volumetric emission cost

vehicle occupancy rate

value of time

volume of pollutant emitted per kdriven
vehicle traffic @&nsity

vehicle residual value before accident
vacancy rate
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3.3.3 Model Development

To build modelsthat capture in the best possible way the adverse impacts of municipal
works on population, economy, ecosystems, etc., they were designed in such a wagythat t
often contain summations. Table 3.3 and Table 3.4 represeniatielsused respectively for
tangible and intangible indicators, which are
Aupgradedo (from | it er atndiaters aenadsessex threwgtdelso pi ni o
some result directly from statistical analyses of costs collected: from project contracugias (
as UWA-Unforeseen work activities, URUrban reinstatement landscaped TCM-Traffic
control measures), from municipaitigation services guch asCC-Citizen claim and PSD
Property structural damage) and from Insurance compasuehl @sAl-Accidental injury); thus

they should be applicable solely to the municipality context.

One major upgrade in this research isittiegration of social parameters such as time of the day,
day of the week and land use for social cost prediction. Other parameters such as transportation
mode, traffic density and work duration, were already studied in literature. Modeling steps to
predct social costs is illustrated in Figure 3.5. The vector of social cost variables(ys, ¥-,

€, ) Wwhere i represents one specific road apdsythe estimate of social costs from

implementing a specific project under specific road conditions (part@mplete closure).
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Select the road corridor (i)

v

Specify project

.

Select road status

v \ 4
Partially closed Completely closed

A 4

Select indicator

v

Assign

Deterministic —— >
| variables

<— Probabilistic

A 4

Estimate through equation

A 4

Record social costs (yi)

Figure3.5 : Modeling steps for social cost prediction

In a nutshell, each social cost indicator generates its vector of socialaciadties. Given that
infrastructure projectmainly differ in their duration, thesocial costvector Y, can comprise N
(number of roads) times the number of infrastructure projectssddial costector is used as a
response variabl®o estimatethe unknown parameters ofethregression function associated to

thesocial costndicator.
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Table3.4: Modelsfor tangible indicators

1-TCM: Traffic control measures NEW
Probabilistic variables HWR, PVHOR, PD
Deterministic variables TTCC, NPV, NPO

A#- A4##.0606(/ 20/ (72 .(7 0% pd&A

TCM costs are new in terms of costs of police presence. They are divided in two items: TTCC n
included in the contract bid as a lump sum and costs of police presence whichfdonnpart of the
contract bid. In the City of Montreal, the police presence is obligatory on major work sites and
during rush hours. Based on the information gathered from interviews, retired police staff is hire
HWR of 83.81 $/h and PVHORmunts to 21.33 $/h. We solely consider police presence costs for
cut activities on arterial roads, with an average of 1 police vehicle at each end of work zone &
policemen per vehicle, for a total of 4 working hours.

2-VDA: Vehicle damage acident NEW
Probabilistic variables PAL, VRV
Deterministic variables

6%! 0! ,626 ¢&A

For each vehicle involved in an accideviDA costs are estimated solely in tangible terms of decre
automobile vaue, which representhe per manent | oss in an auto
involvement in an accident and that which are not compensated by insurance policy. Damage of
and commercial goods not covered by any kind of insurance policy arghadowedGiven that not all
work sites lead to car accidents and that
behaviour, we do not assess this indicator in this reseanciiverage claim amount can also be appliet

3-VMO: Vehi cle maintenance and operations UPGRADED
Probabilistic variables PD, OC
Deterministic variables oL ,TDV
6 -/ R
0% Y, I # 648 o8
6 -/ A
0% Y, Y, | # 64%  o8A
6 -/ R
0% Y, | # 64% oA
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VMO costs are upgraded with the incorporation of the time of the day in order to reflect among otl
difference in fuel consumption during each periotierei=the day of the week¥eekday, Saturday
Sunday) j=the time of the day®ight, Morning, Morning peak hours, Midday, Afternoon peak hi
Evening)and k=the type of vehicleAutomobile, Light truck, Heavy truck, Bus) The as s e:
the additonal road lengthis illustrated in Appendix G for all casds. case of partial closure allowin
vehicle to go through the workone, the additional travel time due to works can be translated in
e g ui v a ITeerotal veitle traffic density (VTDpn alternate roads is expressedveise the VTD
that are detouredn case of complete road closure, the detoured vehicles and the ones normally cir
in the detour road will experience additional VMO costs.

4-OEV: Obstruction to emergency vehites UPGRADED
Probabilistic variables PD
Deterministic variables T, FVHOR, NTP
| %6 Y4 &6(/2400% T8
Probabilistic variables PD
Deterministic variables PpT, PVHOR, NTP
I %6 Y4 06 (/2 4008%$ A
Probabilistic variables PD, oL, NTP
Deterministic variables VAC
I %6 Y, 6! #.400% &

Three types of emergency vehicles are considered: fire, police and amb@astseof Obstruction tc
emergency (OEV) vehicles are upgraded with the addition of variable costs-peivkmfor ambulances
Ambulancecosts are in the charge of residents in Quebec and amount to a fix cost of 125% plus a
cost per krdr i ven ( VAC) of 1.758%/ km. Solely the

consideredFor the first two, costs of relocation incurred wheorks can hinder entrances and exits
vehicles, are neglected; whereas costs of additional specific control measures (e.g., construc
temporary route) should be added. Moreover, interviews conducted in 2015 with both police ¢
agents intte frame of this research reveal that construction works have not yet been critical for ac
the response delay in emergency cases. Therefore, solely the impacts on vehicle operating rai

considered for fire and police vehiclesnsideringaddt i onal. ti me ( &T)

5-PRL: Parking revenue loss UPGRADED
Probabilistic variables PRC, NLPS, PDOR
Deterministic variables HMR, DOH

0-2,02#.,03-21/2 0% $/ ( LBA

Probabilistic variables PTR, PD, DPTIK
Determnistic variables L

042,, $04)68% 042 v&A
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Parking revenue loss (PRL) is upgraded with the incorporation of the day of the(iyvézkonsider
different operational hours and is assessed as the sum ottistéems: Parking relation cost (PRC)
Parking meter revenue loss (PMRL) and Parking ticket revenue loss (PTRL). PRC are incurred w
works hinder entrances and exits of private parking lots for residents or businesses. For instance
Coutu drugstore owner in thetiof Montreal engaged 3,000 $ to relocate parking places for its
because of -mnonth construction works on Sailfathieu St in 2014. PRC are projegtecific and cannao
be assessed in a systematic way. PMRL can be expressed as a function of theeleatilyn hour (DOH)
In the City of Montreal, DOHSs varies according to the day of the Wigewherei=(Weekday, Saturday
Sunday)PTRL is expressed as a function of the daily parking ticketcitidras per km (DPTIK). In 2010
1,241,694 infractions we issued in Montred[SPVM, 2010) Therefore, given a total network length
4,021 km, DPTIK is computed as follows:

plt Thp wt
cpAAUOmCcRI

$04)¢mp T &) v

For PTRL assessment,should beby defaultthe length of the road under worksf possible lengths of
upstream and downstream roads neutralized for work mobilization should be addgdL $tould be
equivalent to the total length of road segments neutralized by the Waiesthat a road closure can al
increase parking infractions in the neighbourhood because of reduced number of available parkin
however this effect is neglected in this research

6-TRL: Tax revenue loss NEW
Probabilistic variables PD
Deterministic variables TUTV, RTR, NRTR,PNRU
0% "
4 2 45 4 242 .2 .2420. 2 .
, 546 p O 5 0 5 TOBAUO 830

Property tax rebates for vacancies are offered by the City of Montreal to basittessare closed durir
works even thougin most cases, businesses remain open during works. In 20¢dysgeonducted witt
business owners in the frame of this research, reveal that they are willing to accept the cancellatio
tax payments as ¢ o0mp ghmasaiety mintof viewoTRL canobe kobssder ase
transfer cosbecause iis a loss for the municipality and a gain for business owners.

7-PSRL: Property saleand-rent loss NEW

Probabilistic variables PD, PIMV

Deterministic variables MR, AIHP, TVPM

! 0 i
032, 0)-6460- p u XA
p -2
Probabilistic variables PD, TNRH, AMR
Deterministic variables VR
0% .

032, 62 4.2(!-2

cRAUG XA
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Property salandrent loss is new in terms of adverse impacts on rentingethng a unit. In fact,
construction works can temporarily inhibit property sale and rent for residents and businesse:
solely for sale is assessed as an opportunity cost which is the expected return forgone whenever t
duration (PD) exceedme yearThe average monthly rent (AMR) is about 840 $ in Montreal.

8-NBIL: Net business income loss

Probabilistic variables NBIL
Deterministic variables

Ideally, business income loss (BIL) due to wedonsists of marginal loss of net operatimgdme
revenues from losing businesses that cannot be recovered afterward and that are not offset by
gain of net operating income revenues from winning businesses. BIL before and during works st
assessegerbusi nessds typ es mniBiverBE byredacing aperatirgg sand product
expenses. BIL for grocery stores and drugstores is assegbedanm ofcosts of lost products and goo
(CLPG) andadditionalincreased operating expensi3H) such aextrafreight shipping costdMoreover,
possible compensation measures (CM) given by municipality in order to enhance business sale
used to mitigate business losses; tHins net business income loss (NBIL) should be assessed consi
any other forms of compensatidn. the City of Montreal, subsidies are provided to businesses th:
closing during works to upgrade their propetftythis researchye propose to use contingent valuatior
the form of Willingnesgo-accept compensation to estimate NBIL. Theref Busiess losses can t
computed in terms of Tax revenue loss (TRLpubsidies granted ltige municipality

9-Al: Accidental injury

Probabilistic variables
Deterministic variables NLH, HWR

1) (72 ., ( oBA

NLH can be omputed from two points of view. From the employee view, NLH is calculated from the
of accident to the date of returntowoFk om t h e e mpNHb ig setfrénsthedatesofvaccider
to the date when another employee takes over the work.esjarid diseases are indemnified in r
cases by health care systems by spreading out costs of health services including staff time,
supplies and treatment to all beneficiaries. In the same line, insurance covers among others cos
wages dting convalescence. As such, only uncovered medical expenses or wage losses should
into consideration even though it is very difficult to quantify themaddition family members of injurec
individuals can also bea&xtracosts in terms of paisuffering and activities forgonavhich are neglecte:
in this study An average compensation amount can also be used to estimateeAhunicipality can alst

engage costs of compensation (avga7700$, ma >
10-Sl: Service interruption UPGRADED
Probabilistic variables NEA, HWR, DI, RF

Deterministic variables
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0, $) . % (72 2& p BA

Probabilistic variables DI, NHA, AHOR, PC
Deterministic variables
0# $) . (' (/] 20# p BA

Sl costs are divided into threBypass installatiortost (BIC), preventive costs (PC) for each housel
(h) and productivity loss (PL) for each business (b). BIC is included in the contract bid. PC and
engagedfiservice interrupon is involved for any reason such reopening of laterals\\éten water mair
renewals are performed, a bypass installation is provided for temporary service provision; but con
should be blocked and reopened twice at the beginning and the emutks{ which lead to preventiv
costs for forewarned residentSome facilities such as dental care, restaurants and hospitals ar
critical becausehey are highly dependent on water service. Facilities equipped with cooling water s
or compressrs are subject to risks of burns in case of unscheduled water interruptions. For insta
can be equal to the cost of 1 liter water bottle per individual householgyer 8 hours of interruption
However, PL is neglected in this study.

11-PSD: Property structural damage

Probabilistic variables PDCC
Deterministic variables

03% 0s## p@EA

PSD claims can be obtained from municipality recofdst v g 83 8 0 0 $, ; leading &3d6 Side
effects of vibrations that remain unclaimed.fact, vibrations from works are rarely a direct cause
property damage but rather contribute to the process of deterioration from othe(CAREs 2000)

12-DDC: Dirt and dust cleaning

Probabilistic variables FCB, PD
Deterministic variables LCC, ASC
$$# , ##0$ &#" ! 3# p A

Buildings with large windowsare subject to daily cleaningosts during works and are mostly nc
residential edifices. Therefore, DD cleaning costs formsidential buildings will be assessed assumit
daily cleaning frequency rather than normally once a week for residential buildifgsis set to be -2
meterlong multiplied by the width of the frontagie. this study, ve set LCC at a local rate of 1.5 $/m

13-AB: Administrative burden

Probabilistic variables ACS, NLH
Deterministic variables NEA, HWR
P %! (72 ., (! #3
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AB costs are relatetb time burnt in meetings, on the phone and elsewkznmesolve workrelated
incoming mattersuch as complaints andhffic issuesin the City of Montreal,ese costs can be vel
high. We also added the additional costs of service (ACS) suffered by Bualgport agency-owever,
AB costs for municipality can be neglected.

14-CC: Citizen claim

Probabilistic variables CcC
Deterministic variables

## I #

Citizen claim amounts are those being settled out of court and borthe bygunicipality( a v g & 3
ma x & 1 0.(Partesajfected by work/business deferrals can address complaints to the munic
through insurance companies.

15-URL: Urban reinstatement landscape

Probabilistic variables URL
Deterministic variables

Urban landscapeeinstatement (ULR) encompasses costs of pavement and landscape reinstaten
provision for costs of adjacent utilities that are normally included in the contract bid.

16-UWA: Unforeseen work activities

Probabilistic variables UWA
Deterministic vaiables

Unforeseen work activities (UWAgncompassinforeseen construction and overhead costs relate
activities normally included in the contract bid. Because the nature of infrastructure works is not
risks, UWA costs are often incorporated project contingency cost; thus, UWA costs are assess
contingency costs plysotentialadditional UWA costs claimed by the contractor.

17-Ecosystem restoration

Ecosystem restoratiofER) deals with money invested to bring green environment tdynésiroriginal
state, for example fplanting treesERis different from the indicator of green amenity suppresgiisS)
dealing with the impossibility to restore the green environment.

18-BUD: Buried utility damage

"5% # 2

Studies conducted by University of Toronto shows that inaccurate subsurface utility information ca
into damages accounting for around 1.1% of project costs (Ormsby, 2009). Damage cost recorc
obtained from municipal records.
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Table3.5: Modelsfor intangible indicators

1-VED: Vehicle delays UPGRADED
Probabilistic variables PD, VID
Deterministic variables VOR, VOT, T
6 %% B
0% \Z! 6/ 2 64% 6/ 4 pA a2
6 %3$ R
0$ 4 V4 6/ 2 64% 6/ 4 p&A
6 %3$ A
0% V4 6/ 2 64%$ 6/ 4 pA e

VED is discretized according to the day of wdek Weekday, Saturday, Sundathe time of dayj=
Night, Morning, Morning peak hours, Midday, Afternoon peak hour, Evinthg type of vehicle
(k=automoble, bus, light truck, heavy trurland the type of tripsl€businessrip, nonbusiness trip
Then VDT shouldalsobe collected accordingly either manually or through a radar traffic coMite!
first experiment a VOT value (17.6 $fp) based on the avage HWR of the province of Quebec. TI
demonstrates very high social costs related to vehicle dé&lagsving thatone cannot ascertain that ee
driver is willing to pay 17.6 $ to avoid one hour of delag propose to usen one han@ VOT based or
HWR around 17 $ for business trips aol the other hand VOT based on the price of a cup of cof
aboutl.5%for nonbusiness tripdHowever,VOT is set at 0 $ for nehusiness trips during effeak hours
and during nighttime for all trips

If the road ispartially closed thus allowing vehicles to go through or to bypass the work zone area
times g Tshould ideally be collected 20 days after the beginning of works becausday p@riod is
often necessary for driverds adjustments to
same as to bypass it (De Marcelli&rin, et al., 2013).fla road is completely closed, the incremen
|l ength @@L is computed as the difference bet

pL divided by the vehicle speed. Further mo
alternate roads if the road under work is completely closed. This effect should atsmdideredby
estimating the difference betweenngestion time delays o C Tdbigr to work and during work for
selected alternate roaBor example, if fredflow vehicle speed (Vg) =50 km/h, L=5 km, actual vehicl
speed (V9 =40 km/h, then the congestion time del@TD = L/VS, T L/IVSg) is 1.5 min. If the
di fference @CTD is not significant then cc
numberof vehiclkes should be impacteven thoughif s c ompl e x t ochdicesr opttna
alternative routes should be proposed in case of complete roadeclosing traffic modelg tools if

possible
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2-PED: Pedestrian delays UPGRADED

Probabilistic vaiables PD,SW
Deterministic variables pT, VOT, PFR
0 %$ 37 0% Y4 6/ 4 0&2 e

PED is discretized according to the time of the dayWieekday, Saturday, Sunjlaand the day of the
week (j=Night, Morning, Morning peak hours, Midday, Afternoon lpéaur, Eveningy The pedestrior
flow rate (PFR) are expressed in ppmm (pesdestrian per min per meter of sidewalk width). The as
of &T for each pwe cases:domplete clastrb of ene sidewellvng the other ope
and partial dsure obothsidewalks.

3-PR: Productivity reduction UPGRADED
Probabilistic variables
Deterministic variables PRF, DN, NEA, HWR

02 (72 . %! 02& o8A @

PRrelated to noise depends on the renewal technique amoigedluration.It is discretizedberthe type
of building ¢=institutional, commercial, industrigl For each hour (h) of the noise duration (DN),
productivity reduction factor (PRF) corresponds to the dBA level produced by macpéreng type of
building. PRF used in this study is illustrated in Figure 2.4.

4-RND: resident noise discomfort NEW
Probabilistic variables DNFNW
Deterministic variables NHL, VOT, AHOR NHA

2.8 .$&.7.(, . (' 1(126/4

Sleep disturbances resulting from noésgosure at nighaire related to personality traits and subject
noise sensitity, andthey aresymptomized by tiredness aftdeep (Jakovljevic, et al, 2006@ading to
negative work outcomes in terms of decreased productivity, lost work time dueefiness anc
cognitive/moodrelated misbehaviours (Swanson, et al., 2011). Therefore, RND is assessed in t
decreased productivity on the day following night works.

5-HLL: Human life loss

Probabilistic variables
Deterministic variables VDFE, IPD

(.. -AQGEIIOE$S& 0%

For each victim, tatisticalanalysisfor IPD should be performed and presented as mean WARIEE can
be assessed based on the mean age of local population, the average annual wagérenel#psec
before retirement age.
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6-AAD: Accelerated asset deterioration NEW

Probabilistic variables L, ACPK
Deterministic variables RTP
s 240 ! #0 +,

Accelerated asset deterioration (AAD) related to reducedcselife is assessed in terms of loss in-g
paid cost of service provision. RTP is based on canddirade reduction by one level

7-AP: Air pollution UPGRADED
Probabilistic variables VEC, PD, FC
Deterministic variables L, f

O10. . .. PV
- % 6 %# mi%KgKIOE EO0S$ 6%# Tt8rp P WQAT | &H#

Probabilistic variables VEC, PD
Deterministic variables al, VTD, VPEK L
6' % 0% y, 64% 6 %# 60 %+
6' %, 0% 6 %# 649% 6 0 %+ 6 0 %+

The valuation ofrolume of pollutant emittetbr CO, and PMg are performed respectively to convert fu
consumption of construction machinery into kg of @®ing 10.1 kg of C&for each gallon of diesel fue
used (Rehan and Knight, 2007), and to estimatersiailed particles released into the air dgr
construction activities (Qi, et al., 2013)JGE is discretized according to the day of weiek\Weekday,
Saturday, Sundaythe time of dayj€ Night, Morning, Morning peak hours, Midday, Afternoon pe
hour, Eveniny the type of vehiclekcautomobile bus, light truck, heavy trugland the type of pollutar
(p=GES,CO, HC, NQ, SQ, PM,5, PM,o). Two ways of assessing VEG are provided. Results of
methods are similar.

8-SGP: Soil/groundwater pollution

No assessment techniques for valuating S@$tscis proposed given the complexity of the mal
however,it should be assessed through Delphi metkftet the completion of worksvhich consists iman
evaluatont hr ough a consensus of different expert

9-GAS: Green amenity suppression

Green amenity suppression (GAS) as opposed to ER deals with the permanent removal of gre
and recreational areas. No assessment techniques for valuating GAS cost is proposed; how
should be assessed through contingent valuation in termsvofligh residents are willing to accept 1
compensatiomo capturein the best way possibtee value that people place on it.
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3.3.4 Data collection

Figure 3.6 givesheinformation sources for each indicatéior further detailsa complete
description of d& collection can be found in Chapter 4. Various individwalpartieswere
contacted by phone calls, emails or -@meone interviewsto collect information, which was
given in different formats: Excel, Word and PDF files, ESRI shape files, hand notéseess
database. The the information was processetb extract input variables for social cost
prediction A lot of effort in time was devoted in data collection and treatment as explained in

Chapter 4.

TCM: Traffic Control Measures

. . aramunicipal organizations
ER: Ecosystem restoration . \\ \ (STM, Stationnement de ~
" , \\ Montréal) ~
CC: Citizen claims ,\\ \ ’ T~ AB: Administrative burden
\\
\ \ . .
ULR: Urban landscape reinstatement | |\ \\ ~Insurance companies /GAS: Green amenity suppression
\\ / (SAAQ, SSQ, GAA, CSST, | /
. " \ i i
BUD: Buried utility damage \ NN o Industrial Alliance) \ / VED: Vehicle delays
‘ / \ /
UWA: Unforeseen work activities ‘ " Contract bids / project \ // PED: Pedestrian delays
reports \/ /

(Water, sewer and road
segment projects)

VMO: Vehicle maintenance & operations

/ AP: Air pollution
5

}\\ SGP: Soil & groundwater pollution

‘HLL: Human life loss

PRL: Parking revenue loss

\ .
S . -~/ Geographical information
Sl:  Service interruption \

systems

DDC: Dirt & dust cleaning AAD: Accelerated asset deterioration

Municipal services /
(Transport, Taxation, Finance,
Water & wastewater,

Litigation)

TA: Traffic Accidents LQR: Life quality reduction

PSD: Property structural damage PR: Productivity reduction

Al:  Accidental injuries Emergency services

(SIM, SVPM)

OEV: Obstruction to emergency vehicles

TRL: Tax revenue loss

Business Owners or
associations

NBIL: Net business income loss 77 e

PSRL: Property sale-and-rent loss

Figure3.6 : Data sources for social cost indicators
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3.3.5 Model validation

The valuation of social cost indicators may enclose different levels of abstraction,
requiring different levels of validityfo demonstrate that develagpemodels are reasonable
representation of workelated impactsln this study, thevalidation of models waachieved by
threemeans expert opinionsreal cost collectiorwhenever possibland comparison of results
from two different methods. The first ceists in presenting the results to another person or a
group of people. Even though they miglat understand all computational detatlseycanraise
potential issues related to results such as cost incoheaedapiestionable assumptianghe
second cosists in asking affected parties the estimation of their losses after the completion of
works. Thisvalidation is the most reliabkeven thougtpeople tend to overestimate their losses
especially business owneis practice it washardto validatereal losses exclusively related to
works because afther competindactors, to name a fewtiddencausesf losses deferrals of
someimpacts over a long run, and spread of damage among many protagonistsiatking it
too expensive to collect informatioithe third consists in assessing costith two different
parametric models using different experimental data from different sotwos@npareresults.

If results remain in the same order of magnitude, weasaame that costs are valatherwise,
modelsshould be reised The following ten indicators were validated: VED, PED, VMO, PRL,
TRL, PSRL, PR, SI, DDC and AHRL were validatd with the second method, by collecting
property taxes of different buildings in Montreal. Our estimates were closed twlteeted
property taxes. AP costs were validated with the third method, and the results of the two different
models were quite similar. Themaining indicators were validated with the first method, but

with very little inrdepth questioningom respondets.
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3.4 NON-LINEAR REGRESSION MODELING

As shown in sectio3.3.3 the implementation of the delopedmodelsis fastidiousat
macro level for an entire network. There was theredoneedo develop regression functions for
social cost indicators to eadeetprediction of social costs at macro levellinear regression
modelingwas first experimentedbut the results were not satisfact@yen thoughthe R,
measuring the goodnes§fit of linear regressionwas acceptableEstimatedcosts from linear
regession were often negative because bigh negative value for the coefficient associated
with a constarintercept Therefore,a shift to nonlinear regression modelingas achievedn
threesteps:the enumeration of infrastructure projedtse develoment of regression functions

and the estimation of unknown regression parameters.

3.4.1 Enumeration of infrastructure projects

Social cost prediction is associated to the type of progecise all know thatrénchless
wor ks on buri ed piimppacss thdnoopeaut wotrksaltvsehereftreeimporéan e
to enumerate the different kinds of infrastructure projects upon which sociaboegisedicted
The enumeration dhfrastructure projets was achieved in two steps. The first was to determine
all the possible combinations of treatments among water, sewer and road lines within the same
road corridor. The second was to eliminate combinations that are neither feasible in practice nor
realistic. For that purpose, phone interviews or -taeface discusions were carried out with
asset managers; thueducing the number of combinations of treatments fthimy-five to
eighteenFinally, solely eighteen types of infrastructure projects are retained for this refsssach

Table 3.6)
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Two types of treaments for water and sewer lines are considered:-opereconstruction (OCR)

and Curedn-PlacePipe lining (CIPP). For road lines, three types of treatments are retained:
opencut reconstruction (OCR), major rehabilitation techniques such as pulveriz@@P) and
minor rehabilitation techniques such as surfacing treatment (TST). Therefore, aHistyeffve
potential projects on a corridor wasgginally enumeratedThen,the preceding list athirty-five
projects was submitted to managers. Gitrencontext of Montreal where nearly 80 % of sewer
and water segments are buried in the same trench under road sdgeeFRigire 3.7), municipal
planners in order to reducesks recommendhat sewer pipe OCR induces both water pipe and
road OCR and likewse water pipe OCR induces road OCR,; tleaving onlyeighteen potential
projects that are feasible ingutice. Table 3.6 illustrates the eighteen projects plus one extra
renewal decigin which corresponds to a statyuso that is no intervention on tlileree types of
assetsin Table 3.6, the number 5 means that a minor rehabilitation for the roadway and CIPP
works for both water and sewer pipes are bundled in one infrastructure pkdjeutise, the

number 19 mearsstatusguo.

RD segment
\
v
WT segment 2
. P g S
Connection \ 4 /
s ‘ ‘\C‘?ﬁ‘ < SNsegment 2
X
Y 4 Manhole
WT segment 1~ p
SW segment 1

Figure3.7 : Example of a typical trench
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Table3.6 : Identification number for work packages on a road corridor

sewer(SW) o o o cipp cipp cipp [O6R] JGERI IGERI
Water WT ) @ CIPP- @ CIPP- @ C'PP-

@ 19 15 10 6
Road TST 18 14 9 5
(RDD ocp 17 13 8 4
WOCR| 16 12 11 7 3 2 1

Once the enumeration of infrastructure projects a@seved, the next step was to assess the
projectduration because social costs are associatedAtiméthodology of estimating the project
duration was developed by the City of Montreal and adeptedn this research to assess the
duration of the eighteen types of projecisble 3.7 illustrates redts of standard duration of
projects fora sample of more than a thousand roads in the City of Mongealillustration
purpose in Table 3.7 the predictedwork durations are expressed in terms of the mean and the
maximum value of the sampl&/e noticethat water main CIPP lasts longer than sewer CIPP.
Also, when the three types of assets are involved, the duration of project is substantially the same

regardless the type of works whether trenchless or-open

Table3.7 : Duration of work- (mean; max) days

Sewer %) @ @ CIPP CIPP  CIPP 'OCR  OCR
Water o crp NOCRY o cer JBCRN o crer NGCRN

@ (21;135) (8:26)  (30;150)

T TST (820) (30;150) (17;46)  (40;170)

€ ocp (10;38)  (30;160) (20;60)  (40;18)
- (10;38) (30;160) (30;160) (20;60) (40;180) (40;180) (40;180)
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3.4.2 Development of regression functions

Linear regression models were first tried in this study and they falatoch social costs
because someoefficientsor the constant (inteept) was often negative. A negatigeefficient
meandor every unitincreasan the variable, a unit decrease in cost is expected; this was counter
intuitive because the increase in all variabgegl ag’roject duration and &hicle traffic density)
shoud lead to the increase of social costs. A negative constant was also a concern because it can
lead to negative cost3hen nonrlinear regression modeisere chosenFor all indicators,the
Project duratiorfollows an exponential {&, the Length of the rahfollows a power law and the
Vehicle traffic density follows a linear law. Then, the regression functions were developed upon
these observations solely for ten indicators: VW&Ehicle delays, PEBPedestrian delays, VMO
Vehicle maintenance and operatioR&L-Parking revenue loss, TRLax revenue loss, PSRL
Property salandrent loss PRProductivity reduction SkService Interruption DDC-Dirt and
dustcleaning and ARAIr pollution. The remainingndicators did not bear a significant weight in
the socialcosts andtonsequently no regression functions were developed for their assessment
Table 3.8 illustrates the modeled regression functidhs leassquare method was applied to
estimate the unknown parameters of the regression functions as explaeetian 2.3.3Given
the hardship in data collection and processing, the regression funaliowsassessg social
costs at a large scale wighfewkey variables; thus reducing the amount of data needed to assess
social costsFor examplethe firstprediction of VED costswas basedn the followingdata:PD,

&, VOR,, VTDjw, andVOTju, which were collectedper the day of the week), the time of

day (j), the type of vehicl€k) and the type of tripl). Th e e s t i marequiredadditohal aT
variables such as the vehicle speed and the road léngthnutshell, it takes timeNow, VED
costscaneasilybe assessduly a regression function usirtigree key variables/TD, L and PD
considering thathe other variableand assumptiongmain unchanged.
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Table3.8 : Regression functions

Indicator Equation models
Ap 4% A 4% A5 4%
VED . v e s e m s
Ax 4% 88 OOl BOOAOET 1
PED AR Oi AIABA AA O BABOARD D OI BOOA OET 1
As43$s AxB49% b4 $
VMO ) e e A e n
Ax 4% 88 OOl BOOAOET 1
PRL AR 061 AIARIO O OBRABA O EGH AR DO BROHOB OET 1

001 PAADOA

TRL
001 WAADOAD O BROOAB OET 1
PSRL As Oi AiA&D A OO0 IEAAGHN® T AODOA OET 1
PR As Oi AIARI bl T & AEKOBAROAOGET I
Sl Ag O1 AIABI OOABIGOMDEI DAOOODPOET I
DDC Ag O AiARI | 1 AGBEAIAET CO o
A Of AR AT 11 AGBDEAIBES cO & Oo1T ADHOA O
APvehicIe .. AEB ‘ $ AEB : $ S @ é.E.B~4~‘$~ A L@ A
Ap 4 SRS O Ol ADDOA OET 1
AP A8 4#) 0 0 41 DANOTE T#) 00 7/ DANOO
y s ETODEAR $ AEODOEAR ¥ DAOD T ART COE

3.5 OPTIMIZING COORDINATION STRATEGIES USING SOCIAL COSTS

Infrastructure planners in the City of Montreal are attempting to coordinate interventions
among different types of assatslely when opeftut works are involved. Considering that roads
andburied pips are managed with different departnsentunicipal planners are pondering how
they should engage opent works within a road corridoirom one intersection to another

should road reconstructiorawait pipe replacemefitOr should pipe replacemerawait road
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reconstructiol These first two renewal scenarios were studiel) Performing oad opercut
techniquesonly whenpipesare scheduled fareplacement and 2)Performing fipe replacement
only when roads scheduled for opecut works Figure 3.8and 3.9illustrate the coordination
decision treeespectivelyfor scenario land 2 If the roadreconstruction is due while pipes are
not, the road cabe resurfacetheantime in scenar 1, while pipes can be repairagdeantine in

scenario 2A third scenario that is a combination of the first two was built as illustrated in Figure

3.10.
S W
eplacemen
YES
RDintervention
NO
aa " PN o
SN : Replacement S\ : PP/ No intervention SN : APP/No intervention SN : PP/ No intervention
WT : Replacement WT : Replacement WT : PP/ No intervention WT : PP/ No intervention
RD : Reconstruction RD : Reconstruction RD : Resurface RD : No intervention

Figure3.8 : Scenao 1- Road reconstruction if water or sewer pipe is replaced

Social costs are assessed for all types of work packages in both sce®@iakcost items
already included in the contract bid such as service interruption (SI) in terms of bypass
installaion, and traffic control measures (TCMye excluded.,except for costs for police
surveillance. By default@all remaining social cost indicators are considered for -apénwvorks,
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and some of them are not retained for CIPP or road rehabilitation suchiex wtility damage

(BUD). However, the fulamount of social costs to different types of works added for CIPP,

opencut reconstruction, minor and major road rehabilitation. The amount of social costs differs

with the road jurisdiction whether locatt arterial

SN : Replacement

SW

NO

eplacemen

WT
replacement

RDintervention

.

JNO.

A4

Aq : Replacement

SW : Default repair

SNV : APP/NQintervention

SNV : APP/NQintervention

SNV : APP/NOintervention

RD: Reconstruction

Aq : Break repair

RD: No intervention

Aq : Replacement

Aq : Break repair

Aq : APP/NOintervention

RD: Reconstruction

RD: No intervention

RD: Resurface / NO
intervention

Figure3.9: Scenario 2 Water or sewer pipe replacement if road is reconstructed

Scenario 3 is like scenarib (i.e., performing road opecut techniques only winepipes are

scheduled for replacement), except that when sewer is scheduled for replacement, in case of no

intervention on water, we wait for road open cut works to replace the 3&\&avill run the three

scenarios in InfraModex and analyze results basedocial costs, total costs (social costs plus

construction costs) and the levels of service. The optimization will be to select the least cost

strategy of coordination in terms of total costs.
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W

eplacemen
ol wr
replacement s replacement
NO
RDintervention RDintervention
e " YES NO
, | l ‘i

SV : Replacement S\ : Replacement SN : Default repair SN: APP/Nointervention | |SN: CGPP/Nointervention| |SA: APP/No intervention
Aq: Replacement Aq: Reconstruction Aq : Break repair WT : Replacement WT : APP/No intervention| |WT: PP/ No intervention
RD: Reconstruction RD: Reconstruction RD: No intervention RD : Reconstruction RD: Resurface RD: No intervention

Figure3.10: Scenario 3 Mixed strategies

The threeproposedscenarios are implementedanMonteCarlo-based decision support system,
InfraModex. The simulation runs ovarhorizon of 150 years. There is no constraint on budget
alocation. The Levels of servicgOS) are set ta specific target for the three types of assets:

water, sewer and road linds. a first step, a silo approach is performed for eaefwork the

LOS are examinedach year for all assets of the netwarldwhenever the threshold is reached

for an assetan appropriate treatment is propgsesulting inthreeindividual progrars of works

for each network: water, sewer and road. In the second step, a coordinated approach is performed
for all types ofassetgper road corridorindividual treatmend for each type of asse#seexamined

every year through the coordination decision tres individual treatments can be either

mai nt ai ned, changed or ; cesling yna doordinated pgramaf di nat i

work per road corridor (see Figure 2.8).
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CHAPTER 4: DATA COLLECTION

4.1. INTRODUCTION

This chapter deals with datsed forsocial costprediction The collection of data was
fastidious given the large volume of information processed to dssdssmennodels.In the
following sections the data source treatment and storage are explainBablemsthat were

experiencen data collection and analysase summarized as well

4.2. DATA SOURCES

The a&sesment ofsocial costindicatos related to municipalorks is dataintensive A
large amount of data was extracted frim@SIGS, which is the Geographical Informatiogstem
of the City of Montreal (see Figure 4.Bnd from the City websitén fact, most departments or
services of the City publish theirsta st i cs on a website, which is
(M-Stat). For further information that was not availatteoughSIGS or M-Stat, the following

departments or services were contacted

1 SVPM : Service de Police de la Ville de Montréilontreal Police Service

1 SIVT : Service des Infrastructures, de la Voirie et des Transports de la Ville de Montréal
(Montreal Transport Infrastructure Service
PM : Arrondissement du Plateau MeRbyal (Plateau MontRoyal borough
SIM : Service de sécurité Inaedie de la Ville de MontrégMontreal Fire Department
SEFVM: Service doé®valuation f(donteal Propertyde | a
Valuation Department
BRVM : Bureau des réclamations de la Ville de Mont(&&ntreal Complaints Offige
SEVM:Sernwn ce de | 6 eau degMantealWater Departrdedt Mo nt r ®a |
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The rest of data was collected frone followingenterprises, agencies and associations

STM: Société de transport de Montrélsldntreal Public Transport Agenty
SM: Stationnement de Moral (Montreal Parking Agengy
SA: Sociétéd 6 a s s aInsaranceecompanig¢snamely SAAQ, SSQ, GAA, CSST and
Industrial Alliance

1 SCHL : Soci ® ® canadi enne dd&hnagaoMogage lards et
Housing Corporatioh
USQ: UrgenceSanté QuébeHealth EmergencQuebed

CREA: Canadian Real Estate Association

Bus(lines)

Arterial road (lines)

Local road (lines) ~ -=—=======m

Road surface (polygons)

Truck route (lines)

Parking meter (points)

Property tax (polygons)

Building (polygons)

Fire station (points)

Traffic light (points)

Water pipe (lines)

Sewer pipe (lines)

Water hydrant (points)
Water valve (points)
Sewer manhole (points) T .

Water service connection (lines)

Figure4.1 : Example of da collected from MontredblS
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4.2.1. Data gatial requests

The GIS database system of the City of Montreal is composed of several GIS data layers
related to municipal infrastructure assets suchoasls and bridges, potable water, storm and
wastewater assetbuildings, parks, etcUnfortunately, these database tables have no field in
common.Given that ecial costindicatorsare assessed foraghroad corridoy spatial data from
different GIS layerdadto beintegrated to the road corridor layer using ArcGjatial analysis
tools. The reason is thaip to the date of this studgearly all GIS layers do not contain the road
identification number as an attributEherefore for example attributes from the buildintgayer
such aswumber of apartments fnom the parking metetayer such asumber of parking spaces
should beaffixed to the road layeThese spatial requests were tio@suming sowe suggest

that the road identification number should be includeshch database or layfer the future

4.2.2. Data dictionary

Given the largeamount of data collected, a dadationary (in alphabetical order}
proposed to recall all data used in the social ouzdels For eachtype of data,the dictionary
provides the following information: glossary for abbreviatiamst, possible range of values and
sourceslt should be noted that thestemation of one data in Tableldmight require other extra
data that are not illustrated in thistalteor exampl e, the additional
an inhouse valugon usingdata such as the vehicle speeds before and during wbiles.

me nt Indousail i n .Tefbrs te dath resulting froourin-house valuation
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Table4.1: Data dictionary for social cost irgdtors

Data Description Unit Format Value Sources
AC Amount of claims from residents $ Numeric 0 o BRVM
ACPK Annual cost of water service per km $/km Numeric o o In-house
AHOR Average household occupancy rate per/app Float 0 0 M-Stat
AHW Average hourly wage $/h Numeric 0 o In-house
AIHP Annual increase in house price % Float [0-100 %] CREA
AMR Average monthly rent $ Numeric 0 o M-Stat
ASC Area of the surface to be cleaned m? Numeric 0 o In-house
CR Cost of repair $ Numeric 0 o SEVM/SIVT
CM Compensation measures $ Numeric o -
CLPG Costs of lost products and goods $ Numeric o -

DI Duration of interruption hr Integer 0 o In-house
DN Duration of noise hr Float 0 o In-house
&eT Additional travel time hr Float 0 o In-house
el Additional travel distance km Float 0 o In-house
DOH Daily operational hour hriday Integer O o0 M
DPTIK Daily parking ticket infractions per km $/day -km Numeric O 0 VM

f Miles-to-acre conversion factor Float 7.9 Qi, etal. 2013
FC Fuel cost $ Numeric 0 o CAA 2014
FCB Frequency of cleaning building per day /day Integer 0 o In-house
FVHOR Fire vehicle hourly operating rate $/hr Numeric o SIM
HMR Hourly meter rate $/hr Numeric 0 o SSM
HWR Hourly wage rate $/hr -per Numeric O o In-house
IOE Increased operating expenses $ Numeric 0 o -
IPD Insurance payouts for deaths $ Numeric o -

L Length of road m Float O o SIGS
La Length of the pipe asset m Float O o SIGS
LCC Local cleaning cost per meter square $/m? Float 0 o Local rate
MR Mortgage rate % Float [0-100 %] SCHL
NDENW rl\}l;r;ybﬁirg%ft business days following a day Integer o 0o In-house
NEA Number of employee affected per Integer 0 o SIGS
NHA Number of housing affected house Integer 0 o SIGS
NLH Number of lost hours in a day hr/day Integer O o -
NLPS Number of lost parking space space Integer 0 o SIGS
NPO Number of police officers per Integer 0 o SVPM
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NTP
NPV
NRTR

ocC
OR

PAL

PC

PD
PDCC
PFR
PIMV
PNRU
PVHOR
PRC

PRF

PTR

RF
RTP
RTR

SW

TNRH
TTCC
TUTV
TVPM

VAC
VDFE
VEC
VOR
VOT
VPEK

VTD
VRV
VR

Number of trips per day
Number of police vehicles
Non-residential tax rate

Operating costs for vehicles
Occupancy rate

Percent of average loss in vehicle value

Preventing costs

Project duration

Property damage claim compensation
Pedestrian flow rate

Percent increase due to market value
Percent of non-residential units
Police vehicle hourly ope rating rate
Parking relocation costs

Productivity reduction factor

Parking ticket rate

Reduction factor
Transition period
Residential tax rate

Sidewalk width

Total number of rental housing
Temporary traffic control cost

Total unit taxable value

Total value of properties in the market

Variable ambulance costs

Victim discounted future earnings
Volumetric emission cost

Vehicle occupancy rate

Value of lost time

Tons of pollutant emitted per km -
driven

Vehicle traffic density
Vehicle residual value before accident
Vacancy rate

infraction

per/veh
$/hr -per

tons/km

veh/day

trip
veh
%

$/km
%

%
$/hr
days

%

%
$/hr

$

%

$/hr -

%

$/100%

app

$
$
$

$
%

Integer
Integer
Float

Numeric
Float

Float
Numeric
Integer
Numeric

Float
Float
Numeric
Numeric

Float

Numeric

Float

Numeric
Float

Integer
Numeric
Numeric

Numeric
Numeric
Numeric
Float
Numeric

Integer
Numeric
Float

O o
o o
[0-100%)]
o o
[0-100%]
[0-100%]
o o
o o
o o
o o
[0-100 %]
[0-100 %]
o o
o o
[0-100 %]
o o
[0-100 %]
o o
o o
o o
O o
o o
O o
O o
1.75%/km
O o
o o
O o
O o
60 o
o o
o)
o)

In-house
SVPM
SEFVM

CAA2014

In-house

In-house/SIVT

BRVM
HCM 2000

SEFVM
SVPM

De Marcellis
2013

SSM

In-house
SEFVM

SEFVMIGIS

SEPVM

UsQ

MTQ 2013

In-house
MTQ 2013

SIVT
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4.2.3. Data model

The data modeshould be built as illustrated in Table 4.2.plovidesa view of all
attributesper indicator for eachtype of works For examplethe predicion of TCM costs
requiresfilling sevenattribute fields The rad identification numbelD_TRC is the common
and primarykey for all tablesexcept for PR, AAD_ASETand DDC, which have two primary
keys.

Table4.2 : Data model

TCM VDA OEV.F  OEV_P OEV_A  NBIL SIH
ID TRC ID.TRC | ID_TRC  ID_TRC ID TRC| ID_TRC ID_TRC
HWR PAL PD PD PD TRL NHA
NPO VRV ®eT ®eT A PC
NPV FVHOR | PVHOR VAC PSRL R  AHOR
PD TRL NTP NTP NTP ID_TRC
PVHOR  ID_TRC VR S| B
TTCC PD PMRL PTRL PSRL.S PD ID_TRC
TUTV ID.TRC  ID_TRC ID.TRC  TNRH PD
VMO RTR PD PD TVPM AMR NEA
ID.TRC  NRTR HMR DPTIK PD HWR
ocC PNRU DOH PTR AIHP PED RF
A PRC L MR ID_TRC DI
VDT HLL NLPS PIMV PD
PD VDFE OR Al sw PR
IPD IDTRC VED VOT ID_TRC
RND AB HWR ID.TRC  PFR ID_BLDG
ID.TRC AP ID_TRC  NHL PD eT DN
DNFNW  ID_TRC  NEA VTD NEA
NLH VEC NLH AAD_A VOR DDC HWR
NHA PD HWR ID_TRC VOT ID_TRC PRF
VOT VTD ACS ID_ASSET &t ID_BLDG
AHOR L ACPK PD
f BUD L PD FCB
cc . ID.TRC  RTP ID.TRC  ASC
ID_TRC CR PDCC LCcC
AC
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4.3. PROBLEMS OF DATA COLLECTION AND ANALYSIS

As explained earlier in section 4.2, data integration was the major issue bgpatiske

data layers from different sources did not have a common key identifier. Therefore, massive

efforts were invested on linking all layers to the corridor layer in order to facifiteteer data

analysis.An average of 90 % of linkage was done automaticadiginst D % manually.Once

data integratiomompletedthere wasa need to develop data dicteoy and modeto schematize

the organizati on and ndadasesDam nsediimgsessmenhoddlshe i nd

can beclassified in three major groups:

1 Hard datathat arestraightforwardly collected from different data repositories, such as
paking meter spaces, number of buildings, annual average density traffic, road andace
length.

1 Datathat areobtained through literature, interviewadreportssuch agpollutantemission
coss, claim amounts, cosbf the police presence on work sitehicle maintenance and
operation cost

1 Soft datathat arecomputedon basis ofassumptions such as durasaffior work, noise
exposureandmachinery tilization), likelihood of damageandvalue of time los{VOT) in
traffic delays This requiredstateof-the-art and reliable assessmemocesses for different
kind of information

Some data available in the SiG&re not be updated such as the number of employees per

business unitThey had to bevalidated with other sourcesvherever possible Challenge in

updating alldevelopedmodels each yearan easily be anticipated tiie municipalitydoes not

put in placea data management program for social cost assessment.
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CHAPTER5: IMPLEMENTATIO N OF SOCIAL COSTMODELS

5.1. INTRODUCTION

This chapter deals with ¢himplementation ohssessment modelgore than a thousand
road corridorsof the City of Montrealwere selected for the case studygegressiormodels
provide social cost valuder each road corridoand for every type of worklThesecostscan be
used adnput data indecision support systeme run different renewal strategieand analyze
them The incorporation of social costs in decisimaking processes for infrastructure asset

renewals ultimately heffto select renewal strategies that bring the begtome to the society.

5.2. PLATEAU MONT -ROYAL ROADS

The district of the City of Montreal named The Plateau MRoyal was selected for the
case studyThe Plateau MoRrRoyal offers a variety in road corridor types such as residential,
commercial, arteriahnd local roads. It has the highest rate of density of people per square meter
in Canada. It is composed of3Broad corridors totalling 14&m with two NorthSouth transit
routes of Saintaurent Blvd. and Saint Denis St. and two BA&St transit routesf Mount
Royal Ave. and Sherbrooke $tp to now, social cost indicators relatednanicipalworks had
never beerassessedt astrategidarge level, but rather hey were addressed at a projettro
level in partdueto thecomplexity of their assessmie Now the regression modelgroposed in

this study willenableto assessocial costs foan entire road network.

5.3. RESULTS ON REGRESSIONANALYSE S

This section deals with characteristics and results afettpeessiormodels built for social
cost indicatos for the 1351 road corridors in The Plateau MBuaiyal district Social cost
regressiorfunctionsare $andard cost curves for worklated impacts andan beapplicableto
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Canadian roadsinder similar conditions Out of the twentyseven (27) social coshdicators
specified in Table 3.1, solely ten (10) indicators were relevant to perform regression analysis:
Vehicle delays (VED), Pedestrian delays (PED), Vehicle maintenance and operations (VMO),
Parking revenue loss (PRL), Tax revenue loss (TRL), Prpmate and rent loss (PSRL),
Productivity reduction (PR), Service interruption (Sl), Dirt and dust cleaning (CdD@Air

pollution (AP).The next sections present the results for these top ten (10) indicators.

Leaend

® AADT at intersection
] Road
1 The Plateau Mont-Royal district

Figure5.1: Case study area in Montreal
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5.3.1. Vehicle delays

Vehicle delay (VED) costs represent the costs of travel delays borne by vehicle
passengers becauseintreasedravel routeor time. In table 3.5, variables needed to predict
VED costs are the project duration (D, t he i ncr eap),dk vehicleatrafécl t i me
density (VTDk), the value of time lost in traffic (VGifi) and vehicle occupancy rate (VQR
where i is the day of the week, j is the time of the day, k is the type of vehicle and | is tbé type

trips.

5.3.1.1Methodology for vehicle delays

The traffic volume pattern in the City of Montreal reveidiat theaverage annual daily
traffic (AADT) varies perthe day of the weeksée Figure 5.2and the time of the day (Figure
5.3). In this studythree periods for the day of the week (Mondriday, Saturday and Sunday)

and six periods for the time of the wegkre chosers illustrated in Tablb.1.

Average traffic volume
For AADT = 10,000 veh/day

12000 -

10000 -

8000 -

6000 -

4000 -

2000 -
O T T T T T T 1

ST T T T W WA

c)\)&\&b oﬁ\b’b é—,& e‘vb’b \){_’b Q{\b’b \§?>
W &

$@

Figureb.2 : Montreal traffic volume patterperthe day of the wee{City of Montreal)
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Weekday Average Traffic Volume
For AADT = 10,000 veh/day
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21:00

00:00
22:00
23:00

Figure5.3 : Montreal traffic volume patterperthe time of the dayCity of Montreal)

Table5.1: Discretization othe time of the day

Morning . Afternoon
peak hours ey peak hours
From 00:00 a.m. 06:00 a.m. 07:00 a.m. 09:00 a.m. 04:00 p.m. 06:00 p.m.

To 0559 am. 06:59 a.m 08:59 a.m. 03:59 p.m. 05:59 p.m. 11:59 p.m.
Total 6 hours 1 hour 2 hours 7 hours 2 hours 6 hours

= Night Morning Evening

The average annual daily traffic (AADT), which was collected from the Montreal Department of
Transportationshould be factoretb considemweekly and daily variations of traffic volumes (see
Appendix A) At this stge monthly variationsare neglectedTherefore,the resulting traffic
volume factors used in our models are illustrated in TableFaR2example, the vehicle traffic

density (VTLG;) during morning peak hours on Saturday is expressed as 0.1237 x AADT.
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Table5.2 : Traffic Volume Factors

Weekday Saturday Sunday
Night 0.0572 0.0477 0.0374
Morning 0.0495 0.0414 0.0325
Morning peak hours 0.1476 0.1237 0.0970
Midday 0.4019 0.3365 0.2641
Afternoon peak hars 0.1468 0.1229 0.0964
Evening 0.2752 0.2297 0.1803

In other to assess the VTD for each type of vehicle (automobile, bus, light truck and heavy truck)
and for each type of trips (business, #siness), the statistics on vehicle volumes authorized to
circulate on Montreal Island jurisdictiowere used. Theywre computedby the SAAQ (see
Appendix B). Table 5.3 summarizes the mastares of vehicle volumes used in this study. For
example, the vehicle traffic density (V) during morning peak houren Saturday for

automobiles in business tgs expressed as 0.1237 x 4.97 % x AADT.

Table5.3 : Modal Shares of vehicle volumes in circulation

Non-business Business
Automobile 60.67 % 4.97 %
Light truck 23.84 % 7.31 %
Heavy truck 2.82 %
Bus 0.39 %

The tr af fjisassessedlfoapartiadeand complete closure of the road. For partial closure,
&T i s expr es s gduetsecdlehaion af vehicleaifrivingedt the work zone and of
&l due to the speed reduction when going through the work zone (see Appenéiar @).
complete closuregel is expressed as the difference between travel times on normal and detour
routes(see Appendix C)To automate the processdlge vehicle speexdin normal and work

conditionson both alternate and normal roagsre definedas a level ofservice (LOS) (see
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Figure5.4). The values of LOS are presented in Table B LOSof the class IVare usedn
this study when the vehicle frélew speed rangesdm 40 to 55 kmThe LOSare assignetb

the roadperthe time of the dajn asystematiavay presented in Table 5.5

LOS A LOS B LOS C
- = = - =
- a —_
= =8 = = 8
LOS D LOS E LOS F
- =
» = -

Figure5.4 : Level of service foroad segment&Courtesy of Montreal Polytechnic School)

Table5.4 : LOS for urban streets (HCM, 2000)

Urban street class I Il 11 \Y%
ARSI SoaEe 707 90 km/h | 557 70 km/h | 507 55 km/h | 407 55 km/h
range (FFS)
Typical FFS 80 km/h 65 km/h 55 km/h 45 km/h
LOS Average travel speed (km/h)

A >72 > 59 > 50 > 41

B > 5672 > 46-59 > 3950 > 3241

© > 4056 > 3346 > 2839 > 2332

D > 3240 > 26-33 > 22-28 > 1823

E > 26-32 > 21-26 > 17-22 > 1418

F O 26 O 21 O 17 O 14
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Table5.5: Systematic selection of LOS

Flow conditions Normal Work
Road Normal Normal Alternate
Road closure status Partial Complete
Vn VW Vd
Night A A B
Morning C E D
A.M. peak hours D F E
Midday B D C
P.M. peak hours D F E
Evening B D C
Thereforeit r av el jdfer leaclypsriodaedn be assessedhe same LOS for week and

weekend dayare usedThe vehicle speed on detoured ro¥d)(are setat one levelower than

the vehicle speeth normal conditiongVy). In case of partial closure, some vehicles normally
going through the work zone can take detours. In this research, detyssesseds if all
vehicles are passing through work zone. In case ofptaim closurgvehicles are normally
detoured on an alternative road of at least the same capacity. Thereforeitied eeigicle speed

on the detour route iset atV, andits vehicle traffic density similar to VTDThe additional
demand that is placedchdhe alternative route can result in exceeding the available capacity and
thus in delays due toongestiorborne by vehicles normally circulating on the alternative route
However, vehicles normally going through the road under workéll bear delays dueo

congestiorplus delays due to lengthening of ro(gee Appendix G)

Thevalue of time lost in traffic\(OT) is critical factor in evaluating delay costs and should be
assessed as t he -opayWTR)ge reduce travel fimseemMpgpadxsD3
The VOTj are illustrated in Table 5.6. For vehicliesbusiness tripsVOT is set at the local

average wage ratndfor vehiclesin nonbusiness tripsit the price of a cup of coffee as a WTP
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for waiting time.However, VOT is zero for all trgat night and evening periadSspecially for
non-business trips at morning and middd@®T is also zeroThe impacts of works for these
caseswvere neglectedAt last, the vehicle occupancy rate VQRvhich the average number of

passengers, is shown inbla 5.7.

Tableb5.6 : Value of time

Non-business trips Business trips
Weekday Saturday Sunday | Weekday Saturday Sunday
Night 0 0 0 0 0 0
Morning 0 0 0 17.6 17.6 17.6
Morning peak hours 15 15 15 17.6 17.6 17.6
Midday 0 0 0 17.6 17.6 17.6
Afternoon peak hours 1.5 15 15 17.6 17.6 17.6
Evening 0 0 0 0 0 0

Table5.7 : Average vehicle occupancy rate

Automobile Bus Light truck Heavy truck
1.3 65 1.3 2.3

5.3.1.2Regression functions for vehicle delays

Once theVehicle delay(VED) costswere predicted througmodelsfor both patial and
complete road closurethe regressia functiors were builtin a way tofind the relationkip
betweerprediced VED costs (in $), DT (in veh.),Road length (in meter) anddfect duration

(in days).

Equation3 6 %81 OOOABE 43 Ab4$ Ao 4 $

A 4% 88 & 01 BAOOA OET 1
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Valuesof coefiicients are presented in Tal8e8. Theregression waperformedby minimising

the sum of the squares of the errors, i.e. differences between modeled and measured values.

Table5.8: Regression codffients for VED

Roadclosure

Variables Coefficients Partial Complete
VTD auto a 0.0124 0.0873
VTD jight truck b 0.0074 0.0076
VTD heavy truck c 0.112 0.6335
VTD pus d 0.0001 0.0001
Road length e 0.0040 0.0040
Project duration f 1.0306 1.0306

The statistical test FTest and TTest, wereperformed per work packag&heresults for work
package 17{see Table 3.6) for complete road closare illustrated in the tablés8a and 5.8b.

The variable 1 is the vectorY 13490f social costassessed with the developed models, where i
represents each road segment. The variable 2 is the vector of social costs assessed with
regression functions=-statistic = 1.01 < §ps = 1.09:s0Ho (1 ' ,)’is accepted. Thetest
assuming equal variances has-gafue = 0.56, so H(>1 [ )>is acceptedThe regression

function for complete closure ialidated
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Table5.8a: F-TestTwo-Sample for variances

Variable 1  Variable 2

Mean 26685.9388 28870.0143¢
Variance 9656297088 9536178696
Observations 1349 1349
df 1348 1348
F 1.012596072
P(F<=f) onetall 0.409144738
F Critical onetail 1.09377224¢€

Table5.80: T-TestTwo-Sample Assuming Equalafiance

Variable 1  Variable 2

Mean 26685.93088 28870.0143¢
Variance 9656297088 9536178696
Observations 1349 1349
Pooled Variance 9596237892
Hypothesized Mean Difference 0

df 2696

t Stat -0.57904153

P(T<=t) onetail 0.281304763

t Critical onetall 1.645419019

P(T<=t) twotail 0.562609525

t Critical two-tall 1.960844296

For the partial closuréwork package #1& Table 3.9, the Fstatistic = 1.02 < §ps = 1.09;
therefore H (1 I ) is accepted. Thetest assuming equal variances hasvalpe = 0.44, so
(>, I' ,)ssvalidated So, the regression function for partial closure is also adedMate that
the results can be slightly differgoérthe kind of work packages illustrated in Table FEigure
5.5 illustratesVED costsfor a complete road closure in case etanstruction of all assets

(water, sewer and road).showsrightly that where VTD is high, VED costs is also high.
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I DIMA non disponibles

I 0-5000

I 5000 - 10 000

10 000 - 20 000
I 20 000 - 30 000
I > 30 000

VED (CAD $)

Reconstruction of all assets

Mo-0

I 0 - 100 000

I 100 000 - 300 000

300 000 - 600 000

B 600 000 - 1 000 000

Il > 1000 000

Figure5.5: VED costvisualization

for each social cost indicators, solely the F

Note that in the following sections of thikapter,

statistic value and the-yalue of the Test to validate developed regression modais
111
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5.3.2. Pedestrian delays

Pedestriardelay (PED) costs represent the costs of travel delays bornpebgstians
because of increased travel route or time. In talleV@riables needed to predidEP costs are
the project duration (PP , t he 1 ncr e a3 ethdpedegtriarvflew ratgPFRmehe ( T
value of time lost in traffic (VOjf) andthe sidewalk widt{SW), where i is the day of the week
andj is the time of the dayTwo cases were studied: partial closure of both sadlesvor

complete closure of one sidewalk leaving the opposite sidewalk open.

5.3.21 Methodology for pedestrian delays

First, thecharacter of each street is determinedmmercial, industrial, residential and
institutional. Then, the levels of service(E) are sefor each stregperthe time of the day and
the day of the week. Table 5.9 illustrates the different LOS used in this JtadyL.OS are
expressed in terms of pedestrian flow rate (PFR) and associated pedestrian walking speed
(PWS). PFRs thenumber of pedestrian crossing effective sidewalk width each minute (ppmm).
A neperian logarithmic relationship between PFR and PWS was demonstrated (see Appendix J).

Figure 56 illustrates the effective width on a sidewalk and Figuvaypical LOS for sdewalks.

Effective sidewalk
width

© o
ks =
S | @ o £
< £ o0584mm £ 5
& @ <« — B =
17 S

® o

\ Obstacle widths /

Figure5.6 : Effective width on a sidewaliEinch, 2010)
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Figureb5.7 : Levels of service for sidewalKsiCM, 2000)

Table 5.9: Levels of service for sidewalks

LOS PFR (ppmm) PWS(m/s)

0.09 1.33

0.1 1.33

A+ 0.2 1.33
0.3 133

0.4 133

A 3 1.33
A- 6 1.33
B+ 9 1.33
B 12 1.33
B- 15 1.33
C+ 19 1.26
C 22 1.19
C- 25 1.14
D 31 1.03
E 35 0.98
F 49 0.83

Both sidewalksare considered tbave the same LO&nd lengthIn case of partial closure, 50 %
of sidewalk reductioms assume@n each sidewalkn case of complete closure of one sidewalk,
the PFR on the oppositeswalkis doubledand the crossing timie neglectedThe number of

pedestrian crossing the sidewalk (R}Ror each period is assessed as the PFR in ppmm
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multiplied by the time length of each period and the sidewalk wititte corresponding
PWS.ormaiunder normal conditions can be found in Table 3hve i ncr easeg)istr avel
assessetbr two cases: partial and complete closure of sidew@ks Appendix]). Before and

during works, the same number of pedestrians crossingjdbvalk is assumeo, the PW@xy«

under work conditiongeadsto the PFRo«. In both cases of partial and complete closure, the
PFRuork increases because pedestrians will have reduced personallpmacemplete closure of

both sidewalks is not studied because the City of Montreal never allolable 5.10 illustrees

the value of time lost (VQ;)) for pedestrians used in this studye VOT is set at about the price

of coffee aswillingnessto-pay forlosttime.

Table5.10: Value of time lost for pedestrians

Weekday Saturday Sunday
Night 0 0 0
Morning 1 0 0
Morning peak hours 2 0 0
Midday 0 0.25 0.25
Afternoon peak hours 2 0.25 0.25
Evening 0 0 0

5.3.22Regression functions for pedestrian delays

Once thePedestriardelay (PED) costs were predicted throughodelsfor both partial
and completesidewalk closures, the regression functsowere built in a way to find the
relationship between predict&ED costs (in $)Number of pedestrians per day (ped/day) and

effective Sidewalk width (m).

Equatiord 0 %81 000
As Oi AIABA A A O ®BOASK O O o1 ;A

&
&
S
([@))
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Values of coeftients are presented in Taldlel1l. The regression was performed by minimising

the sum of the squares of the errors, i.e. differeneegden modeled and measured values.

Table5.11: Regression coefficients foild®

Sidewalkclosure

Variables Coefficients Partial Complete
Number of pedestrians per d a 0.0013 0.000©
Sidewalkwidth b 0.0826 0.2079
Project duration c 15313 1.7335

For the complete closuigvork package #17 in Table 3,8he Fstatistic = 134 > Fyo5= 1.16
therefore H (1 I' ) is rejected The ttest assumingnequal variances haspavalue = 0.27s0
Ho (>1 I' »)3s accepted. So, the regression function for complete closwedidsted For the
partial closurgwork package #1 in Table 3,8he Fstatistic = 192 > Fy o5 = 1.03; therefore H
(1T ,)isrejected The ttest assuming unequal variances agevalue = 096, so H (>1 I 2)>
is acceptedSo, the regression function for partial closisgrgalidated Note that the results can

be slightly differenperthe kind of work packages illustrated in Table 3.6.

5.3.3. Vehicle maintenance and operations

Vehide maintenance and operations (VME)sts represent the costsarfditional fuel
and nonrfuel operations and vehicle maintenancetable 34, variables needed to predMO
costs are the project duration (f,Dhe increased travebute( bBg), the velicle traffic density
(VTDj), theoperational cost@OC), where i is the day of the week, j is the time of the alay

k is the type of vehicle.
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5.3.3.1Methodology foVMO

The tr avelj) aleeusemlas expldired in section 5.3.Therefore t hje e
equivalent is assessed for both partial and compbete closures (see Appendix Gable5.12

illustrates the vehicle operating coptrthe local market.

Table5.12: Vehicle operating costs

Type of vehicle Costs

Automobile 0.16 $/km
Light truck 0.42 $/km
Heavy truck 1.12 $/km
Bus 1.12 $/km

5.3.3.2Regression functions f¥MO

Once the Vehiclemaintenance and operatiofgMO) costs were predicted through
modelsfor both partial and complete road clossirthe regression functi®were built in a way
to find the relationship between predictet® costs (in $), VDT (in veh.), Road length (in

meter) and Project duration (in days).

6-/A1 OOOAL 4 % AB 4% A6 4%

Equation5 A 4% 8A® OO0 &

Values of coeitients are presented in Taliel3. The regression was performed by minimising

the sum of the squares of the errors, i.e. differences between modeledasted values.
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Table5.13: Regression coefficients f&MO

Roadclosure

Variables Coefficients Partial Complete
VTD auo a 0.0230 0.1373
VTD jight truck b 0.0072 0.0073
VTD heavy truck c 0.0440 0.3205
VTD pus d 0.3546 0.4067
Road length e 0.0040 0.0040
Project duration f 1.0256 1.0325

For the complete closuigvork package #17 in Table 3,8he Fstatistic = 1.01 < 5= 1.09;
therefore H (1 I ,)is accepted. Thetest assuming eqliariances has ayalue = 0.54s0 H
(>. ' ,)3s accepted. So, the regression function for complete closuaidated For the partial
closure(work package #13 in Table 3,8he Fstatistic = 1.Q < Fy 5= 1.09; therefore K(" 1 =
*,) is accepted. Thetest assuming unequeariances has a-yalue = 0.54s0 H (>1 I »)3s

accepted. So, the regression function for partial closure ivalistated Note that the results can

be slightly differenperthe kind of work packages illustrated in Table 3.6.

5.3.4. Parking revenue loss

Parking revenue loss (PRL) representthe losses of parking meter and ticketing
revenues, plus the costs of parking space relocation if applidakible 34, variables neede
to predictPRL are the project duration (PDthedaily operational houf(DOH;), the occupancy
rate (OC), the hourly meter rate (HMR), the number of lost parking spaces (NLPS), the road
length (L) the parking ticket rate (PTRINd the daily parking tiet infractions per km (DPTIK);

where i is the day of the week.
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5.3.4.1Methodology for PRL

Table 5.14 and Table 5.15 illustrate respectively, the different existing tariff zones for

Montreal city and the daily operational hours. The average PTR is set at arOufdn5

Montreal
Table5.14: Hourly meter rates

Tariff zones Hourly meter rate

Zone 1 3 $/h

Zone 2 2.5 $/h

Zone 3 2 $/h

Zone 4 1.5 %/h

Table5.15: Paking meter operational hours

Day of week(i) Monday to Friday Saturday Sunday
Operational hours 12 h 9h 5h

5.3.4.2Regression functions for PRL

Once theParking meter revenue losss (PRL) were predicted througimodels the
regression functiocwere huilt in a way to find the relationship between predid®RL (in $),

the number of on street paid parking spa@s Project duration (in days).

Equation6 02, A8 Oi AIAIBIO O CBRABA O EGH AR DO BHDOA O
Values of coefficients are presented in TabE65The regression was performed by minimising
the sum of the squares of the errors, i.e. differences between modeled and measured values
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Table5.16: Regression aefficients forPRL

Tariff zones a b

Zone 1(39%) 26.9195 0.9879
Zone2 (25%) 224323 0.9879
Zone 3 (29%) 17.9501 0.98M
Zone 4 (1,5%) 134623 0.98M

The statistical analyses were performed for all kitatgetherof work packages illustrated in
Table 3.6.For zone 1the Fstatistic = 1.0< Fy05= 1.04; therefore J (1 I' »)’is accepted. The
t-test assuming eqlariances has ayalue = 0.9, so H (>1 ' ,)3s acceptedTheregression
function is validated For zone 2, the Btatistic = 1.0< Fyos = 1.3; therefore K1 ' )’is
accepted. Thetest assuming equal variances hasvalpe = 0.99, so f(>; [ »)3s accepted.
The regression function igalidated For zones 3 and 4, thedkatistic = 1.0 < fos5 = 1.2
therefore H (1 I ) is accepted. Thetest assuming equal variances hasvalpe = 0.98, so

(>1 I ,)5s accepted. The regression functions \atdated Figure 5.8 ilustrates RL for a

complete reconstruction of all assets.
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Figure5.8 : PRL visualization
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5.3.5. Tax revenue loss

The Tax revenue loes(TRL) represent the municipal property tax rebates for vacancies,
plus reduction in tax revenues resulting from loss on sale for specific shops with lack of
completion thacannot be recovered (if applicablé) table 34, variables needed to preditRL
costs are the project duration (PD), th&al value of taxable unitSsTUTV), the residential tax

rate(RTR), thenonresidential tax rattNRTR) and thgercent of nosmresidential unit§PNRU).

5.3.5.1Methodology for TRL

Property units are classified in twelve clasgesthe percent of nenesidentialunits. As
illustrated in Table 5.17, the residential tax rate (RTR) is the basic rate and thesit@mtial
tax rate (NRTR) vaes accordingly to the number of residential or dwelling units. Table 5.18
illustrates the different classes, for example a unit of class 2 means that the percent of non
residential unit (PNRU) is only 3 %. The tax rate is expressed in dollar per 10h& twital

value of taxable unit (see Appendix L).

Table5.17: Tax rate applicable in MontregCity of Montreal)

Type of immovables Abbr. Tax rate
Basic rate BR 3.272
Nonresidential immovables and 5 less dwelling units NRTR 0.6812
Non-residential immovables and 6 and more dwelling NRTR

units 0.7143
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Table5.18: Property unit class€€ity of Montreal)

Classes % of tax rate
1 0.5%
2 3%
3 6 %
4 12%
5 22 %
6 40 %
7 60 %
8 85 %
9 100 %
10 100 %
11 100 %
12 100 %

5.3.5.2Regression functions for TRL

Once theTax revenue logs (TRL) were predicted throughmodels the regression
functionis built in a way to find the relationship betwetre predictedTRL (in $), the property

valueof each uni(in $) perits kind, and thé>roject duration (in days).

42, 00 DPAADOA

Equation7

001 PAADDAD O AKOE |

Values of coefficients are presented in Tabl@5The regression was performed by minimising

the sum of the squares of the errors, i.e. differences between modeled and measured values
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Table5.19: Regression coefficients f@RL

Variables Coefficients Variables Coefficients
Residential a 0.20 Class 7 b, 0.2279
Class 1 by 0.0009 Class 8 bg 0.21%
Class 2 b, 0.2747 Class 9 by 0.00002
Class 3 bs 0.003 Class 10 b1o 0.03%
Class4 (o) 0.02@3 Class 11 P11 0.0224
Class 5 bs 0.00002 Class 12 b1z 0.38%8
Class 6 bs 0.12% Project duration c 1.358

The statistical analyses were performed for all kinds together of work packages illustrated in
Table 3.6.The Fstatistic= 1.07 >Fgos = 1.02 therefore J (1 ' ,)is rejected The ttest
assumingunequa variances has a-yalue = 0.001so H (>1 I' ,)3is rejected The regression

functioncannotbe validatedFigure5.9 showsthe Google street classificatiom2016

£ &
/\/ // >
&
K \‘ Street classification

/ Google

V Residential

Institutional
Commercial

)
Figure5.9 : Google street classificatioogle2016)
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Figure5.10illustrates the TRL results for a complete reconstruction of all assets. Given that TRL
can be used as willingnesspay for business lossei$,showsrightly that commeral streets
bear higher losses than residential or institutional streetsture research, regression functions

should be done per street classification.

TRL (CAD $)

t\ ;. Reconstruction of all assets
SN \,’S\)\(’{\\\,/ "~ Perte en revenus de taxes fc

“i SRR 0.0-00

< EE0-10000
. /\/’\ B 10000 - 25000
N 25 000 - 50 000
AADZ B 50 000 - 100 000
NSNS I > 100 000

Figure5.10: TRL visualization

5.3.6. Property sale and rent loss

Property sale and rent le&ss(PSRL) represent revenue losses related to difficulties to
sale and rent properties during works.table 34, variables needed to predieSRL are the
project duration (PD), thpercent of increase due to markelue (PIMV), the mortgage rate
(MR), the annual increase in house price (AIHP), the total value of properties in the market
(TVPM), the total number of rental housing (TNRH), the vacancy rate (VR) and the average

monthly rent (AMR).PRSL weresolely asessed for rent losses becatise project durations
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usually less than a yearhe average onthly rent was set at 850 $ and the vacancy rate at 3.5 %.
Once theProperty sale and rent lossé3SRL were predicted throughmodels the regression
functionis built in a way to find the relationship between predid®&RL (in $), the number of

apartment for rent and thi&roject duration (in days).

Equation8 032, Oi AiA&D A OO IEAGO® I BHDOA OE |

Values of codfcients are presented in Tablé66The regression was performed by minimising

the sum of the squares of the errors, i.e. differences between modeled and measured values.

Table5.20: Regression coefficient®f PSRL

Variables Coefficients
Number of aprtment for rent a 0.9920
Project duration b 0.9999

The statistical analyses were performed for all kinds together of work packages illustrated in
Table 3.6.The Fstatistic = 1.0< Fygs = 1.01; therefoe Hy (1 I »)’is accepted. Thetest
assuming equavariances has a-yalue = 0.99so H (> I »)>is acceptedThe regression

function isvalidated

5.3.7. Productivity reduction

Productivity reduction (PRgosts represenhé costs of productivity losst work due to
noise In table 3.5, variables needed to predi® costs are the duratioof noise (DN), the
number of employees affected (NEA), the productivity reduction factor (PFR) and the hourly

wage rate (HWR)Productivity reductioffPR)was assesdan terms of lost work hours.
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5.3.7.1Methodology for PR

For eachtype ofworks, machines are described according to the duration and the decibel
as illustrated in Figure 5.11 for road minor rehabilitation. Then @amtt Diagram was
performed by reporting eadiour of use and associated decitegardingthe work stepsThe
noise duratiomwas usednstead of the project duration that is usu#dlyger.So, for each hour of
use, if two or more machines are operatiidghe same timehe resulting decibel for théour
should equal the highest decibel plus 3 dBAen the productivity reduction factor (PFRas
associatedo the corresponding dBA leval accordance with the type of building (institutabn
commercial andndustrial) as illustrated in Figure Zhe noise duration for all types of works is

described in Appendix K.

Tﬁ:f Work steps Type of machine | # of machines DF;E:;“ mér: Work steps
Truck 2 4 85 85]85[85] 85 [85] 85 [85] 85
Mobilization Truck Ford 450 3 2 35 55 (5% 55 [ 55
Truck 8 2 85 [85]85]85] 85| 85| 85| 85 85| 85 ] 85] 85 [ 85| 85 85] 85 [ 85
Resurface Motor scraper 1 2 85 85|85
Crack sealing Mechanic broom 1 2 85 85|85
Truck Colle 1 2 85 85|85
Bitumen binder o0 e 2 5 80 83|83 |83 (83|83
Road Asphalt Paver 2 5 85 8585858585
ot | O g choe 1 9 80 [80]s0]80] 0| s0]80 80 20]s0
Total
bevitel 33|aa‘Ba‘33|33|aa‘Ba‘33|33|aa‘Ba‘33|33|aa‘sa‘ss|as|aa‘sa|ss
Duration (hr) 20

Figure5.11: Noiseduration diagranfior roadminor rehabilitation
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5.3.7.2Regression functions for PR

Once theProductivity reduction (R) costs were predicted througtodels the regression
functionis built in a way to find the relationship between predidd&icosts (in $)the number

of employeeaffectedand thenoiseduration (inhours.

Equation9 02 A8 O AACQKI Pl | & AKOROAOQEI 1

Values of coeffients are presented in Table 5.Z2he regression was performed by minimising

the sum of the squares of the errors, i.e. differences between modeled and measuted values

Table5.21: Regression coefficients folRP

Variables Coefficients
Number of employees a 5.0864
Noiseduration b 1.0735

The statistical analyses were performed for all kinds together of work packages illustrated in
Table 3.6.The Fstatistic = 103 > Fo g5 = 1.02; therefore H (1 I' ,)is rejected The ttest
assumingunequd variances has a-yalue = 026, so H (>1 ' ,)3s acceptedThe regression
function isvalidated Figure5.12 illustrates the results of PR costs focamplete reconstruction

of all assetsCommercial and institutional streets bear higher costs than residential ones.
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Figure5.12: PRcostvisualization

5.3.8. Service interruption

Service interruption (Slrods represent the costs bfpass installation, plus damage
costs resulting unplanned or accidental interruptibmgable 34, variables needed to predist
costs are the duratiasf interruption(DI), thenumber of employees affected (NEA), theurly
wage rate (HWR), the reduction factor (RF), the number of housing affected (NHA), the average
household occupancy rate (AHOR) and the preventing costs @\&n that Sl costs related to
bypass installation are normally included in the construction carii@cSI| costs were assessed
solely for forewarned residents in terms of preventive c8$tsostsrelated to accidental failures
during workswere neglectedOnce theSI costs were predicted, the regression funasdauilt in
a way to find the relatisship between predictesl costs (in $)the number of households and

thedurationof interruption(in days).
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Equation10 3 ) A8 Oi AIABI OOABIGOMDEI ODAOOODPOEI I

Values of coeffients are presented in Tall22 The regression was performed by minimising

the sum of the squares of the errors, i.e. differences between modeled and measured values.

Table5.22: Regression coefficients f&il

Variables Coefficients
Number of households a 38.8841
Durationof interruption b 0.9999

The statistical analyses were performed for all kinds together of work packages illustrated in

Table 3.6.The Fstatistic =1.0 < Fogs = 1.08; therefore J (1 I ,)’is accepted The ttest
assuming equal variances has-gafue = 099, so H (> [ )>is acceptedThe regression

function isvalidated

5.3.9. Dirt and dust cleaning

Dirt and dust cleaning (DDQostsrepresent the costs of cleaning resulting from dirt and
dust generated bworks. In table 3.5, variables needed to preddC costsare the project
duration (PD), thdocal cleaning costs (LCC), the frequency of cleaning a building per day
(FCB) and the area @nof the building surface to be cleaned (ASOnce thedirt and dist
cleaning (DDC) costwere predicted througmodels the regression functias built in a way to
find the relationship between predictBdC costs (in $)the number of commercial buildings,
the number of nowommercial buildingsthe total area of atuildings (m?) to be cleane@nd

theproject duration (in days).
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Values of coefftients are presented in Tall23 The regression was performed by minimising

the sum of the squares of the errors, i.e. differences between modeled and measured values.

Table5.23: Regression coefficient®f DDC

Variables Coefficients
Number of commercial buildings a 19.0069
Number of norcommercial building b 2.5769
Building facadewidth c 0.0002
Project duration d 1.0867

The statistical analyses were performed for all kinds together of paxkages illustrated in
Table 3.6.The Fstatistic = 1.01 < §ps = 1.02; therefore J (1 I' »)’is accepted. Thetest
assuming equavariances has a-yalue = 0.99so H (>1 I »)>is acceptedThe regression
function is validatedFigure 5.B illustrates the DDC costs for reconstruction of all assets.

Commercial and institutional streets bear higher costs than residential ones.
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Figure5.13: DDC costvisualization

5.3.10.Air pollution

Air pollution (AP) msts were divided into two categories: AR costs from vehicle
emissions and ARchineCOSts from heavy machinery use. AP costs represent environmental costs
resulting from air pollution caused by fuel consumption and dust emisdiornsble 3.5,
varables needed to prediétP costsfrom machineare the project duration (PDXhe milesto-
acre conversion factor (fiheroad length (L) thefuel cost (FG, andthe volumetric emission
costs (VEQn $/ton) for GHG and PM. Variables needed to predictPAcosts from vehicle are
the project duration (PDn dayg, the increased tvae | r ojuntke), tleagekhicle traffic
density (VTDy in veh/day, the volume of pollutant emitted per kaniven (VPEKy,in ton/veh
km) and the volumetriemission costs (VE@n $/ton) where i is the day of the week, j is the

time of the day, kg the type of vehicle and p is the type of pollutant.
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5.3.10.1Methodology fowvehicle AP

Two valid assessment methods for,ARe are proposed in Table 3.5. The VEC for each
pollutant is illustrated in Table.B4. Given the levels of service (LOS) during nafrand work
conditionsfor each period i{see section 5.3.1YPEK;y, are estimatethrough emissionspeed
tablesfor each type of vehicldsee Appendix E). For example,Table 5.25 illustrates the

emissionsspeed table for automobile.

Table5.24: Vehicleemission costtMTQ, 2013)

GES coO HC NOy SO PMzs  PMyg
$ CAN 2011 (g/km) (9/km) (g9/km) (g9/km) (g/km) (g/km) (g/km)

per metric ton
‘ 8l 1742 6339 8086 6747 30822 8655

Table5.25: Volumetric pollutant emissions per kilometer for automokiM3Q, 2013)

Vv GES CO HC NOy SO PM;s PM10 Fuel
(km/h) (g/km) (g/km) (g/km) (g/km) (g/km) (g/km) (g/km) (I/km)

5 898 17406 0.765 0.689 0.004 0.008 0.016 0.369
10 450 9699 0452 0552 0.004 0008 0.016 0.185
15 344 6945 0316 0446 0004 0.008 0.016 0.142
20 284 5681 024 0376 0.004 0.008 0016 0.117
25 251 5008 0196 0338 0.004 0.008 0.016 0.103
30 231 4797 0179 0343 0.004 0.008 0.016 0.095
35 219 4646 0168 0346 0.004 0.008 0.016 0.09
40 208 4532 0159 0349 0.004 0.008 0.016 0.085
45 199 4441 0152 0351 0.004 0.008 0.016 0.082
50 190 4392 0.145 0353 0.004 0.008 0016 0.078
55 182 4393 0137 0353 0.004 0008 0.016 0.075
60 180 4512 0132 0356 0.004 0.008 0016 0.074
65 177 466 0129 036 0004 0.008 0.016 0.073
70 175 4822 0126 0366 0.004 0.008 0016 0.072
75 171 4982 0124 0372 0.004 0008 0.016 0.07
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5.3.10.2Regression functions faehicle AP

Once theAir pollution (AP) costs fronvehicleswere predicted througmodelsfor both
partial and complete road closures, the regression function were built in a way to find the
relationship between predict@P,enicie COSts (in $), VDT (in veh.)the oad length (in meter)

andthe poject duation (in days).

10 AT 000
Equationl12 iB 4 S A 4 $ b

I

$

Ax 4s &A° & 0T ADOG OET 1

Values of coefficients are presented in Tah6 The regresen was performed by minimising

the sum of the squares of the errors, i.e. differences between modeled and measured values.

Table5.26: Regression coefficients fétP from vehicle emissions

Roadclosure

Variables Coefficients Partial Complete
VTD auto a 0.0001 0.0107
VTD jigt truck b 0.0018 0.0071
VTD heavy truck C 0.0006 0.0000
VTD pus d 0.0001 0.343
Road length e 0.003 0.0043
Project duration f 1.0297 1.0151

The statistical analyses wererfsemed for all kinds together of work packages illustrated in
Table 3.6.For the complete closur@vork package #2 in Table 3,8he Fstatistic = 1.08 <

Foos = 1.003; therefore H (1 ' »)’is accepted The ttest assuming equal variances has a p
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value = 070, so H (>1 I ,)5is accepted. So, the regression function for complete closure is
validated For the partial closur@vork package #5 in Table 3,6he Fstatistic = 1.05> Fy 5=
1.0%B; therefore J (1 I' ,)’is rejected The ttest assuming unegueariances has a-yalue =
0.88 so Hy(>1 I' ,)3¥s accepted. So, the regression function for partial closure isalisated

Note that the results can be slightly differastording to the kind of work packages illustrated

in Table 3.6.

5.3.10.3Methodologyfor machine AP

APnachine COSts are based upon the fuel consumption (FC) and are estimated solely for
GHG and PM,. The fuel consumption for all work packagseslescribed iMAppendix F. Table

5.27 is an example of fuel consumption for road minor rehabilitation.

Table5.27: Fuel consumptioffor road minor rehabilitation

Type of machines Nb. hr gal/h

Truck Ford 450 3 2 2.6
Hauling tuck 10 2 2.6
Motor scraper 1 2 4.5
Mechanical broom 1 2 2.6
Truck for gle 1 2 2.6
Asphalt Compactor 2 5 4.8
Asphalt Paver 2 5 53
Backhoe 1 9 1.9
TOTAL 974 gal
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5.3.10.4Regression functions fanachine AP

Once theAir pollution (AP) costs from machary were predicted througmodels the
regression functiors built in a way to find the relationship between predic&,achineCOSts(in

$), Road length (in metegndType of work (=if performed and O=if nt

1 0 A 4#) 0 A7 4/ PANOOXB 7#) 00
Equationl13 AB7/ PAAOCOR $ ET ODEAR $ AEDDE,
@y DAIODIT AT COE

Values of coefficients are presented in Teh@8 The regression was performed by minimising

the sum of the squares of the esta.e. differences between modeled and measured values.

Table5.28. Regression coefficients fétP from machinery use

Variables Coefficients

WT CIPP(0/1) a 1.8775
WT Opencutreconstructior{0/1) b 1.7934
SW CIPP(0/1) c 3.4523
SW Openrcut reconstructior{0/1) d 1628
RD Minor rehabilitation(0/1) e 0.7949
RD Major rehabilitatior(0/1) f 17777
RD Opencutreconstructior{O/1) g 3.5378

For instance, if water main CIPP is performed then WT GIRP
The statistical analyses were performed for all kinds together of work packages illustrated in
Table 3.6.The Fstatistic = 1.0< Fyo5 = 1.@; therefore H (" 1 r 2) Is accepted. Thetest
assuming equal variances has-gafue = 095, so i (>1 I )>is acceptedThe regression
function isvalidated Figure 5.4 illustrates the AP costs for a complete reconstruction of all

assets.
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Figure5.14: AP cost visualization

The resulting regression curves are innovative ways to compute social costs at a large scale for

macro studies on coordination decisions or practices. This research identifies ten keyrindicato

that municipal planners can use to achieve the optimal coordination strategy producing the best

outcome for the societyn a nutshellthe observedand modeleaostindicators were performed

in Excel and areery data intensiveFor further stepsprokability distributions can be assigned

to some variablesf regression function® perform risk analysisusing available statistical tools
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Table5.29: Regression analysis summary

I T ROAD TRAFFIC AND SAFETY

Traffic control

TCM
measures
Vehicle accident VAD
damage
Vehicle delays VED
Pedestrian delays PED
Vehicle maintenanct VMO
and operations
Obstruction to OEV

emergency vehicle

No regression. Normally included in the contract bid.
No regression. Uncertain event that may or not happen. Avera
value of claim can be applied to every road corridor.

Regression analysis performed with 3 variables: AADT, projec
duration and road length

Regression analysis performed with 3 variables: number of
pedestrian per day, road width and project duration

Regression analysis performed with 3 variables: AADT, projec
duration and road length

No regression. Road closures do not necessariy &a impact on
response time for emergency vehicles

II'T LOCAL ECONOMY

Parking revenue los: PRL

Regression analysis performed with 2 variables: number of on
street paid-parking spaces and project duration

Regression performed wih 2 variables: property values and

Tax revenue loss TRL . ;
project duration
Net business income NBIL No regression. It strongly depends on local regulations and po
loss to help business owners in various ways.
Property saland Regresspn performed for solky for property _rent loss with 2
PSRL variables: number of apartment for rent beside the road
rent loss . . .
corridor and project duration
- Regression analysis performed with 2 variables: total number
Productivity . . : )
) PR  of employees working beside the road corridor anduration of
reduction )
noise
7 LIFE QUALITY
Human life loss HLL No regression. Uncertain event that may or not happen.
Accidental injuries Al No regression. _An average value based on records can be apf
every road corridor.
Regession analysis performed with 2 variables: number of
Service interruption ~ SI households and duration of interruption. Bypass installation
costs are normally included in the contract bid
: . No regression analysis. Works are usually performed durang th
Resident noise . ) ; .
RND day. Some people can function with a certain level of noise ani

discomfort

others not.

137



IV i URBAN LANDSCAPE

Property structural PSD
damage
Dirt and dust

cleaning BIoIS

No regression. An average value based on records can be apg
every road corridor.

Regres#on analysis performed with 4 variables: number of
business properties, number of nofbusiness properties, total
width of building facades to clean, project duration

Vi ADJACENT UTILITY

Buried utility

BUD
damage

Accelerated asset

deterioration AAD

No regression. An average value basedeaxords can be applied
every road corridor. Uncertain event that may or not happen

No regression. Many competing factors involved.

VI T ECOLOGICAL ENVIRONMENT

Air pollution AP
Soﬂ/G_roundwater SGP
pollution

Green amenlty GAS
suppression

Ecosyst_em ER
restoration

Regression analysis performed for @hicular emission costs
with 3 variables: AADT, road length and project duration; and
for machinery emission costs with 1 variable: road length

No regression. Cadey-case assessment.

No regression. Willingness to accept compensation should be
estimated.

No regression. Cadey-case assessment.

VII'i CLAIM MANAGEMENT

Administrative

burden AB

Citizen claims CC

No regression. Montreal Public Transport Agency estimates a
of an aveage delay of 5 min per road work for each bus

No regression. An average value based on records can be apg
every road corridor.

VIII T CONSTRUCTION WORK

Unforeseen work

. UWA
activities

Urban landscape

reinstatement IR

No regression. Usually included in thent@ct bid for constructior
projects in Montreal

No regression. Usually included in the contract bid for construc
projects in Montreal
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5.4. SIMULATION OF COORDINATION SCENARIOS

This section deals with the simulatiotonducted to studydifferent strategies of
coordination of works among three types of assets: water, sewer and road sebinectégision
support system InfraModex was used to simulate coordination strafBlgeedata came from the
database of water, sexvand road networks that is prepared for producing the Intervention plan
of the City of Montreal As a first step, thaimulationwill genera¢ individual work programs
per assetypes Then these programs will be integrated in order to produce a coendtiwatk
program for each strategy of coordination. The least cost strategy in terms of social and

construction costs selected.

5.4.1. Introduction

Simulations were conducted tcstudy scenarios of coordination of works among buried
pipes and road segmenidiree scenarios of coordination were implemented in such a way that
opencut works(reconstructioncan only be performed when both pipe and road segments are
due for a treatment. That is to say, ofeeih reconstruction should not be performed individually
for eachtype of assets. Thereforthe first scenario iso doroad opercut works when pipes are
due for replacement, the second tes do pipe opercut works when roads are due for
reconstruction and the third one is a mixed of the first two scenarioS¢stien 3.5). The goal
is to select the strategy that will bring the best outcomes to the society in terms of total costs and

levels of service.

5.4.2. Data

One patrticular district of the City of Montreal was used to run simulations. The selected
district totalzes nearly 650road segments (140mQ, 3000sewer segments from manhole to

manhole (170 km) and 645 water segments from one road intersection to the other (100 km).
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These segments came from the database used to produce the Intervention plan of
watevsewefroad segments of the City of Montrdake Appendix Q)Thedatabase, which was

built by a dedicated team of municipal enginedrad beenformatted to be integrated in
InfraModex for the production of the Intervention plan. In this research, the sostanodule

was addedh InfraModex to rurdifferentcoordination strategies.

5.4.3. Approach

The three coordination strategies that are analysed in this study are explained in the
section 3.5Theoverall approach of the simulation is described in sectior2.2ZIhe goal is to
study the coordination scenario that will minimize the total (social plus construction) costs and
maximize the levels of servicAs a first step, a Mont€arlo simulation is conducted by
generating random values of probabilistic vagsbsuch as costs, treatment lifespan, etc., in
order to produce individual work programs per asset types over-gebsthorizon planning.

Then,the coordination rules will be applied to produce an integrated work program.

5.4.4. Results

The scenario analyses weperformed by comparing the total costs and the impacts on
the level of service (LOS). The total costs are divided into three: the renewal costs for CIPP or
reconstruction, the repair costs for pipe and road deficiencies (breaks, defects, potholes, cracks
etc.), and the social costs for works. Note that social costs related to repair costs are not included,
assuming a preventive maintenance leading to low impacts. The LOS for water mains is
measured by the break rate (i.e. number of break per 100 kneagrand the LOS for sewer
mains is measured by the structural condition grade (SCG, from Camera inspections). The LOS
for roads is measured by the performance condition index (PCI from A3 B344 protocol).

The evolution of LOS throughout the planningrizon stems from deterioration curves built by
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Montreal engineers. Table 5.30 illustrates the total costs of all scenarios that are described in

section 3.5, using the InfraModex decision support system

Table5.30: Present value of total costs over a-4&@r planning horizon

Types of costs Scenario 1 Scenario 2 Scenario 3
Roadsawait Pipesawait Mixed
Renewal costs 366 M$ 330M$ 343M$
Repair costs 9 M$ 15 M$ 13 M$
Subtotal 375M$ 345M$ 356 M$
Sodal costs 232M$ 195M$ 205M$
Total costs 607M$ 540M$ 561M$

The following observations can be outlined:

l

Scenario 4s the cheapest in terms of total costs whereas scenario 1 is the highest. Scenario
1 has the highest renewal costs because fregesumtfacing of roads until buried pipes are

due for replacement becomes expensive at a long run, knowing that the pipe lifespan is

more than four

costs.Therefore,if the goal of themunicipality is to reduceotal costs, scenari@ is the

best.Scenario 2 is the highest in terms of repair costs because pipe repairs increase while

waiting for the road reconstruction.

Scenario 1 is the highest in terms dfotal costs The road reconstction is always
synchronized with pipe replacement, therefore there is a lesser number of road
reconstructionn comparison to scenario Bven though social costs of road reconstruction
are much higher than social costs of road resurfacowglscostan scenario increaseat

long run because of a greater number of roadurfacingthat is done before pipe

replacement.

t i me KHowdvar, ggdemrario Bashhee towestsacidl 6 s
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Scenario 3 islightly higherthan scenari@ and cheaper than scenario kecauseboth
strategiesare mixed(see Section 3.550metinestheroad reconstructiowaitsfor the pipe
replacement andther times the pipe replacemewsdits for road reconstruction (in case of

sewer replacement alone).
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Figure5.15: Evolution of waer main breaksver150 years
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In a nutshell, a mixed strategy is better in terms of total costs. Nevertheless, it is also important
to analyze the scenarios in terms of levels of service (LOS). Figures 5.15, 5.16 and 5.17 show the
evolution of LOS respertely for water, sewer and road. The left scale represents the meters of
asset renewed (histogram bars) and the right scale the LOS (curves). Figure 5.15 illustrates that
scenarios 2 and 3 offer the same LOS at short / long run. The break rate starftseak?1l00

km/yr, then increases to almost 30 in 2050 before going down to a lowest rate of nearly 14.
Scenario 1 offers the best LOS because m@termains are renewed at the beginning (4 km
instead of 2.5 km for scenarios 2 and 3). The break rates sila@l break/100km/yr, and then
increases to 25 in 2031 before going down to a lowest rate of 10. In a nutsrdiric 1 offes

better LOS than scenas@ and 3 becausmore treatments on water mains are done in scenario

1. Senarios2 and 3postpor pipe treatments for coordination sakbus,increasng risks of

failure (increase of breaksgcenario 1 is the best in terms of L@ water pipedut the highest

in terms oftotal costswhereas senario 3 has lower total costs at the expense of dinnngs

LOS.

Figure 5.16 illustrates the evolution of the mean structural condition grade (SCG). SCG of 1
stands for an excellent condition whereas SCG of 5 for a very poor condition. The mean SCG is
the average of the SCG of all sewer pifgsenarios 2 and offer the same LOS at short and

long run. The mean SCG starts at nearly arid thenincreases to almost 2 in 2050 before
stabilizing at a rate of 1.50r senario 1a fewmore sewers are renewed at the beginning (9 km
instead of 8 km for scenariosahd 3)because more treatments on sewer mains are done in
scenario 1 The mean SCG startdso at 1.5,and thenincreases to nearly 2 in 2050 before

stabilizing at rateslightly under 1.5Scenario 1 offersimilar LOS for sewer pipesisscenarios 2
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and 3even thoughthe latter scenarios postpone pipe treatments for coordination sake; thus,

increasing risks odewer defects
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Figure5.16: Evolution of structural condition gradsrer 150 years
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Figure 5.17 illustrates the evolution of the mean pavement condition index (PCI). The mean PCI
is the average of atbadsPCI where a PCI of 100 stands far @xcellenttondition and a PCI of
20 and lesdor a very poor road conditionThe sameamount of teatments isdone at the

beginning for all scenarid80 km).
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Figure5.17: Evolution of pavement condition indexer 150 years
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Road reconstruction synchronized with pipe replacement and roaat nehabilitation are the

only types of treatments for scenario 1. Scenarios 2 and 3 add on road major rehabilitation and
road reconstruction not synchronized with pipe replacengmthe average PCI is almost the
same for all scenarios, even though ti@S for scenario 1 tends to decrease rapidly at the
beginning as opposed to the otkeenarios The reason is minor rehabilitation / resurfacing has

a very low lifespan. Also, more kilometers of treatments are done in scenario 1 because of a
greater numeér of road resurfacing while waiting for pipe replacem&uoenariosl and 3 show

more road reconstruction synchronized with pipe replacenid¢mrefore,the LOS for road
conditionis quite similar for all scenarios because resurfacing the roads whilegveot pipe
replacement (in scenario 1) helps to keep an acceptable road conditiodiffétesces in the

LOS between scenarios arere tangible fowaterpipe assetsTable 5.31 shows a summary of

advantages and disadvantages for all scenarios.

Table 5.31: Comparison of théhreecoordinationscenarios

Scenario 1 Scenaris 2/3
Advantages
i Decrease in renewal costs
1 Decrease in repair costs 1 Decrease in social costs

Disadvantages

T Increase in renewal sts 1 Increase in repair costs
1 Increase in social costs
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In conclusionthe integration of social costs in infrastructure renewal policies or decaions
choosing policies thaguit municipal goalsThe policies are tradeffs between maximisothe
LOS, minimizing the total costs and the social co€tse type of scenario is not the best in
overall: for instancescenaria? is the cheapest in total costs with lower LOS whereas scenario 1
is the highest in total costsith better LOS.The decisdn is up to the municipal planners to

choose thacenario that brings theest outcome for theesidents.
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CHAPTER 6: CONCLUSION SAND RECOMMENDATIONS

6.1. CONCLUSIONS

This thesisdeveloped regression curvés assess social castelated to municipal
infrastucture works This was achieved irthree (3)first steps: specification of social cost
indicators, prediction of social cost indicatorshrough complexmodelsand developmentof
social cost regression curveBhe last step consisted in integrating sociasts in a decision
support system (DSS) to optimize coordination of workihe four steps were successfully
achievedduring this study.Works are performed on soleljgree types of infrastructure assets:
water, sewer and road lin€3ocial costhave ber assessed for eighteen types of work packages
and integrated in a DSShe leastcost coordination scenario consists of mixing different

strategies of renewals.

Work-related impacts are initially classified in twerggven indicatorsThe indicators al@dy
included in the contract bid are not assessed in this :sfudffic Control Measure¢TCM),
Unforeseen Work Activities (WA) and UbanReinstatementandscape (URL The indicators
with unpredictableeaturesduring works are assessed but no regressiove was developed
Administrative Burden (AB), Accelerated Asset Deterioration (AAD), Resident Noise
Disruption (RND) Net BusinessincomeLoss (NBIL) and Obstruction to Emergency vehicle
(OEV). For some indicators, an average cost value is provideallftypes of worksAccidental
Injuries (Al), Property Structural Damage $P), Citizen Claims (), Vehicle Accident
Damage (VAD)andBuried Utility Damage (BUD, based on the analysis of municipal records.

Il n fact, t hese ev e naysocamdaring wonkdiralhy, ssena iddicatarsn 6 t
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can only be assessed after work®il and Groundwater Pollutio(6GP), Human Life Loss

(HLL), Green Amenity Suppressio®AS) andEcosystem RestoratioER).

Therefore, onlyten significant indicators areetained for regression analysé&hicle Delays
(VED), Pedestrian DelaysPED), Vehicle Maintenance and Operation¥MO), Parking
Revenue Los=ss (PRL), Tax RevenueLos®s (TRL), Property SaleandRent Losses (PSRL)
Productivity reduction (R), Service Interruption (Sl) Dirt and Dust CleaningQDC) and Air
Pollution AP). It should be noted at this stage that TRL can be used as a proxy for Nigide

ten indicators arprevalent in workrelated impacts

The collection of data was fastidious given thegé volume of information processed to feed
regression modelsThree kinds of data are necessary: hard data that are straightforwardly
collected from different data repositories, soft data that are computed on basis of different
assumptions, and finallyatk that are obtained through literature, interviews and reports.
Therefore, a data dictionary and a data medseproposed to collect and save the information

for assessment purpos@die chta integratiorin the road corridors wasiade possible through
spatialrequests on GHdatalayers from different source3 herefore a common key identifier,

which is the road identification numbevas linked to alldatalayers

This research demonstrates that social cost indicators related to infrastructusecamorke
modeled by regression curves, thus enabling to assess social costs at a large scale with a few
parameters. This researchts the large number of needed variablefototeen key variables

that municipal planners should collect in order to presiaial costs: AADT(annualaverage
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daily traffic), project duration, road length, sidewalk width, number of business properties,
number of norbusiness properties, property values, number of households, number of
employees, number of estreet paid parkiop spaces, number of pedestrian, number of
apartments for rent, total building facade width and noise durdtiote that the vehicle traffic
density for each type of vehicle can be estimated by the AADE.following conclusions can

be stated from this search:

1 Generally, the project duration follows an exponential law, the length of the road follows a
power law and the vehicle traffic density follows a linear Veith respect to social costs

1  VED costs depend otinreemain variables: the vehicle traffidensity the road length and
the project durationVED costs increase along with the vehicle traffic density. They are
lesser for partial than complete road closure. The presence of heavy trucks can
significantly increase VED costs.

1 PED costs depend otiiree main variables: the number of pedestrian per day, the sidewalk
width and the project duratiofPED costs are lesser for partial than complete sidewalk
closure.

1 VMO costs depend otiiree main variables: the vehicle traffic density, the road length and
the project durationVMO costs are lesser for partial than complete road closure. The
presence of buses and heavy trucks can significantly increase VMO costs.

1 PRL depend ortwo main variables: the number of-street paid parking spaces and the
project duation. The higher the tariff zones, the higher the PRhe number of orstreet
paid parking spaces follows a linear lauth respect to PRL costs

i TRL depend ontwo main variables: the property value per class of buildings and the

project duration.TRL can be used as willingness-pay for business losses. The
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commercial streets bear higher losses than residential or institutional Skreefsoperty
value followsa power lawwith respect to PRL costs

PSRLdepend ortwo main variablesthe number of agrtments and the project duration.
Thenumber of apartmeribllows a linear lawwith respect to PSRL costs

PR costs depend amvo main variables: the number of employaead the project duration.
The number of employees follows a linear lewth respect@ PR costsCommercial and
institutional streets bear higher PR costs than residential ones.

Sl costs depend otwo main variables: the number of employee and the project duration.
The Sl costs of bypass installation are already included in the contiadt kemains the
costs borne by residents for water service interrupfitle. number of households follows

a linear law and thduration of interruption follows a power lawith respect to Sl costs

DDC costsdepend onfour main variables: the number abmmercial buildings, the
number & nonrcommerdaal buildings, the total facade width to be cleaned and the project
duration.DDC costs are higher faommerciabuildings. Thenumber of buildings follow

a linear law and the surface of the building facadedws an exponential lawith respect

to DDC costs

AP costsdepend ortwo main variables: the type of works and the road ler@gencut
works are generally bundled together and thus bear higher AP costs.

The optimization of the coordination of workensists m tradeoff analyses between
minimizing total costs anthaximizing the levels of services (LOS). The reason is that the
least total cost scenario hidme lowest LOS. Therefore, municipal planners should clearly
set their objectives whether maxinmg LOS with cost constraints or minimizing costs

with LOS constraints.
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6.2. RESEARCH CONTRIBUTIONS

This project achieved the following:

1  The time of the day and the day of the week play a major role in social cost assessment.
These variables are consideredhe developedregression models. For instance, impacts
at nighttimeand eveningre lesser than during peak hours.

1 Social costs were studied at macro scale for an entire road network and for eighteen
different work packages, which include different treas 6f operrcut reconstruction or
trenchless rehabilitation) on various asset types. Moreover, road status during works
whether partially or completely closed is a key parameter for some indicators.

1 Data dictionary and model are proposed for collecting processing information on
different variables. This information is usetalbuild the regression curves fosampleof
streets Once the regression curves are developed, solely fourteen significant variables
should be collectetb assess social costsmacro level.

1  Attention is given to compensations and tax rebates. From a municipal point of view,
compensations are internal costs that neutralize or reduce impacts; whereas from a society
point of view, they are transfer costs that should not be cenesidn the analysis because a
transfer was made from one party (cost for municipality) to another (gain for businesses)
within the society.

1  This research should enable municipal planb@esstimate the true cost pfojects, which
is the renewal cost ptuthe social cost. Moreover, the incorporation the social costs in a
decision support system was tested and revealed theatifadeetweenoptimizing total

andsocial cost and levels of servige OS):
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6.3.

- Avoiding opencut road reconstruction unti buried pipe is scheduled for
replacement is a coordination scenario that leads tditgiesttotal costs and the
bestLOS.

- Avoiding pipe replacement untithe road is scheduled for reconstructiois a
coordination scenario that leads to tbeesttotal costs anh the lowest LOSThis is
because of the increase of pipe failures.

- A scenario of coordination mixing both of the aforementioned strategies leads to an

in-betweersolution with lowe total costs and acceptable LOS.

RESEARCH LIMITATIONS

The developed regssion curvescan be applied to all road networks. However, the

estimation of regression parameters should be calibrpgrdthe studied networks. The

regression parameters in this reseangadapted to the City of Montreal road networks

l

The assessment vehicle and pedestrian delayse a predetermined value of tithost in

traffic (VOT) set at a fixed ratper the type of vehicle (businessxd nonbusiness), the

time of the day and the day of week. Tdiange ilvOTs implies rebuilding the regression
curves.

Regression curvesre based on fixed conditions (for example, parking meter cost,
productivity reduction factor, volumetric emission costs, street levels of sewabile
operating cets, etc.) andhusare invalid wheaver theseonditions chage.

The coordination of works through the DSS within a road corridor can be scheduled for a
specific timing. However, in practice, many elements can change the proposed timing,
such as municipal events (marathon, street sales, e&spfiike corridor a a detouroute

because of works in a neighbouring site, major projects in the vicinity of the corridor

153



6.4.

(demolishing a bridge, etc.), asdy development projects, etc. All these elements lead to
postpone or delay works and can barely be taken intodsmasion in a DSS for now.

Solely tiree types of assets are considered: water, sewer and roaclieeshoughoad
works can also involvether assets such baried gas and electrical lines.

The intangible costs are economic cpsthich representhe value that people place on

what they lost.

RECOMMENDATIONS FOR FUTURE WORKS

The ability to assess social costs opens the door to furtidepiith investigation on work

related impacts at the academic level for research enhancements, asavétleg®venmental

level for research extensions.

6.4.1. Research enhancements

T

The regression curves fgsroductivity reduction(PR) can be developeder the kind of
streets: commercial, industrial, institutional and midedhis study, PR regression curves
are built br all streets;but the productivity reduction factor depends on the type of
buildings (low for industry, mean for institution and high for commer€ej.future it will

be more accurate to develop PR curves per kind of streets whether industriatidnatitu

or commercialNonethelesste PR curve built in this study can be used for mixed streets.
Uncertain input variables can be assigned with probability distributions, thus allowing
taking into consideration risks of estimatidgdnowing the regressioourves, a probability
distributioncan be assigneid regression variables such as Vehicle traffic density (VTD),
Number of employees, etc., to build probability distributions of social costs; thus, allowing

knowingthe probability of occurrence of a sakcost value.

154



The value of time lost in traffic (VOT) is a very controversial value. Therefore, different
regression curves can be modeled for different \t@perform sensitivity analysis on the
matter.VOT was set in this study per the time of the dayg the day of the week, at a
fixed rate for both business and Aousiness vehicles$siven that VOT is a critical value

for vehicle delay costs, for further investigatipdgferent regression curves for different
VOT valuesshould be builto pick the lest curve adapted to the road corridor.

The integration of social costs was tested in this study to optimize scenarios of
coordination of works among various infrastructure assets within the same cdfodor.
further developments, the coordination dexigree can béestedto include the possibility

of advancing workgsee Appendix P)For instance, instead of doing palliative works or
repairs on asset A while waiting for the replacement of asset B, a premature replacement of
asset Bcan be done by sezhing for theoptimal period of time (in years) where works can

be advanced.

Tradeoff analyses betweemaximizing the levels of servigg.OS) and minimizing both

social and total costs of municipal projecttould be studied idepth. Different
optimizaion scenarios with constraints can be compared such minimizing total costs with

LOS constraints or maximizg LOS with budget constraints.

6.4.2. Research extensions

T

Federal, provincial and municipal can carry out studies on a new classification of roadways
with the consideration of social costdow, the road classification is based upon their
function (arterial, collector, local, etc.) or their character (commercial, industrial,
institutional, etc.)but levels of social cost impacts in the road hierarcdan ke

incorporatechs well.

155



Public Works and Government Services Canada (PWGSC) can address studies on new
methods of bid selection that intatg workrelated social costspif example studies on
penalty fees to contractors delaying works in terms of scoistis per day anstudieson
choosing tenders that offer the lowest costs in terms of social plus construction costs.
Municipal governmentsshould conduct studies on the mitigatiaf work impacts by

giving compensationssubsidiesand tax rebate®r busness owners based on social costs;
thus allowing fair amounts of money given to affected parties to alleviate their losses.
Likewise, studies omoad toll charges to prevent people from going througlaréicular

constructioreonecan be carried on as wel
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Appendix AT Traffic Volumes

The average annual daily traffic (AADT) was obtained from khentreal Department of
Transportationfor a large number of connection nodes (road intersections®. AADT
represents the typical daily trefffon a road segment for all seven days of the week oveyeare
periodand accounts fdiotal volume of traffic for one year divided by 365 days

The cdlected AADT are factored twice in order to take into accoboth weekly and daily
variationsof traffic volumes Therefore,the estimates of typical traffic volumes for each day of
the week are obtained by factoring the AADT with Day Factors illustrated in Table Al.

TABLE Al: Day Factors for all seven days of the week

Days ID.Day Day Factor
Sunday 1 0.7077
Monday 2 1.0130
Tuesday 3 1.0646
Wednesday 4 1.0779
Thursday 5 1.1138
Friday 6 1.1212
Saturday 7 0.9018
Total 7.0000

The areragetraffic for each day of the weeATDW) is illustratedin Figure Al. We observe
that the traffic volume tend to decrease over the weekend days and vary a little during
weekdays.

Average traffic volume
For AADT = 10,000 veh/day
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FIGURE Al: Montreal Traffic Volume Day Pattef@ity of Montreal)
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The estimates of typical traffic volumes for each hour of the day are assessed by factoring
ATDW with the Hour Factorglustrated in Table A2.

TABLE A2: Hourly ratefactors(City of Montreal)

Hours ID.Hour Monday Tuesday Wednesday Thursday Friday séi‘#gga%
00:00 0 0.2952 0.3020 0.3384 0.4073 0.4224 0.3531
01:00 1 0.1478 0.1587 0.1716 0.1982 0.2367 0.1826
02:00 2 0.1081 0.1097 0.1113 0.1371 0.1805 0.1293
03:00 3 0.1052 0.1041 0.1002 0.1307 0.1568 0.1194
04:00 4 0.1185 0.1282 0.1217 0.1461 0.1621 0.1353
05:00 5 0.3406 0.3571 0.3486 0.3394 0.3575 0.3486
06:00 6 1.0911 1.1550 1.1767 1.0799 1.0064 1.1018
07:00 7 1.6848 1.7492 1.7213 1.5841 1.4764 1.6432
08:00 8 1.7246 1.7843 1.6712 1.5663 1.4923 1.6477
09:00 9 1.2947 1.3334 1.2337 1.1848 1.1618 1.2417
10:00 10 1.2233 1.1913 1.1479 1.1227 1.1330 1.1636
11:00 11 1.2564 1.2136 1.1841 1.1781 1.2050 1.2074
12:00 12 1.2526 1.1814 1.1306 1.1488 1.1868 1.1800
13:00 13 1.3609 1.2864 1.2528 1.2343 1.2845 1.2838
14:00 14 1.4295 1.3880 1.3477 1.3129 1.3976 1.3751
15:00 15 1.5360 1.5109 1.4476 1.4841 1.5381 1.5033
16:00 16 1.7058 1.6880 1.6243 1.6407 1.6279 1.6573
17:00 17 1.6903 1.6577 1.6046 1.6273 1.4834 1.6127
18:00 18 1.3228 1.3426 1.2907 1.3015 1.2330 1.2981
19:00 19 1.1091 1.1067 1.1512 1.2955 1.2825 1.1890
20:00 20 0.9027 0.9253 1.0297 1.1041 1.1048 1.0133
21:00 21 0.8400 0.8448 1.0279 1.0811 1.1001 0.9788
22:00 22 0.8237 0.8220 0.9995 0.9407 0.9405 0.9053
23:00 23 0.6363 0.6593 0.7665 0.7539 0.8300 0.7292
Total 24.000 24.000 24.000 24.000 24.000 24.000

@ It should be noted that for Saturday and SuntteyHouly RateFactors were not availabldierefore,
we assessed them as the mean of #ekdayvalues(Monday to Friday).

For example, the traffic volume from 8:00 a.m. to 8:59 a.m on a roadway segment with an
AADT of 10,000 veh/day on Wednesday/80veh (= 10,00k 1.0779x 1.6712/ 24).

The average traffic for each hour for weekdays (Monday to Friday) is illustrated in Figure A2.
This profile reveals that traffic volumes are very low during the night, then incfemsaing

peak hours and decreaseslightly beforerising again (afternoon peak hous), and finally
decrease. Therefore, we discretize the 24 hours of the day migoBperiods as portrayed in
Table A3. These periods are used in the montetsrderto set different values of time lost in
traffic delays (VOT) due to constructiavorks.
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Weekday Average Traffic Volume
For AADT = 10,000 veh/day

800 -
700 -
600 -
500 -
400 -
300 -
200 -
100 -

o

8888888888888 888888888858

8388388538335 2333J323385533ZRJ8A

FIGURE A2: Montrealaveragéraffic flow rate (City of Montredl
TABLE A3: Proposed discretization of 24 heday period
, : Mornin . Afternoon :

Night Morning peak hom?rs Midday peak hours Evening

From 00:00 a.m. 06:00 a.m. 07:00a.m. 09:00a.m. 04:00 p.m. 06:00 p.m.

To 0559am. 06:59am 0859am. 03:59p.m. 0559p.m. 11:59 p.m.

Total 6 hours 1 hour 2 hours 7 hours 2 hours 6 hours

From each period, we can estimate Hoarly Rate Factor for a Fed as the product of the Day
Factor ad the sum o#ll Hour Factors of the periodivided by 24For example, thélourly rate
Factor for the Night on Monday isset at the value of 0.0470
(=0.0130*%(0.2952+0.1478+0.1081+0.1052+0.1185+0.340624). Finally, the Hourly rate
Factors for a periodn weekdaysre estimated as the mean value of the five days (from Monday
to Friday). Therefore, we deductddaffic Volume Factorsthat will be used in the models to
compute traffic volumes per periedf day andf weekas illustrated imable A4.

TABLE A3: Traffic VolumeFactors used in models

Weekday Saturday Sunday
Night 0.0572 0.0477 0.0374
Morning 0.0495 0.0414 0.0325
Morning peak hours 0.1476 0.1237 0.0970
Midday 0.4019 0.3365 0.2641
Afternoon peak hours 0.1468 0.1229 0.0964
Evening 0.2752 0.2297 0.1803
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For example, the traffic volumes during morning peak hours on both weekdays and Saturday are
expressedespectivelyas0.1476x AADT and0.1237x AADT.

Table A4 shows the Month Factors used to estimate monthly traffic volume from AAD3y Th
were not used in this research because we cannot at this stage anticipate months when works are
going to be performed.

TABLE A4: Month Factors for one year peri¢@ity of Montreal)

Month ID.Month Month Factor
January 1 0.91217
February 2 0.91866
March 3 0.99733
April 4 0.99184
May 5 1.03250
June 6 1.05136
July 7 0.91927
August 8 1.00272
September 9 1.03752
October 10 1.05268
November 11 1.05665
December 12 1.02730
Total 12.0000
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Appendix BT Modal Share of Vehicles in circulation

The typology of vehicles in circulation can be grouped into four classes: automobiles, light
trucks, heavy trucks and bug®4TQ, 2013).The SAAQ ( Soci ®t ® de | 6 Assu
Québec) produces every year a report on vehliclemes authorized to cirdate on Montreal
Islandjurisdictionas illustrated in Table B1 for 2013.

TABLE B1: Montreal Island Vehicles in circulatiqadapted from SAAQ)

Vehicle Types Numbers in 2013 Adjusted typology

Non-business 750,437
Automobile 523,987 Automobile
Light truck 205,981 Light truck
Automobile et light truck @ 92 Automobile
Others 20,377 -

Business 143,824
Automobile 39,611 Automobile
Light truck 63,129 Light truck
Automobile et light truck @ 53 Automobile
Taxi 3,260 Automobile
Regular bus 2,378 Bus
School bus 1,028 Bus
Heavy truck 24,319 Heavy truck
Others 10,046 -

Restricted 946 -

Off network 21,458 -

Total 916,665 863,838

@ Undistinguished, but considered as automobile by default in this study

The Modal Shares ralting from Table B1 are illustrated in Table B2. They were expressed as
thepercentof the total volume foeach vehicle typexisting in the adjusted typology.

TABLE B2: Modal Sharef vehiclevolumes in circulation

Non-business Business
Automobile 60.67 % 4.97 %
Light truck 23.84 % 7.31 %
Heavy truck 2.82%
Bus 0.39 %
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For example, let us consider &/00 m road segmentof class IV with AADT of
10,000 veh/h undergoing a -8veek reconstruction, with a partial closure allowing
vehicles to go thraigh the work zone

a) Traffic volume per period

TVPP = Traffic volume factor (in Table A3) x AADT

Weekday Saturday Sunday
Night 572 477 374
Morning 495 414 325
Morning peak hours 147.6 123.7 970
Midday 401.9 336.5 264.1
Afternoon peak hours 146.8 1229 964
Evening 275.2 229.7 180.3
b) Traffic volume per period per type of vehicle
TVPPPTOV = TVPP x Modal shares (in Table B2)
Auto Light truck H
Weekday™ Total Nomn Nom cavy | Bus
Bus. Bus. truck
bus. bus.
Night 572 347 28 136 42 16 2
Morning 495 300 25 118 36 14 2
Morning peak hours 1476 895 73 352 108 42 6
Midday 4019 2438 200 958 294 113 16
Afternoon peak hours 1468 891 73 350 107 41 6
Evening 2752 1670 137 656 201 78 11

@ This should be done for Saturday and Sunday as well.
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Appendix C i Traffic delays due to construction works

Traffic delays are assessed for two work zone configuration: partial and complete closure of road
segment. Partial closure allows vehiclesgtw through the work zone contrarily to complete
closure.

1. Partial closure

The traffic delay resulting from construction works represents the average additional travel time
needed to travel from one point to anothéris does not include existing delays. The estimation

of delays can be performed with the help of traffic datian tools Without simulation models,
macroscopic analytical approacha® still used to determine traffic delays as the difference
betweertraveltime on a road segment without works atite actual longetravel timein work
zones(Weng & Meng, 2013)These approaches are mostly deterministic and does not take into
account : 1speedreductiondelays caused by the deceleration and acceleration maneuvers and
2) queuing orcongestiondelays due to queue formation at upstream of the work zone when
traffic flow exceeds work zone capacity.

In general, bfore enteringhe work zone areasehicles decelerate, which result in decelaration
delays. Then vehicles travel through the work zaehe reduced speed, which result in speed
reduction delag. Very often, congestion is formed at work zone area whether the traffic flow is
lower than the work zone capacity or not, which result in delays due to queue forrRateadly,
vehicles accelerate to their original speed after exiting the work zone, which result in
acceleration delays.

Jiang (2001) proposemathematicamodelsto assess total traffic delaper vehicleat freeway
work zonesin hour i as follows:

1 Under uncongested traffic conditions
Y4 & 8Y¥4 Y4 V4 Y4 P
1 Under congested traffic conditions, which occurs when the traffic flow exceeds the work
zone capacity

ya & 8Y¥4 Y4 Y4 Y4 q
Where
Fai: Flow rate of arrival vehicles &our i (veh)
&l 4. Delay due to deceleration (h)
& s Delay due to speed reduction (h)

&l . Delay due to queue formation in uncongested traffic conditions (h)
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&l 5. Delay due to acceleration (h)

&l - Delay due to queue formation in congested traffic dooth (h)

The followingmodelsexpressed abovementioned delpgs vehicle

o G8 ,
6 & ©
y P P
a8 o T
Y4 &

88& & v
Y4 !

B& & ¢
Y4 6 ¢

d & X

Where

L: Road segment length (km)

V : Vehicleaveragespeedundernormal condition (km/h)

V. : Vehicleaveragespeed under work condition (km/h)

F.: Flow rate of arrival vehicles

F.: Flow raein the work zone

Qi1 : Vehicle queue at the end of hott i

Fq : Vehicle queudalischarge rat@.e. flow rate ofexiting vehicles)

A : Average acceleration (knfh

Very often, construction works are carried out a road segment from one signalized
intersection to anothein this research, we neglect both delays due to queue formation and
accelerabn. Therefore, travel delays are expressed as follows:

c8 ) PP

Y4 Y4 Y4 5 6 & ,86— 5 Ul
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Furthermoretraffic demand (in vehicle per hour, vph) varies according to time of the day such
as rush hours, offeak hoursetc. A systematic method is proposed to assebi&le speeds
using levels of service (LOS) for urban streets as displayed in Table C1.

Forinstance a road segment in the distric
of Le PlateatMont Royal is classified IV —
. Flow conditions Normal Work zone
when the vehicle fredow average speed
) Road closure Partial C let
ranges from 40 to 55 knfror each tne of  status artia ompiete

TABLE C2: Systematic preselection of LOS

the day(see Table A3), we determine,V_Time of the day Vi, Vi Vy
by using the appropriate LOS as well ¢ Night A A B
. . Morning C E D

Vw, as_ set.ln Table C2 Ve_hlcle _speeds P TNEEREEE 5 e £
matchingwith LOS are available in Table yjggay B D c
CL P.M. peak hours D F E
Evening B D C

A reasonable assumptidor the speed through the work zonddsdrop from at leastne level

the LOS in normal conditions, except for night. In the previous exenmplease ofa partial
closure of the road segmetite averagevehicle speed during a.m. peak hours at the work zone
is 16 km/h fangng from 14 to 18 km/hinstead of27.5km/h (ranging fron23 to 32 km/hin
normal conditions.

TABLE C1: LOS for urban streets (HCM, 2000)

Urban street class I I I v
Rl sse 70390 km/h | 55370km/h | 50355km/h | 40355 km/h
range (FFS)
Typical FFS 80 km/h 65 km/h 55 km/h 45 km/h
LOS Average travel speed (km/h)
A >72 > 59 > 50 > 41
B >56-72 > 46-59 > 39-50 >32-41
C > 40-56 > 3346 > 28-39 > 2332
D > 32-40 > 26-33 > 22-28 > 1823
E > 26-32 > 21-26 > 17-22 > 14-18
F O 26 O 21 O 17 O 14

** Note 1: In case of partiatlosure, some vehiclesormally going through the work zoman
take detoursin this research, we choose to assess delays as if all vehicles are passing through
work zone
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2. Complete closure

When traffic is detoured to an alternative routelays causedy travel route lengthening can
occur.They are assessed as the difference between travel times on normal and detour routes.

9

Y4 W

6 6
Where

L4 : Detour road segment length (km)
V4 : Vehicle average speed on alternate or detour road (km/h)

Moreover, theadditional demandhatis placed orthe alternativeoute can result in exceeding

the available capacity and thus delays due to queue formatidaquations [5] and [6] can be

used to assess these delays respectively under uncongested and congested traffic conditions.
However, in this research, we neglect them, as well as delays dueskeraiton (Equation [7]).

We solely consider detour delays in case of complete closure of the road segment.

** Note 2: V4 is preselected for complete closure (see Table C2). In general rulewioaither
arterial or localare detoured oalternate roadsf the same kind in order to provide the same
LOS. However, we choose to sej & one lowerevel than V4, except for night, to take into
account potential speed reduction due to the higher capacity.

LOS A LOS B LOS C
— a —
-~ = = =R
R ST T Y ] v 2] 4 | [T, i
LOS D LOS E LOS F

cB o =
Hg -

FIGURE C1: LOS foroad segment&ourtesy of Polytechnic School of Montreal)
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For example, let us consider &/00 m road segmentof class IV with AADT of
10,000 veh/h undergoing a -8veek reconstruction, with a partial closure allowing
vehicles to go though the work zone

a) Vehicle speed before and during works

Average V, (see Table C1) C corresponding LOS (see Table C2, average values)

Normal conditions Work conditions
LOS Average V, LOS Average V,,
Night A 48 A 48
Morning C 28 E 16
Morning peak hours D 21 F 7
Midday B 37 D 21
Afternoon peak hours D 21 F 7
Evening B 37 D 16

b)  Traffic delays per vehicle
T =44]TI(see Equation 8)

Aver age

Hour Min
Night 0.000 0.0
Morning 0.026 15
Morning peak hours 0.083 5.0
Midday 0.020 1.2
Afternoon peak hours 0.083 5.0
Evening 0.032 1.9
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Appendix D Value of time

The value of timdost in traffic (VOT) is a critical factor in evaluatingelay costslt must be
assessedsthedriverd s illiMgnessto-pay (WTP)to reducedravel time In fact,time saved from

travel canbe dedicated tavork, leisureor other activities for which individuals arwilling to

pay, and can prevent frommnpleasantrips involving irritation, fatigue and discomfort. More

often, stated preference methods are empldyed assess travelerso wildl
time, even thogh they are subject tonrealistical answe from respondentsDifferent factors

have beestudiedin estimating VOT:

1  Trip purpose commuting (homeschool, homevork), leisure, personand businestips,
etc However, f the traveler iswilling to pay to spend more time travelingOT could be
actually negative
1 Personal characteristics drivers vs. passengersparents vs. children. Without the
knowledge oboth thetravelcompositionrandmo t i ve, it must be assum
VOT are independent and additiielensky, 2011)
1 Hourly incane medianvs. mean value, household income vs. wage for all occupations.
DifferentiaingVOTon t he basi s oisdifficultavel er sdé i ncomes
1  Transport modeautanobile vs. buses.

In this reseach, two groups of trip purp@sen-business and businesgp#) and four types of
transport mode (automobile, light truck, heavy truck, bus) are studied

1. Business trips

For all business vehicles (see Table R22¢ept for busesve use VOT for business tripghich

is commonly agreetb beequal the gross hourlyost of employment (with a range of 80 to 120
% to reflect uncertainty). No distinction is made for freight truoken greatly affected by
changes in travel timdn reality, tieir VOT should be a function oflabor costs of vehicle
operatorsoperatingcosts of vehiclestypes of products(whether they spoil over time such as
food) and production processes at the destingidrether they depend upon timely delivery

2. Non-business trips

For all nonbusineswsehicles we use VOT for noibusiness tripsvhich is equal to therice of a

cup of coffee as a WTP for waiting time. In fargvelersthat areuncertain about their travel

time typically i ncl ud dhusdeavindgaaryfarer rsacrificing a knbwai r s c
amount of time at the origito insure against a more costly delay in arriving at the destination
(Belensky 2001) We assume that travelers monbusiness vehicles (see Table Bir#jluding

for buses are involved imon-business trips.
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TABLE D.1: VOT usedfor automobils

Non-business trips

Business trips

Vot Weekday | Saturday | Sunday | Weekday | Saturday | Sunday
Night 0 0 0 0 0 0
Morning 15 15 15 17.6 17.6 17.6
Morning peak hours 1.5 1.5 15 17.6 17.6 17.6
Midday 15 15 15 17.6 17.6 17.6
Afternoon peak hours 1.5 1.5 15 17.6 17.6 17.6
Evening 15 15 15 17.6 17.6 17.6

TABLE D.2: VOT usedfor light trucks

Non-business trips

Business trips
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VOT
Weekday | Saturday | Sunday | Weekday | Saturday | Sunday
Night 0 0 0 0 0 0
Morning 15 15 15 17.6 17.6 17.6
Morning peak hours 15 15 15 17.6 17.6 17.6
Midday 15 1.5 15 17.6 17.6 17.6
Afternoon peak hours 1.5 1.5 15 17.6 17.6 17.6
Evening 1.5 1.5 15 17.6 17.6 17.6
TABLE D.3: VOT usedfor heavy trucks
Business trips
VOT
Weekday | Saturday | Sunday
Night 0 0 0
Morning 17.6 17.6 17.6
Morning peak hours 17.6 17.6 17.6
Midday 17.6 17.6 17.6
Afternoon peak hours 17.6 17.6 17.6
Evening 17.6 17.6 17.6
TABLE D.4: VOT usedfor buses
Non-business trips
VOT
Weekday | Saturday | Sunday
Night 0 0 0
Morning 15 1.5 15
Morning peak hours 15 1.5 15
Midday 1.5 1.5 1.5
Afternoon peak hours 15 1.5 15
Evening 15 15 15



For example, let us consider a 700 m road segment of class IV with AADT
10,000 veh/h undergoing a -8veek reconstruction, with a partial closure allowing
vehicles to go through the work zone

a) Traffic delay costs

TDGueekday = 15 days x (Xpemd ] T X (Xiype of venicle Average passenger occupancyx (Xtype of tiip
TVPPPTOWX VOT)))
3-weeks of works C 15 weekdays, 3 Saturdays and 3 Sundays
TVPPPTOV
Weekday® PT Auto Light truck Heavy
Bus

Non- | g, | Nom Bus. truck

bus. bus.
Night 0.000 347 28 136 42 16 2
Morning 0.026 300 25 118 36 14 2
Morning peak hours 0.083 895 73 352 108 42 6
Midday 0.020 2438 200 958 294 113 16
Afternoon peak hours 0.083 891 73 350 107 41 6
Evening 0.032 1670 137 656 201 78 11

@ This should be due for Saturday and Sunday as well.

Using VOT values of Tables D1, D2, D3 and B4 TDCyeekday= 33,344%$

=15x]

0.000 x (1.3x(347x1.5 + 28x17.6) + 1.3x(136x1.5 + 42x17.6) + 1.3x(16x17.6) + 20x(2x1.5))

+0.026 x (1.3x(300x1.5 + 25x17.6) + 1.3x(118x1.5 + 36x17.6) + 1.3x(14x17.6) + 20x(2x1.5))

+0.083 x (1.3x(895x1.5 + 73x17.6) + 1.3x(352x1.5 + 108x17.6) + 1.3x(42x17.6) + 20x(6x1.5))

+0.020 X (1.3x(2438x1.5 + 200x17.6) + 1.3x(958x1.5 + 294x17.6) + 1.3x(113x17.6) + 20x(16x1.5))

+0.083 x (1.3x(891x1.5 + 73x17.6) + 1.3x(350x1.5 + 107x17.6) + 1.3x(41x17.6) + 20x(6x1.5))

+0.032 x (1.3x(1670x1.5 + 137x17.6) + 1.3X(656x1.5 + 201x17.6) + 1.3x(78x17.6) + 20x(11x1.5))

]

** Note 1: in application, vehickours are to be converted to perdwurs by multiplying by
avaage passenger occupancy of vehicfes example 1.3 for automobileand trucks, and 20

for buses.
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Appendix E T Vehicle emissions

The approach to assess vehicle emission costs related to construction works does not required
traffic simulation.Generéized relationships between the travel speed and traffic emissions have
been developed for four typef vehicles: automobile, light truck, heavy truck and M3 Q,

2013) They are presented in Tables D2, D3, D4 and D5 in terms of fj@sed emission faar

in grams per kilometer for seven types of pollutant: GES, CO, HG, 8SiQ, PM, s and PMo.

In generalconstruction wor ks will cause either ad:
through the work zone or ad detduiing theawork zoneh v e | di
congestiorreduces the average vehicle speed below 30,KB#$ emissionsvill increase (see

Figure D1).

1 Complete closure

Based on the average vehicle speed on the alternate rpadeVdetermine the volumef
pollutant emittedkm/g) using Tables E2, E3, E4 and ,EBen multiply ittheextrad i st ance @alL
(km) to assess pollution codts each pollutant.

1 For partial closure

Based on the average vehicle speeds before and during worles)dW,, we assessed the
difference of the pollution costs obtained from respective speeds.

GES emissions

2500 ~
2000 - =0==Automobile
— ==Light truck
£ 1500 - Heavy truck
= =0==Bus
o 1000 -
T A\
O 500 - D\ﬁJ.ﬁJ-HJ—HJ—ﬁJ—4J—ﬂJ—ﬂJ—ﬁJ—ﬁJ—ﬂJ—ﬁJ—ﬁJ
0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Average vehicle speed (km/h)

FIGURE D1: GESmissionsspeed curvéMTQ, 2013)

Table D1 illustrates vehicle emission costs ugsdtie studyMTQ, 2013).

178



TABLE EL1: Vehicleemission cost§VEC) (MTQ, 2013)

GES CcO HC NQ, SQ PM s PM10
(g/km) (g/km) (g/km) (g/km) (g/km) (g/km) (g/km)

‘ 81 1742 6339 8086 6747 30822 8655

$ CAN 2011 per
metric ton

TABLE E2: Volumetric pollutanemissiongperkm (VPEK) for autes (MTQ, 2013)

V GES CO HC NGO, SQ PMs PM10 Fuel
(km/h) (g/km) (g/km) (g/km) (g/km) (g/km) (g/km) (g/km)  (I/km)
5 898 17,406 0,765 0,689 0,004 0,008 0,016 0,369
10 450 9,699 0,452 0,552 0,004 0,008 0,016 0,185
15 344 6,945 0,316 0,446 0,004 0,008 0,016 0,142
20 284 5,681 0,24 0,376 0,004 0,008 0,016 0,117
25 251 5,008 0,196 0,338 0,004 0,008 0,016 0,103
30 231 4,797 0,179 0,343 0,004 0,008 0,016 0,095
35 219 4,646 0,168 0,346 0,004 0,008 0,016 0,09
40 208 4,532 0,159 0,349 0,004 0,008 0,016 0,085
45 199 4,441 0,152 0,351 0,004 0,008 0,016 0,082
50 190 4,392 0,145 0,353 0,004 0,008 0,016 0,078
55 182 4,393 0,137 0,353 0,004 0,008 0,016 0,075
60 180 4,512 0,132 0,356 0,004 0,008 0,016 0,074
65 177 4,66 0,129 0,36 0,004 0,008 0,016 0,073
70 175 4,822 0,126 0,366 0,004 0,008 0,016 0,072
75 171 4,982 0,124 0,372 0,004 0,008 0,016 0,07

TABLE E3: Volumetric pollutant emissions pkm (VPEK) for light trucks(MTQ, 2013)

Vv GES CO HC NQ, SQ PMs  PM10 Fuel
(km/h)  (g/km)  (g/km) (g/km) (g/km) (g/km) (g/km) (g/km) (I/km)

5 1583,36 11,42 0,993 2,335 0,006 0,043 0,056 0,632
10 798,332 7,728 0,701 2,089 0,006 0,043 0,056 0,319
15 625,324 59 0,553 1,919 0,006 0,043 0,056 0,25

20 526,215 4,719 0,453 1,776 0,006 0,043 0,056 0,211
25 485,281 3,944 0,385 1,675 0,006 0,043 0,056 0,194
30 459,264 3,398 0,332 1,601 0,006 0,043 0,056 0,184
35 453,372 3 0,291 1549 0,006 0,043 0,056 0,182
40 439,727 2,695 0,259 1,51 0,006 0,043 0,056 0,177
45 412,314 2,469 0,233 1,492 0,006 0,043 0,056 0,166
50 402,949 2.3 0,212 1,483 0,006 0,043 0,056 0,162
55 394,855 2,18 0,194 1,488 0,006 0,043 0,056 0,159
60 387,568 2,12 0,18 151 0,006 0,043 0,056 0,156
65 385,025 2,086 0,169 1538 0,006 0,043 0,056 0,155
70 383,753 2,088 0,16 1,588 0,006 0,043 0,056 0,154
75 384,218 2,112 0,153 1,653 0,006 0,043 0,056 0,155
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TABLE E4: Volumetric pollutant emissions pkm (VPEK) for heavy truckgMTQ, 2013)

Y GES (6{0) HC NQ; SQ PMs PM10  Fuel
(km/h) (g/km) (g/km) (g/km) (g/km) (g/km) (g/km) (g/km)  (I/km)

5 1917,029 7,29 0,766 6,261 0,007 0,089 0,108 0,806
10 970,522 5,557 0,629 5,612 0,007 0,089 0,108 0,408
15 771,455 4457 0538 5,175 0,007 0,089 0,108 0,324
20 656,848 3,582 0,457 4,79 0,007 0,089 0,108 0,276
25 620,513 2,963 0,398 4509 0,007 0,089 0,108 0,261
30 596,308 2,469 0,346 4,273 0,007 0,089 0,108 0,251
35 602,174 2,106 0,305 4,101 0,007 0,089 0,108 0,253
40 590,063 1,825 0,272 3,969 0,007 0,089 0,108 0,248
45 547,975 1,616 0,244 3,891 0,007 0,089 0,108 0,23
50 541,881 1,456 0,222 3,845 0,007 0,089 0,108 0,228
55 535,806 1,337 0,203 3,835 0,007 0,089 0,108 0,225
60 523,79 1,254 0,188 3871 0,007 0,089 0,108 0,22
65 523,752 1,194 0,175 3,928 0,007 0,089 0,108 0,22
70 523,733 1,166 0,165 4,046 0,007 0,089 0,108 0,22
75 529,694 1,158 0,157 4,202 0,007 0,089 0,108 0,233

TABLE E5: Volumetric pollutant emissions pkm (VPEK) for busedMTQ, 2013)

Vv GES (6{0) HC NQ SQ PM s PM10  Fuel
(km/h)  (g/km)  (g/km) (g/km) (g/km) (g/km) (g/km) (g/km)  (I/km)

5 1906,621 6,243 0,646 7,092 0,007 0,069 0,084 0,805
10 965,302 4,774 05537 6,191 0,007 0,069 0,084 0,407
15 767,445 3,837 0,463 5584 0,007 0,069 0,084 0,324
20 653,528 3,088 0,397 5,048 0,007 0,069 0,084 0,276
25 617,554 2,558 0,348 4,656 0,007 0,069 0,084 0,261
30 593,571 2,133 0,304 4,324 0,007 0,069 0,084 0,25
35 599,567 1,82 0,27 4,082 0,007 0,069 0,084 0,253
40 587,575 1,577 0,241 3,896 0,007 0,069 0,084 0,248
45 545,605 1,395 0,217 3,782 0,007 0,069 0,084 0,23
50 539,61 1,257 0,198 3,714 0,00/ 0,069 0,084 0,228
55 533,614 1,152 0,182 3,696 0,007 0,069 0,084 0,225
60 521,623 1,08 0,169 3,742 0,007f 0,069 0,084 0,22
65 521,623 1,027 0,158 3,816 0,007 0,069 0,084 0,22
70 521,623 1 0,149 3,973 0,007f 0,069 0,084 0,22
75 527,619 0,991 0,142 4,185 0,007 0,069 0,084 0,223
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For example, let us consider a 700 m road segment of class IV with AADT
10,000 veh/h undergoing a -8veek reconstruction, with a partial closure allowing
vehicles to gahrough the work zone

a) Vehicle emissiortosts

VEQVeekdayS = 15 dayS X0.7 km X xpo”utant VEC Xxperiod xtype of vehicle TVPPPTOV (VPE}& ﬁ VPEK)

Normal conditions

GES) VPEK (g/km)

HO) gy (Ll Auto Light truck | Heavy truck Bus
Night A 48 194 407 544 542
Morning C 28 239 470 606 603
Morning peak hours D 21 277 518 650 646
Midday B 37 215 448 597 595
Afternoon peak hours D 21 277 518 650 646
Evening B 37 215 448 597 595
@ This should be done for each other pollutant (CO, HC,, 10, PM, 5, PMo).

Work conditions
GES®) VPEK (g/km)

=08 Wy S Auto Light truck | Heavy truck Bus
Night A 48 194 407 544 542
Morning E 16 332 606 749 745
Morning peak hours F 7 719 1269 1538 1530
Midday D 21 277 518 650 646
Afternoon peak hours F 7 719 1269 1538 1530
Evening D 16 332 606 749 745
@ This should be donfer each other pollutant (CO, HC, NGBQ,, PM,.5, PMyg).
Knowing that 1 metr i 10 gramsCAPClor GHB21P126 ons = 1.

=15x 0.7 x (81/1.023x10°) x [
((347+28)x(1943194) + (136+42)x(407407) + (16)x(544-544) + (2)x(542-542))
+((300+25)x(332-239) + (118+36)X(606-470) + (14)x(749-606) + (2)x(745-603))
+((895+73)x(719-277) + (352+108)x(1269-518) + (42)x(1538-650) + (6)x(1530-646))
+((2438+200)x(277-215) + (958+294)x(518-448) + (113)x(650-597) + (16)x(646-595))
+((891+73)x(719-277) + (350+107)x(1269-518) + (41)x(1538-650) + (6)x(1530-646))
+((1670x+137)x(332-215) + (656+201)x(606-448) + (78)x(749-597) + (11)x(745-595))
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Appendix F i Machinery emissions

Machinery emissions are based upon fuel consumption (gal/h), which are connertkg of
CO, using 10.1 kg of C®for each gallon of diesel fuel usd®ehan and Knight, 2007)
Machines used for each scenario are displayed from Table F.1 to Table F.35.

TABLE F.1: Road minor rehabilitatiotools TABLE F.3: Roadreconstructioriools
Type of machines Nb. hr gallh Type of machines Nb. hr gal/h
Truck Ford 450 3 2 2,6 Truck Ford 450 3 2 26
Hauling truck 10 2 2,6 Hauling truck 25 2 2,6
Motor scraper 1 2 4,5 Driller 1 5 289
Mechanical broom 1 2 2,6 Motor scraper 1 2 45
Truck for glue 1 2 2,6 Mechanical broom 1 2 26
Asphalt Compactor 2 5 4,8 Excavator 3 18 4,7
Asphalt Paver 2 5 53 Backhoe 3 18 14
Backhoe 1 9 19 Soil Compactor 2 5 24
Truck for glue 1 2 26
TABLE F.2: Roadmajorrehabilitationtools Asphalt Paver 2 5 53
Type of machines Nb. hr gal/h Asphalt Compactor 2 5 48
Truck Ford 450 3 2 26 Concrete auger L 18 26
Hauling truck 15 2 2.6 Concrete Mixer Truck 1 18 2,6
Motor scraper 1 2 4,5 )
Mechanical broom 1 > 26 TABLE F.4: Water main CIPRools
Excavator 3 10 47 Type of machines ~ Nb. hr galh
Backhoe 3 10 14 Truck Ford 450 3 2 26
Soil Compactor 2 5 2,4 Hauling truck 8 2 26
Truck glue 1 2 2,6 Air compressor 1 10 6,6
Asphalt Paver 2 5 5,3 Pump 1 10 17
Asphalt Compactor 2 5 4,8 Driller 1 3 289
Excavator 2 5 4,7
For example, let us consider a 700 m roa( Backhoe 2 5 19
segment undergoingeconstruction Soil Compactor 1 S 24
Hand compactor 2 5 0,4
Table F.3 illustrags the number of machin  1y,ck for glue 1 2 2.6
used, the operating hour per machine and ©  Asphalt paver 1 5 53
consumption per machine during the wh¢ Asphalt compactor 1 5 48
1 18 8,1

process of reconstruction. Therefore, the volu ~ Generator
of pollutant emitted is assessed as follows:

VPE for CQ = (10.1 kg) x (3x2x2,6 + 25x2x2,6 + 1x5x28,9 + 1x2x4,5 + 1x2x2,6 + 3x18x4,7
+ 3x18x1,4 + 2x5x2,4 + 1x2x2,6 + 2x5x5,3 + 2x5x4,8 + 1x18x2,6 + 1x18x2,6)= 8,661 kg
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TABLE F.5: Water main reconstruction TABLE F.7:Sewer main reconstruction

tools tools

Type of machines Nb. hr gal/h Type of machines Nb. hr gal/lh
Truck Ford 450 3 2 2,6 Truck Ford 450 3 2 2,6
Hauling truck 10 2 2,6 Hauling truck 15 2 2,6
Driller 1 4 28,9 Driller 1 5 28,9
Excavator 2 9 47 Excavator 2 18 4.7
Backhoe 2 9 19 Backhoe 2 18 19
Crane 2 5 2,1 Crane 2 9 2,1
Soil Compactor 1 5 2,4 Soil Compactor 1 9 2,4
Hand compactor 2 5 0,4 Hand compactor 2 5 0,4
Truck for glue 1 2 2,6 Truck for glue 1 2 2,6
Asphalt paver 1 5 53 Asphalt paver 1 5 53
Asphalt compactor 1 5 4,8 Asphalt compactor 1 5 4,8
Generator 1 18 8,1 Generator 1 18 8,1

TABLE F.6:Sewer main CIPRools TABLE F.8:Water main CIPP and road
Type of machines Nb. hr galh minor rehabilitatiortools
Truck Ford 450 3 2 26 Type of machines  Nb. hr  galh
Hauling truck 13 2 26 Truck Ford 450 6 2 2,6
Refrigerator Truck 1 18 11,8 Hauling truck 18 2 2,6
Steam Boiler 1 18 11 Motor scraper 1 2 4,5
Steamer truck 1 10 26 Mechanical broom 1 2 2,6
Air compressor 1 18 6,6 Truck for glue 1 2 2,6
Pump 1 10 17 Asphalt Compactor 2 5 4,8
Shooter truck 1 10 2,6 Aspha|t Paver 2 5 5,3
Crane 1 9 21 Excavator 2 5 4,7
Driller 1 5 28,9 Backhoe 2 5 1,9
Backhoe 2 9 19 Soil Compactor 1 5 2,4
Soil Compactor 1 2 24 Hand compactor 2 5 0,4
Hand compactor 1 6 04 Air compressor 1 10 6,6
Asphalt paver 1 2 5,3 Pump 1 10 1,7
Asphalt compactor 1 2 4.8 Generator 1 18 8,1
Generator 1 18 8,1
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TABLE F.9: Water main CIPP and road TABLE F.11:Sewer main CIPP and road

major rehabilitatiortools minor rehabilitatiortools
Type of machines Nb. hr gal/lh Type of machines Nb. hr gal/h
Truck Ford 450 3 2 2,6 Truck Ford 450
Hauling truck 15 2 2.6 + Steamer truck 7 2 26
Motor scraper 1 2 45 :lShl_ooter ml’(Ck s 2 o6
Mechanical broom 1 2 2,6 au.lng truc ’
Excavator 3 11 47 Refrigerator Tr uck 1 18 2,6
Backhoe 3 11 1’ 4 Steam Boiler 1 18 11
Soil Compactor 2 5 2,4 M_otor scraper 1 2 45
Truck Colle 1 2 26 Air compressor 1 18 6,6
Asphalt Paver 2 5 53 Zump 1 12 ;I
Asphalt Compactor 2 5 4,8 engratf)r ) '
Crane > 9 21 Balai mécanique 1 2 26
Generator 2 9 28,7 gr_‘Tlne i 2 228’19
Refrigerator Truck 2 9 11,8 B” i; ) 9 1 9
Air compressor 1 18 6,6 af: o€ ’
Steam Boiler > 9 1.1 Soil Compactor 1 3 24
Pump 1 10 17 Hand compactor 1 6 04
’ Asphalt paver 1 9 53
Asphalt compactor 1 9 48

TABLE F.10:Water main CIPP and road

. TABLE F.12:Sewer main CIPP and road
reconstructiortools

major rehabilitatiortools
Type of machines Nb. hr gal/h

Truck Ford 450 6 5 2 64 Type of machines Nb. hr galh
. Truck Ford 450
Hauling truck 30 2 2,64 + Steamer truck 8 2 26
Driller 1 5 2893 + Shooter truck
Motor scraper 1 2 4,49 Hauling truck 25 2 2,6
Mechanical broom 1 2 2,64 Motor scraper 1 2 4,5
Excavator 3 19 4,73 Mechanical broom 1 2 26
Backhoe 3 18 1,39 Excavator 3 11 47
Soil Compactor 2 6 2,40 Backhoe 3 11 14
Truck Colle 1 2 2,64 Soil Compactor 2 5 24
Asphalt Paver 2 5 528 Truck Colle 1 2 26
Asphalt Compactor 2 5 4,76 Asphalt Paver 2 5 53
Toupie Béton 1 18 264 Asphalt Compactor 2 5 48
Generator 1 18 8,11 Refrigerator Truck 1 18 26
Air compressor 1 10 6,55 Steam Boiler 1 18 11
Pump 1 10 1,74 Air compressor 1 18 66
Pump 1 10 17
Generator 1 18 8,1
Crane 1 10 2,1
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TABLE F.13: Sever main CIPP and
road reconstructiotools

TABLE F.15: Water main reconstruction
and road major rehabilitatidools

UiIe @i Gl G b il 2l Type of machines Nb. hr gal/h

Driller 15 2893 Truck Ford 450 6 2 26
Hauling truck .
+ Truck Ford 450 Hauling truck 22 2 2,6
+ Steamer truck 6 2 264 Driller 1 4 289
+ Shooter truck Excavator 3 18 4,7
Motor scraper 1 2 4,49 Backhoe 3 18 1,9
Mechanical broom 1 2 2,64 Crane 2 9 2,1
Excavator 3 20 4,73 Soil Compactor 1 5 2,4
Backhoe 3 20 1,39 Hand compactor 2 5 0,4
Soil Compactor 2 6 2,40 Truck for glue 1 2 2,6
Truck for glue 1 2 2,64 Asphalt paver 2 9 5,3
Asphalt Paver 2 5 5,28 Asphalt compactor 2 9 4,8
Asphalt Compactor 2 5 4,76 Generator 1 18 8.1
Refrigerator Truck 1 18 2,64
Steam Boiler 1 18 1,14
Air compressor 1 18 6,55 TABLE F.16: Water main reconstruction
Pump 1 10 174 and road reconstructidnols
Generator 1 18 8,11
Crane 1 10 211 Type of machines Nb. hr gal/h
Truck Ford 450 6 2 2,6
TABLE F.14: Water main reconstruction Hauling truck 23 2 26
and road minor rehabilitaticiools Driller L > 28,9
Motor scraper 1 2 45
Type of machines  Nb. hr gal/h Mechanical broom 1 2 2,6
Truck Ford 450 6 2 2,6 Excavator 3 20 47
Hauling truck 18 2 2.6 Backhoe 3 20 1,4
Driller 1 4 28,9 Soil Compactor 2 6 2,4
Excavator 2 9 47 Truck for glue 1 2 2,6
Backhoe 2 9 1,9 Asphalt Paver 2 9 5,3
Crane 2 5 2,1 Asphalt Compactor 2 9 4,8
Soil Compactor 1 5 2,4 Concrete auger 1 18 2,6
Hand compactor 2 5 0,4 Crane 2 5 2,1
Truck for glue 1 2 2,6 Hand compactor 2 5 0,4
Asphalt paver 1 6 5,3
Asphalt compactor 1 6 4,8
Generator 1 18 8,1
Mechanical broom 1 2 2,6
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TABLE F.17: Sewer main reconstruction TABLE F.19: Sewer main reconstruction

and road minor rehabilitaticiols and road reconsgictiontools
Type of machines Nb. hr gal/h Type of machines Nb. hr gal/h
Truck Ford 450 6 2 2,6 Truck Ford 450 6 2 26
Hauling truck 25 2 2,6 Hauling truck 38 2 26
Driller 1 5 28,9 Driller 1 5 289
Excavator 2 18 4,7 Motor scraper 1 2 45
Backhoe 2 18 19 Mechanical broom 1 2 26
Crane 2 9 2,1 Excavator 3 20 47
Soil Compactor 1 9 2,4 Backhoe 3 20 14
Hand compactor 2 5 0,4 Soil Compactor 2 5 24
Truck for glue 1 2 2,6 Truck for glue 1 2 26
Asphalt paver 2 6 53 Asphalt Paver 2 9 53
Asphalt compactor 2 6 4,8 Asphalt Compactor 2 9 48
Generator 1 18 8,1 Toupie Béton 1 18 26
Mechanical broom 1 2 2,6 Crane 2 5 21
Motor scraper 1 2 4,5 Hand compactor 2 5 04
Generator 1 18 81

TABLE F.18: Sewer main reconstruction TABLE F.20: Water and sewer mailPP

and road major rehabilitatidools and road minor rehabilitaticiwols
Type of machines  Nb.  hr gal/h Type of machines Nb. hr gal/h
Truck Ford 450 6 2 2,6 Truck Ford 450 38 3 26
Hauling truck 28 2 2,6 + Hauling truck '
Motor scraper 1 2 4,5 Motor scraper 1 2 45
Balai mécanique 1 2 2,6 Mechanical broom 2 2 26
+ Truck for glue
Excavator 3 19 4.7 Asphalt Compactor 2 9 48
Backhoe s 19 14 Asphalt Paver 2 9 53
Soil Compactor 2 5 2,4 Excavator 2 8 47
Truck for glue 1 2 2,6 Backhoe 2 8 19
Asphalt Paver 2 9 53 Soil Compactor 1 5 24
Asphalt Compactor 2 9 4,8 Hand compactor 2 5 04
Driller 1 4 28,9 Air compressor 1 18 6,6
Crane 2 9 2,1 Pump system
+ Shgot}ér truck 2 10 17
Generator 1 36 8,1
Crane 1 10 2,1
Steam boiler 1 18 1,1
Pump 2 10 1,7
Steamer truck 1 10 2,6
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TABLE F.21: Water and sewer maf@IPP TABLE F.23: Water main reconstruction
and road major rehabilitatidools sewer mairCIPPand road minor

Type of machines Nb. hr gal/h rehabilitationtools

Truck Ford 450 43 2 26 Type of machines Nb. hr galh
+ Hauling truck Truck Ford 450 9 2 26
moui: sgrapl)zr 1 : 45 Hauling truck 25 2 2,6
+ $.C al? |fca Iroom 2 2 2,6 Refrigerator Truck 1 18 11,8
Asphalt Compactor 2 9 48 Steam Boiler 1oLl
P P ’ Camion vapeur 1 10 2,6
Asphalt Paver 2 9 5,3 :
Air compressor 1 18 6,6
Excavator 3 20 4,7
Pump 1 10 17
Backhoe 3 20 19
. Shooter truck 1 10 2,6
Soil Compactor 1 5 2,4
Crane 2 9 2,1
Hand compactor 2 5 0,4 .
Air compressor 1 18 6,6 Driller 1 5 289
Pum pstem ’ Backhoe 4 9 1,9
N shgo?ér 2 10 1,7 Soil Compactor 1 9 2,4
Generator 1 36 81 Hand compactor 1 9 0,4
' Asphalt paver 1 9 53
Crane 1 10 2,1 Asphalt ¢ 1 9 48
Steam boiler 1 18 11 Sphalt compactor '
Pump 2 10 17 Generator 1 36 8,1
Steamer truck 1 10 2,6 _ _
TABLE F.24: Water main reconstruction
TABLE F.22: Water and sewer ma@IPP sewer mairCIPPand road major
and road reconstructidnols rehabilitationtools
Type of machines Nb. hr gal/h Type of machines Nb. hr galh
Truck Ford 450 60 5 26 Truck Ford 450
+ Hauling truck ’ + Shooter
11 2 2,6
Motor scraper 1 2 4,5 + Steamer truck
Mechanical broom 5 5 26 + Camion for glue
+ Truck for glue ' Hauling truck 40 2 2,6
Asphalt Compactor 2 9 4.8 Refrigerator Truck 1 18 11,8
Asphalt Paver 2 9 53 Steam Boiler 1 18 11
Excavator 3 36 4,7 Motor scraper 1 2 2,6
Backhoe 3 36 1,9 Air compressor 1 18 6,6
Soil Compactor 1 8 2,4 Pump 1 10 17
Hand compactor 2 5 0,4 Mechanical broom 1 2 2,6
Air compressor 1 18 6,6 Crane 2 9 2,1
Pump system Driller 1 5 28,9
+ Shooter 2 10 L7 Backhoe 4 9 1,9
Generator 1 36 8,1 Soil Compactor 1 9 2,4
Crane 1 10 2.1 Hand compactor 1 9 0,4
Steam boiler 1 18 1,1 Asphalt paver 1 9 53
Pump 2 10 1,7 Asphalt compactor 1 9 4,8
Steamer truck 1 10 2,6 Generator 1 36 8,1
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TABLE F.25: Water main TABLE F.27: Water and sewer main

reconstructionsewer mairCIPPand reconstruction and road major
road reconstruction tools rehabilitation tools
Type of machines Nb. hr gal/lh Type of machines Nb. hr gal/h
Truck Ford 450 Truck Ford 450 9 2 2,6
+ Shooter 13 2 26 Hauling truck 45 2 26
+ Steamer truck Driller 1 5 289
+ Camionfor glue Motor scraper 1 2 4.5
Hauling truck 60 2 26 crap '
Refrigerator Truck 1 18 11,8 Mechanical broom 1 2 2,6
Steam Boiler 1 18 1.1 Excavator 3 18 47
Motor scraper 1 2 2,6 Backhoe 3 18 1.4
Air compressor 1 18 6,6 Soil Compactor 2 9 2,4
Pump 1 10 1,7 Truck for glue 1 2 2,6
Mechanical broom 1 2 2,6 Asphalt Paver 2 9 5,3
Crane 2 9 21 Asphalt Compactor 2 9 4,8
Driller 1 5 28,9 Concrete auger 1 18 2,6
Backhoe 4 9 1,9
Soil Compactor 1 9 2,4 Generator 1 36 8.1
Hand compactor 1 9 04 Crane 2 36 21
Asphalt paver 1 9 53
Asphalt compactor 1 9 4,8 TABLE F.28: Water and sewer main
Generator 1 36 81 reconstruction and road reconstruction
. tools
TABLE F.26: Water and sewer main
reconstruction and road minor Type of machines ~ Nb. hr  gal/h
rehabilitation tools Truck Ford 450 102 26
Hauling truck 65 2 2,6
Type of machines Nb.  hr gal/h Driller 2 5 289
Truck Ford 450 9 2 2,6 Motor scraper 1 2 4,5
Hauling truck 30 2 2,6 Mechanical broom 1 2 26
I\D/Irtl)ltlc(?rr scraper 1 g 248'59 Excavator 3% AT
Mechanical broom 1 2 2,6 BaFkhoe 3 36 14
Excavator > 18 47 Soil Compactor 3 9 2,4
Backhoe 2 18 1.4 Truck for glue 1 2 2,6
Soil Compactor 2 9 2.4 Asphalt Paver 2 9 53
Truck for glue 1 2 2,6 Asphalt Compactor 2 9 4.8
Asphalt Paver 2 9 5,3 Concrete auger 1 18 2,6
Asphalt Compactor 2 9 4,8 Generator 1 36 8,1
Concrete auger 1 18 2,6 Crane 2 36 21
Generator 1 36 8,1
Crane 2 36 2,1
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TABLE F.29: Water mainCIPP, sewer TABLE F.31: Water mainCIPP, sewer

main reconstruction and road minor main reconstruction and road
rehabilitationtools reconstructioriools
Type of machines Nb. hr gal/h Type of machines Nb. hr gal/h
Truck Ford 450 9 2 2,6 Truck Ford 450 9 2 2,6
Hauling truck 28 3 2,6 Hauling truck 40 3 2,6
Driller 1 5 28,9 Driller 1 5 28,9
Motor scraper 1 2 4,5 Motor scraper 1 2 4,5
Mechanical broom 1 2 2,6 Mechanical broom 1 2 2,6
Excavator 2 9 47 Excavator 2 9 4.7
Backhoe 2 9 1,4 Backhoe 2 9 1,4
Soil Compactor 2 2 2,4 Soil Compactor 2 2 2,4
Truck for glue 1 2 2,6 Truck Colle 1 2 2,6
Asphalt Paver 2 8 53 Asphalt Paver 2 9 53
Asphalt Compactor 2 5 4,8 Asphalt Compactor 2 9 4,8
Concrete auger 1 18 2,6 Concrete auger 1 18 2,6
Generator 1 135 8,1 Generator 1 36 8,1
Crane 2 36 21 Crane 2 36 2,1
Air compressor 1 18 6,6
Pump 2 10 1,7
TABLE F.30: Water mainCIPP, sewer
main reconstruction and road major TABLE F.32. Water and sewer main
rehabilitationtools CIPPtools
Type of machines Nb. hr galh Type of machines Nb. hr galh
Truck Ford 450 9 2 2.6 Truck Ford 450 3 2 2,6
Hauling truck 28 3 2,6 Hauling truck 25 2 26
Driller 1 5 28,9 Refrigerator Truck 1 18 11,8
Motor scraper 1 2 4,5 Steam Boiler 1 18 11
Mechanical broom 1 2 2,6 Camion vapeur 1 10 26
Excavator 2 9 47 Air compressor 1 36 6,6
Backhoe 2 9 1,4 Pump 1 36 17
Soil Compactor 2 2 2.4 Shooter truck 2 10 26
Truck for glue 1 2 2,6 Crane 2 9 21
Asphalt Paver 2 8 5,3 Driller 1 5 289
Asphalt Compactor 2 5 4,8 Backhoe 2 9 19
Concrete auger 1 18 2,6 Soil Compactor 1 2 24
Generator 1 36 8,1 Excavator 2 9 4,7
Crane 2 36 2,1 Asphalt paver 1 5 53
Air compressor 1 18 6,6 Asphalt compactor 1 5 48
Pump 2 10 1,7 Generator 1 36 8,1

189



TABLE F.33: Water main rehabilitation TABLE F.34: Water main reconstruction

and sewer main reconstructitools and sewer main rehabilitation tools
Type of machines Nb. hr gal/h Type of machines Nb. hr gal/h
Truck Ford 450 3 2 2,6 Truck Ford 450 3 2 2,6
Hauling truck 20 2 2,6 Hauling truck 23 2 2,6
Air compressor 1 36 6,6 Refrigerator Truck 1 18 11,8
Pump 2 6 17 Steam Boiler 1 18 11
Driller 1 3 28,9 Steamer truck 1 10 2,6
Excavator 2 9 4,7 Air compressor 2 18 6,6
Backhoe 3 9 19 Pump 2 18 1,7
Soil Compactor 1 5 2,4 Shooter truck 2 18 2,6
Hand compactor 2 5 0,4 Crane 2 18 2,1
Truck Colle 1 2 2,6 Driller 1 5 28,9
Asphalt paver 1 5 53 Backhoe 2 18 1,9
Asphdt compactor 1 5 4,8 Soil Compactor 1 5 2,4
Generator 2 36 8,1 Hand compactor 1 5 0,4
Crane 2 18 2,1 Asphalt paver 1 5 5,3
Asphalt compactor 1 5 4,8
Generator 1 36 8,1

TABLE F.35: Water and sewer main
reconstruction tools

Type of machines  Nb. hr gal/h

Truck Ford 450 3 2 2,6
Hauling truck 25 2 2,6
Driller 1 5 289
Excavator 2 18 47
Backhoe 2 18 19
Crane 2 18 21
Soil Compactor 1 9 2,4
Hand compactor 2 5 0,4
Truck Colle 1 2 2,6
Asphalt paver 1 9 5,3
Asphalt compactor 1 9 4,8
Generator 1 18 8,1
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AppendixGi Rel ati onship between &L and eT

We denote that someaffic-relatedi ndi cat ors are expressed in t
del ays (VED) and increasesvehicle mdintermahce and apharatiens (VMO).
&l refers tothe difference betweentraeli mes i n wor k and in nor mal

the difference between travel distances in work and in normal conditiocese of complete
road closureThe following sections explain thessessment of traffielatedseal and &L due
the presencef worksin case opartialor complete closure

1. Partial closure

The additional travel time is computed as follows (see Appendix C):

Ca ) )

6 6 6 6 6

Y4 Y4 ¥4 1"
Even though there is nadditionaldista n ¢ e , &T can be conv(akinged i nt
into account both speed reduction and deceleration dddaged upon the normal speed V

Y, 6 &4 p T
2. Complete closure

The additional travel time is computed as follows (see AgpeC).

(9]

Y4

R L L L R W

6 6 6 6 6 6 6 6 6

If Va = Wat h e n L&l L. However, if congestionccurs Va < W) due toincreased vehicle

density on the alternate routegel due to congestion can be converted iato seL e qui v al e
(taking into accountongestion on the alternate rdp&dsed upon the normal speed

(9] ()

y! ) 1 y! ) ) ’_ ~ &

65 6 PP
Al vehicles that ar e detwhesas vehiclds Inorntaky anr an
circulation in the alternate road withlyb e ar an i n & We assumé thab s thee L

normal speed othealternate road to keep at least the sa@8.
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Appendix | T Renewal scenarios

Buried pipe and road interventions within the same road corridor can be bundled in one single
project. The following sections describe the types of interventions for buried pipe and road
segments, and coordinatioresarios

1. Buried pipe interventions

Buried pipes interventions can be dedinto opercut reconstructiofOCR) and trenchless
technologies(TT). OCR referred as conventional trenching, involves digging from pavement
surface to pipe level in urban araasing heavy machineries such as backhoes and shovels that
should be manoeuvred cautiously in order to avoid damages of landscape and buried utilities
surrounding the pdipgeda drlgmledvechedgaesfibecause
not completly excavatiorfree (e.g., lowdig), can be separated into trenchless replacement
(TRP) and rehabilitatio{TRH) (Halfawy and Baker, 2008). Figure Ishows TRP methods that

are divided into idine methods (which consist in installing a new pipe in theeséine as the

old one, e.g. pipe bursting) and-tifie methods (which consist in installing a new pipe in a new
line, e.g. micretunneling, horizontal directional drilling, pipe jacking); and TRH methods which
can be fully/semi/nosstructural and involvénstallation of a new coating or liner in the existing

pipe (i.e. Curedn-place pipe/CIPP, slifining, epoxy/mortar lining, etc.).

Horizontal earth boring —> Cured-in-place pipe (CIPP)
—» Underground coatings and linings
Pilot-tube microtunneling, _
Compaction methods, Trenchless construction methods
Pipe ramming methods, | Y > Sliplining
Horizontal directional drilling, | Installation of a new pioelin
Horizontal auger boring, staflation ot a néw pipeline . o
Microtunneling methods —> Modified sliplining
Trenchless renewal methods — > In-line replacement
Pipe jacking < Pipe bursting, Pipe removal, Pipe
Renewing, rehabilitating, and/or insertion method
renovating an existing pipe
Utility tunneling < N Closed-fit pipe

FIGURE I.1:Trenchless pipe renewal methods

In the city of Montreal, CIPP and OCR are commtyaused for buried pipe renewals. The use of
CIPP is widely accepted because its duration of implementation is typically shorter than OCR
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and it significantly reduces social costs, which can account for up to 3% of project costs for CIPP
as opposed to M for OCR (Rahman, et al., in 2005).

2. Road interventions

Road interventions can be divided into three groups: reconstruction OCR, pulverization
stabilization OCP and surface treatmeér®T. Figure |.2shows road pavement sections
composed of sulgrade (i.e.existing soil), sukbase (usually treated sand, gravel, crushed
stones), base and surface (which are layers of asphalt for flexible pavement and of concrete for
rigid one). Road reconstruction is an adequate solution when majegraadd correction is
required and involves complete removal of the-balse structure.

5% Surface

Base
Subbase

Subgrade

FIGURE |.2: Road pavement sections

Road pulverizatiorstabilization (e.g. full depth reclamation, cefdplace or hoin-place
recycling) is an adequate solution when the-graale is ina fairly good condition and involves

at most removal of the upper layer of the -gmde structure. A predetermined portion of
base/sutbase/sukgrade is uniformly pulverized (with addition of a binder) and mixed to form a
new homogeneous material. If thew material does not provide a sufficient baselsade for

the new pavement surface, then stabilizing additives are blended-gwagiébprior to installing
base/sutbase.

Surface treatment is an adequate solution whergeate and subase/base strtuiore are in a

good condition and are divided into surface sealing and surface overlay. Surface sealing is a non
structural treatment generally composed of emulsified asphalt spread on the pavement in order to
fix deficiencies such as ndoad associated acks and to increase surface friction. Surface
overlay on the other hand is a structural treatment which consists of placing a new surface (hot
mix bituminous or concrete) on an existing pavement structure that helps increase the structural
capacity of te pavement as well as correct road deficiencies including skid resistance, surface
roughness and distress.
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3. Coordination scenarios

Table I.1enumerates 35 renewal projects that can be implemented on a road corridor and which
result from a sileapproach simlation of implementation timing among three types of municipal
linear assets (i.e. water, sewer and road) comprised in a road corhdguroject duration (PD)

is estimated for each scenario (see Appelix

TABLE I.1: Renewal alternatives

Road Wate Sewer PD Road Water Sewer PD

1 TST 20 CIPP CIPP
2 OCP 21 CIPP OCR
3 OCR 22 OCR CIPP
4 CIPP 23 OCR OCR
5 OCR 24 TST CIPP CIPP
6 CIPP 25 OCP CIPP CIPP
7 OCR 26 OCR CIPP CIPP
8 TST CIPP 27 TST CIPP OCR
9 OCP CIPP 28 OCP CIPP OCR
10 OCR CIPP 29 OCR CIPP OCR
11 TST CIPP 30 TST OCR CIPP
12 OCP CIPP 31 OCP OCR CIPP
13 OCR CIPP 32 OCR OCR CIPP
14 TST OCR 33 TST OCR OCR
15 OCP OCR 34 OCP OCR OCR
16 OCR OCR 35 OCR OCR OCR
17 TST OCR

18 OCP OCR

19 OCR OCR
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Appendix Ji Pedestrian delays

Pedestriardelays are assessed for two work zone configuration: partiad@nglete closure of
sidewalks Contrarily to complete closureagial closure allowgpedestrian tago throughwith
very little space some time

FIGURE J.1: Examples of sidewalk partial closure during works

1. Sidewalk partial closure

In the partial closure, either both of the sidewalks are partially closed, or one sidewalied c
and the other omhe opposite side is open. Thisduces a loss of pedestrian traffic, because
peoplewill tend to eithertake detours based on their safety and comfort desire to get to their
final destination. Experiences reveal tta sidewalk efective width during works isometimes
restricted to one pedestrian widdimost araverage of &84 mm.

Effective sidewalk

width
) 2
g 2
& @ @ £
5 E 0.584 mm £ 3
) 3
i ’

\ Obstacle widths /

FIGURE J.2: Effective width on a sidewdlkinch, 2010)
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Levels of service of pedestria(iISOS) are expressed in term$ pedestrian flow rate (PFR) and
associated pedestrianalking speed (PWS)PFR is the number of pedestriamsossing the
effectivesidewalk width each minute (ppm). A neperian logarithmicelationship between PFR
(p/ms)and PWS(m/s) were demonstrated spectively for norma{ O 4 . @nd large sidewalks
(Rastogiet al, 2013)

073

0&2 48078”— P C

Figure J.3 illustrates the LOS for pedestrianaonmalconditions. However, two things happen
in work conditions: first, the effectiveidewalk width is redwed and second, the pedestrian
traffic flow drops.

L3 by i K]
L K W
LOS A LOsS B Lasc
.ﬁ‘x .IIF“-
LosD
PFR PW P
LOS : : S S
(p/min/m -width) (m/s) (m2/p)
A S po >1.33 >5.6
B >16-23 >1.17-1.33 >3.7-5.6
C >2333 >1.00-1.17 >2.2-3.7
D > 3349 >0.83-1.00 >1.4-2.2
E > 4975 >0.58-0.83 >0.751.4

FIGURE J.3:LOS for pedestrian walking spe@dCM, 2000)

Pedestrian delay costs (PDC) will be assessed as the difference between PDC in work and
normal conditions.
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Two different situationsre studied
a) Pedestrias going through the sidewalk

The delay time is computed as follows:

(9] y

Y4 073 073

WhereL is thelength of the road or sidewalk

b) Pedestriangrossingto the opposite sidewalk

The delay is computed as follows:

o

¥4

073 073

Where PWg,positelS thepedestrian walking speed opposite sidewalk

We neglect the crossing time and consider solely incremefiéat on the pedestrian flow rate
of the opposite side

2. Sidewalk complete closure

The delay is computed as follows:

o y y

4 073 073
Where

Lq: length of déour road
PWS;: pedestrian walking speed on detour road

We can neglect the crossing time and consider solely incremental effect of pedestrian flow rate
(PFR).

The number of pedestrians also estimated per period of time of the dégsee Table A3)
Moreover, pedestrian delays incurred by bus passengers due to temporal removals of bus stops
areinsignificant according to Montreal Public Transport Agency planieEsause what matters

is the final destination which can be lengthened or shortened fromoocesset
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For example, let us consider 200 m road segment with2 sidewalks of3 meter of
effective width each, and a LOS of Bhroughout the day except for night

The PFR is abou20 ppmm and the PW§ma 1.5 m/s. Therefore, theaverage number of
pedestrianger dayis 21,600people.

NP =20 ppmm x 18 x 60 min = 21,600
The travel time t@o throughthe entiresidewalkin normal conditions 3 minutes per pedestrian
TT=200m/(1.25 m/s) = 3 min

Assuming a detour length ¢D0 m, the travel tim& go arounds 6 minutes per pedestriasue
to work conditions

TT=400m/ (1.25 m/s) = 6 min

Assuming one sidewalk is closethus leading toincrementation of pedestrian traffic on the
opposite sidewalkwith originally the same LOS

1 If all pedestrias move to the opposite sidewatken thee is alossin PWS and an
increase in PFRThe PWQyositelS @bout 0.9 misThe total number of affected pedestrians

is 43,200.
- 'GDA’; ¢nm bPiil P on PAAAOOOEAT O AOA AOI OOEI C
A i ET
em QT o o e s s A a e o A
T & 1P P pcAAAOGORAT ODAHDE] OOA

1 If %2 of pedestrians move to the opjite sidewalk with the same LO®en there is a loss
in PWS and an increas¥ PFR The PW&ypositeiS 1.2 M/s. The total number of affected
pedestrians is 32,400.

@T OT
7 ol &

o®bi P 0 AAAOGORAT ODAOEG OOA
Assuminga reduction of effective widthto 1 meter due to works

1 If the LOS remains B (20 ppmm}hen there is a loss of pedestrian traffonly 1/3
remains.

5 'ol' 5 ¢®bIi P g AAAOCGORAT ODADEF OOA
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¢®bi P ¢ PAAACGORAT ODADEG OOA

7  pl &

1 If the LOS drops to C (30 ppmm), then thereaidoss of pedestrian trafficOnly 1/2
remains.
> 'pl, 7 o®bi P o AAAOGORAT ODADOEG OOA

1 If all pedestriangemains,obviously they will have very little personal space, spasd
restricted movement. THeOS drops to E (60 ppmm)

QT

7' T p®DI P o PAAAOCGORAT ODADEG OOA

In a nutshella sidewalk partially closed will naturallgducea loss of traffic pedestrianithout
necessanl a change irLOS. The increase of pedestrians on the opposite side will lead to a
decrease in LOSn practice, complete closure of sidewalks is exceptional be¢ramue need
access to their building$lowever, if the sidewalk is almost closed, the émeent of pedestrian
traffic on detour walkways should be considered as well.
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Appendix L T Tax revenue loss

Tax revenue losss assessed as the Willingndssaccept compensatiofa proxy of business
revenue lossgquivalent to theamount ofgeneral poperty tax. It is based orategories of non
residentialor commercialmmovable

TABLE L.1: Assessment of tax rate per $ 100 of taxation value

Classes % of tax rate® General property tax
1 0.5% =05% x NRTR + (100%l 0.5%) X BR
2 3% =3% x NRTR + (100%i 3%) X BR
3 6 % =6% x NRTR + (100%i 6%) X BR
4 12 % =12% x NRTR + (100%f 12%) X BR
5 22 % =22% x NRTR + (100%l 22%) X BR
6 40 % =40% x NRTR + (100%l 40%) X BR
7 60 % =60% x NRTR + (100%l 60%) X BR
8 85 % =85% x NRTR + (100%i 85%) X BR
9 100 % =100% Xx NRTR
10 100 % =100% Xx NRTR
11 100 % =100% x NRTR
12 20 % =100% x NRTR
! Almost equivalent to % of non-residential value /total value
TABLE L.2: Tax rate(City of Montreal)
Type of immovable Abbr. Tax rate™”
Basic rate BR 3.272
Nortresidential immovable and 5 or less dwelling units NRTR 0.6812
Nontresidential immovable and 6 and more dwelling units NRTR 0.7143

In $ per $ 100 $ of assessed valuation

For example, let us consider @roperty of class 5 haing 5 or less dwellings with a
taxable value of $ 1,000,000

Class 5: 22 % = pr agsidentiape@entage o n
$ 3.272 = general property tax for amsidential property
78 % = propertybs residenti al p

$ 0.6812 = general property tax for residual property (5 or less dwellir

General property tax =[(22 % x $ 3.272) + (78 % x $ 0.6812)] x $ 1,000,000 / 100
=$1.2512 x 1,000,000 =$ 12,512
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Appendix K T Productivity reduction due to noise

A Gantt Diagram was built for each type of work packages to evaluate the effective duration of
noise as illustrated in Figure K.1.

Tﬁff Waork steps Type of machine | # of machines D;J::Ei:;n N;'.:i:\;‘: Work steps
Truck 2 4 85 85]85]85]85 [85] 85] 85] 85
Mobilization Truck Ford 450 3 2 55 55155 55|55
Truck 8 2 8 [85]85]85]85] 85] 85| 85] @5 ]85 ]85 85|85 ]85 ]85 8585
Resurface Mator scraper 1 2 85 85|85
Crack sealing Mechanic broom 1 2 85 8585
Truck Cole 1 2 85 85|85
Bitumen binder P 2 5 80 83|83|83|83 /83
Road Asphalt Paver 2 5 85 85 |85|85 85|85
:Z::; [ETRCTATOMT®S Igackhoe 1 9 80 [80]a0[8080]80]80[0]80]80

‘ Toil:al 88‘88‘SB‘38‘88‘38‘88‘88‘88‘88‘88‘88‘88‘88‘88‘88‘88‘88‘88‘88
Decibel

Duration (hr) 20

Figure K.1: Noise Diagram for road minor rehabilitation

First, for each worktep, the decibel produced by each type of machine is reported a number of
times corresponding to the length of time used. Then, for each hour of use, if two or more
machines are operating, the resulting decibel equals the highest decibel plus 3 dBA. For
example 20 hours of use is compadtéor road minor rehabilitatiorkzigure K.1can be simplified

in Table K.2 by considering 20 hours of noise disturbance at 88 dBA. Table K.2 illustrates the
noise duration with regard to the level of dBA for each type ofksvda total of 18 work
packages immable 3.6).At last, we can associate the productivity reduction factor (PRF) to the
level of dBA according to the type of building (institution, industry and retailer), in order to
compute the production reduction cost.

For example, let us consider a 100 % industrial street under road minol
rehabilitation work (Road_TST), with a total number of 150 employees

Productivity reduction cost =20h x50 p x 0.18 x 17 $/h -p
=$ 540
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Table K.2: Noise Diagram for road minor rehabilitation

Duration Noise Productivity reduction factor (PRF)

(hour) Total dBA . .
Institution Industry Retailer
#1 Water_OCR, Sewer OCR, Road_OCR
58 88 0,3 0,18 0,45
#2 Water_OCR, Sewer_CIPP, Road_OCR
7 83 0,2 0,1 0,3
66 88 0,3 0,3 0,45
18 110 1 1 1
#3 Water_CIPP, Sewer_CIPP, Road OCR
2 58 0,01 0 0,03
2 83 0,2 0,2 0,3
9 85 0,3 0,3 0,45
71 88 0,3 0,3 0,45
18 110 1 1 1
#4 Water_CIPP, Sewer_CIPP, Road OCP
2 83 0,2 0,1 0,3
9 85 0,3 0,3 0,45
64 88 0,3 0,3 0,45
18 110 1 1 1
#5 Water_CIPP, Sewer_CIPP, Road_TST
2 83 0,2 0,1 0,3
9 85 0,3 0,3 0,45
58 88 0,3 0,3 0,45
18 110 1 1 1
#6 Water_CIPP, Sewer_CIPP
2 83 0,2 0,1 0,3
9 85 0,3 0,3 0,45
38 88 0,3 0,3 0,45
18 110 1 1 1
#7 Sewer_CIPP, RoadOCR
2 58 0,01 0 0,03
2 83 0,2 0,2 0,3
48 88 0,3 0,3 0,45
18 110 1 1 1
#8 Sewer_CIPP, Road OCP
2 83 0,2 0,1 0,3
41 88 0,3 0,3 0,45
18 110 1 1 1

202



35
18

15
18

51

58

49

43

23

33

26

20

#9 Sewer_CIPP, Road TST

83 0,2
88 0,3
110 1
#10 Sewer_CIPP
83 0,2
88 0,3
110 1
#11 Water_OCR, Road_OCR
83 0,2
88 0,3
#12 Water_CIPP, Road OCR
85 0,3
88 0,3
#13 Water_CIPP, Road_OCP
85 0,3
88 0,3
#14 Water_CIPP, ®ad_TST
85 0,3
88 0,3
#15 Water_CIPP
85 0,3
88 0,3
#16 Road_OCR
58 0,01
88 0,3
#17 Road_OCP
88 0,3
#18 Road_TST
88 0,3
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Appendix M T Project duration

Contractual delays for water, sewer and road projects had been proposed for the City of Montreal
(Desparois, 2014)They were evaluated for the following single activities: road minor
rehabilitation, road major rehabilitation, road reconstructiontemwpipe lining (CIPP), water

pipe reconstruction, sewer pipe lining (CIPP) and sewer reconstruction. However, coordination
of works induces mitigation of particular costs such as mobilization / demobilization, pavement
reconstruction, etaherefore, therevious works had been used as a basdswas adjusted in

order to reflect both coordination practices and economies of scale

The automated assessment of project duratias performed for 35 scenarios of works, even
though solely 18 of them are practice carried out on the ground (see section 3.7!%).
valuation ofcontractualdelays is based on a number of activities which generate an output in
hour. Theseoutputshad beenestablishedn previous projectnalyss, on the basis of 10 bf

work per day Factors influenimg the delays are to name a few: soil characterizations (presence
of rocks, water table level, and frost), buried infrastructure networks (density, depth, etc.),
location of works (local/arterial, trees, existing mails, etc.jficraontrol (working period, road
closure, accessibility to commercial and institutional buildings), special events, etc.

The following methodology was used. Firghe delays wereassessed foeach singlevork on

one type of assets (water, sewer or jpadcording to the listed activitieShen, acombination

of activities were performed when works involved more than 2 asset types, in order to produce
the list of activities and associated output values. In practice, CIPP works are performed
individually, thus resulting in simply addition of activities and outpBRisconstruction works on

more than 2 asset types induce a revaluatiggiadfal activitiesand pavement refection costs, to
avoid respectively overstatement and double coun@igbal activities refer to general actions
linked to the work construction site, to name a few: mobilization, demobilizagignaling
cleaning, unforeseen problems, éfbey cannot be duplicated but rather réeae downwards

to some extents, unless works are pertmnsequentially because of any reason such as
Christmas timeAt last, the proposeddelays shoulde adjustedaccording tathe particularities
andthe complexity ofa project For instance, some activities cangezformedat the same time.
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TABLE M.1: Road minor rehabilitation steps ~ TABLE M.4: Water main CIPP steps

Activities Unit  Output Activities Unit Output
Mobilization, cleaning, etc. Global 5 Mobilization, bypass, etc. Global 8,75
Resurface m.sq. 7000 Trenchless work m 80
Crack sealing (type 1and 2) m.sq. 200 Valve chamber unit 1
New sump w/o connection unit 10 Fire hydrant unit 1
New sump w/ connection unit 5 Connection O unit 5
Lid change unit S Connection > 50 mm unit 3

Bitumen binder - baselayer m.sq. 7000

Bitumen binder - surf layer m.sq. 7000
TABLE M.5: Water main reconstruction steps

TABLE M.2: Road major rehabilitation steps Activities Unit  Output
— . Mobilization, bypass, etc. Global 53
Activities Unit  Output . .

Mobilizati I - ‘ Global 5 Transmission main m 35
e oba Distribution main m 30

Lid preparation and . 1 .

removal unit 5 Valve chamber unit 1

Pulverization m.sq. 500 Fire hydrant unit 1

New sump w/o connection unit 10 Comections unit 5

New sump w/ connection unit 5 Granular sub-base (500 mm) m.sq. 1500

Stabilization m.sq. 800 Granular base (MG20, m.sq. 2000

Lid installation and change unit 15 200mm)

Bit bind b Ig 2000 Bitumen binder - base layer m.sq. 7000

Bft“me” bfnder ; asfel ayer. m-sq. 000 Bitumen binder dmidlayer  m.sq. 7000
flumen binder - surtiayer.— m.sq. Bitumen binder - surflayer  m.sqg. 7000

TABLE M.3: Road reconstruction steps TABLE M.6: Sewer main CIPP

Activities Unit  Output

T — . i A Activities Unit Output
Bod(;.lza ¢ ee't[!']mg, ete. oba 5(’)0 Mobilization, cleaning, etc.  Global 3,25
edding prep.ara on m-sq. Trenchless work m 100
Rock excavation m.cu. 20 . . .
: : Sump cleaning/inspection unit 10
New sump w/o connection unit 10 . . .
. . Coating of sump connection ~ unit 4
New sump w/ connection unit 5 . .
G I bb 500 1500 Connecting sump unit 3
ranular sub-base (500mm) - m.sq. Inspection after 20 months m 200

Granular base (MG20,200
mm)
Lid change unit 5

Bitumen binder - base layer m.sq. 7000

m.sg. 2000

Bitumen binder - midlayer m.sq. 7000
Bitumen binder - surf layer m.sq. 7000
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TABLE M.7: Sewer main reconstruction steps ~ TABLE M.9: Water main CIPP and road
major rehabilitation steps

Activities Unit Output
Mobilization, bypass, etc. Global 5 Activities Unit  Output
Installatfon 0-5m w/ rock i 20 Mobilization, bypass, etc. Global 8,75
Installation 0 -5 m w/o rock m 10 Trenchless work m 80
Installation > 5 m w/o rock m 10 Valve chamber unit 1
Installation > 5 m w/ rock m 5 Fire hydrant unit 1
Sump installation - other side unit 5 Connection O ! unit 5
Connection install. dother side  unit 5 Connection > 50 mm unit 3
Manhole on-site unit 0,067 T ——
Manhole precast unit 1 Mobilization, cleaning, etc. Global 5
Granular sub-base (500 mm) m.sq. 1500 Lid pre_par.anon and removal  unit 15
Granular base (MG20, 200mm) m.sq. 2000 Pulverization : m.s_q. 500
Bitumen binder - base layer m.sq. 7000 New sump w/o connec_non un!t 10
Bitumen binder - midlayer m.sq. 7000 New.s_um.p w/ connection unit S
Bitumen binder - surf layer m.sq. 7000 S_tap|l|zat|on_ m.s_q. 800
Lid install ation and change unit 15
Bitumen binder - base layer m.sq. 7000
TABLE M.8: Water main CIPP and road Bitumen binder - surf layer  m.sq. 7000
minor rehabilitation steps
Activities Unit  Output TABLE M.10: Water main CIPP and road
Mobilization, bypass, etc. Global 8,75 reconstruction steps
Trenchless work m 80
Valve chamber unit 1 Activities Unit  Output
Fire hydrant unit 1 Mobilization, bypass, etc. Global 8,75
Connecti on O 5 unit 5 Trenchless work m 80
Connection > 50 mm unit 3 Valve chamber unit 1
T ——— Fire hydrant unit 1
Mobilization, cleaning, etc. Global 5 . N .
R ¢ 2000 Connection O ! unit 5
esurface m.sq. . .
suriac ) sa Connection > 50 mm unit 3
Crack sealing (type 1and2)  m.sq. 200 1
New sump w/o connection unit 10 Mobilization, Cleaning, etc. Global 4,5
New sump w/ connection unit 5 Bedding preparation m.sd. 500
Lid change unit 5 Rock excavation m.cu. 20
Bitumen binder dbase layer m.sq. 7000 New sump w/o connection unit 10
Bitumen binder - surf layer m.sq. 7000 New sump w/ connection unit 5

Granular sub-base (500 mm) m.sq. 1500
Granular base (MG20,

200mm) m.sq. 2000
Lid change unit 5

Bitumen binder - base layer m.sq. 7000
Bitumen binder - midlayer m.sq. 7000
Bitumen binder - surflayer  m.sq. 7000
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TABLE M.11: Sewer main CIPP and road
minor rehabilitation steps

Activities Unit  Output
Mobilization, cleaning, etc. Global 3,25
Trenchless work m 100
Sump cleaning/inspection unit 10
Coating of sump connection unit 4
Connecting sump unit 3
Inspection after 20 months m 200

Mobilization, cleaning, etc. Global 5
Resurface m.sq. 7000
Crack sealing (type 1 and 2) m.sq. 200
New sump w/o connection unit 10
New sump w/ connection unit 5
Lid change unit 5
Bitumen binder - baselayer m.sq. 7000
Bitumen binder - surf layer m.sq. 7000

TABLE M.12: Sewer main @GP and road
major rehabilitation steps

Activities Unit  Output
Mobilization, cleaning, etc. Global 3,25
Trenchless work m 100
Sump cleaning/inspection unit 10
Coating of sump connection  unit 4
Connecting sump unit 3
Inspection after 20 months m 200

Mobilization, cleaning, etc. Global 5
Ir_é(:np(;:;a;;aratlon and unit 15
Pulverization m.sq. 500
New sump w/o connection unit 10
New sump w/ connection unit 5
Stabilization m.sq. 800
Lid installation and change unit 15
Bitumen binder - base layer m.sgq. 7000
Bitumen binder - surflayer m.sgq. 7000

* Onthe remaining surface
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TABLE M.13: Sewer main CIPP and road
reconstruction steps

Activities Unit Output
Mobilization, cleaning, etc. Global 3,25
Trenchless work m 100
Sump cleaning/inspection unit 10
Coating of sump connection unit 4
Connecting sump unit 3
Inspection after 20 months m 200

Mobilization, cleaning, etc. Global 4,5
Bedding preparation m.sq. 500
Rock excavation m.cu. 20
New sump w/o connection unit 10
New sump w/ connection unit 5
Granular sub-base (500 mm) m.sq. 1500
Granular base (MG20, 200mm) m.sq. 2000
Lid change unit 5
Bitumen binder - base layer m.sq. 7000
Bitumen binder - midlayer m.sq. 7000
Bitumen binder - surf layer m.sq. 7000

TABLE M.14: Water main reconstrtion
and road minor rehabilitation steps

Activities Unit Output
Mobilization, bypass, etc. Global 53
Transmission main m 35
Distribution main m 30
Valve chamber unit 1
Fire hydrant unit 1
Connections unit 5
Granular sub-base (500 mm) m.sq. 1500
%gmjrls)r base (MG20, m.sq. 2000
Bitumen binder - base layer m.sq. 7000
Bitumen binder - midlayer m.sg. 7000
Bitumen binder - surf layer m.sq. 7000

Special measures, etc. Global 3
Resurface m.sq. 7000
Crack sealing (type 1 and 2) m.sq. 200
New sump w/o connection unit 10
New sump w/ connection unit 5
Lid change unit 5
Bitumen binder - baselayer m.sq. 7000*
Bitumen binder - surf layer m.sq. 7000*



TABLE M.15: Water main reconstruction and TABLE M.16: Water main reconstruction and

road major rehabilitation steps road reconstruction steps
Activities Unit Output Activities Unit Output
Mobilization, bypass, etc. Global 53 Mobilization, bypass, etc. Global 53
Transmission main m 35 Transmission main m 35
Distribution main m 30 Distribution main m 30
Valve chamber unit 1 Valve chamber unit 1
Fire hydrant unit 1 Fire hydrant unit 1
Connections unit 5 Connections unit 5
Granular sub-base (500 —————————————————————————
mm) ( m.sq. 1500 Special measures, etc. Global 3
Bedding preparation m.sq. 500
Granular base (MG20, m.sq. 2000 ing p P. I q
200mm) Rock excavation m.cu. 20
:Zl;lérrnen binder - base m.sq. 7000 New sump w/o connection unit 10
Bitumen binder - midlayer  m.sq. 7000 (N;ew slump v:}/;onnzc(t)ign unit >
: - ) ranular sub-base
llzl;:rrnen binder - surf m.sq. 7000 mm) m.sq. 1500
1 Granular base (MG20, m.s 2000
Special measures, etc. Global 3 200mm) 50
Lid preparation and unit 15 Lid change unit 5
removal Bitumen binder - base m.s 7000
Pulverization m.sq. 500 layer 59
New sump w/o connection unit 10 Bitumen binder - midlayer  m.sq. 7000
New sump w/ connection unit 5 II3|tumen binder - surf m.sq. 7000
Stabilization m.sd. 800 ayer
Lid installation and unit 15
change
Bitumen binder - base m.sq. 7000*
layer
IBltumen binder - surf m.sq. 7000*
ayer

*on the remaining surface
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TABLE M.17: Sewer main reconstruction and TABLE M.18: Sewer main reconstruction and

road minor rehabilitation steps road major rehabilitation steps
Activities Unit Output Activities Unit Output
(I\a/lg-bilization, derivation, Global 5 (I\a/lgbilization, derivation, Global 5
Installation 0 -5 m w/ rock m 20 Installation 0 -5 m w/ rock m 20
Installation 0 -5 m w/o rock m 10 Installation 0 -5 m w/o rock m 10
Installation > 5 m w/o roc k m 10 Installation > 5 m w/o rock m 10
Installation > 5 m w/ rock m 5 Installation > 5 m w/ rock m 5
Symp installation - other unit 5 Symp installation - other unit 5
side side
Connection install. -other . Connection install. -other .
side unit 5 side unit 5
Manhole on-site unit 0,067 Manhole onsite unit 0,067
Manhole precast unit 1 Manhole precast unit 1
Granular sub-base (500 mm) m.sq. 1500 Granular sub-base (500 mm) m.sq. 1500
Ségnmu;]asr base (MG20, m.sq. 2000 Ségnmur]r]a;r base (MG20, m.sq. 2000
Bitumen binder - base layer  m.sq. 7000 Bitumen binder - base layer m.sq. 7000
Bitumen binder - midlayer m.sq. 7000 Bitumen binder - midlayer m.sq. 7000
Bitumen binder - surf layer m.sg. 7000 Bitumen binder - surf layer m.sq. 7000
| |
Special measures, etc. Global 3 Special measures, etc. Global 3
Resurface m.sq. 7000 Lid preparation and unit 15
Crack sealing (type 1and 2)  m.sq. 200 removgl _
New sump w/o connection unit 10 Pulverization ; m.s.q. 500
New sump w/ connection i = New sump w/o connection unit 10
Lid change unit 5 New sump w/ connection unit 5
Bitumen binder - baselayer = m.sq. 7000* S.tat.)ilizatior.] m.sg. 800
Bitumen binder - surf layer m.sq. 7000* Lid installation and change unit 15
Bitumen binder - base layer m.sq. 7000*
* On the remaining surface Bitumen binder - surf layer m.sq. 7000*
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TABLE M.19: Sewer main reconstruction and TABLE M.20: Water and sewer main CIPP and

road reconstruction steps road minor rehabilitation steps
Activities Unit  Output Activities Unit  Output
Mobilization, bypass, etc. Global 5 Mobilization, bypass, etc. Global 8,75
Installation 0 -5 m w/ rock m 20 Trenchless work m 80
Installation 0 -5 m w/o rock m 10 Valve chamber unit 1
Installation > 5 m w/o ro ck m 10 Fire hydrant unit 1
Installation > 5 m w/ rock m 5 Connection O ! unit 5
Sump installation - other side  unit 5 Connection > 50 mm unit 3
Connection install. -other _ L ——————
side ont unit 5 Mobilization, cleaning, etc. Global 3,25
Manhole on-site unit 0,067 Trenchless work m 100
Manhole precast unit 1 Sump cleaning/inspection unit 10
| i £ i unit 4
Special measures, etc. Global 3 Coating .0 sump connection .
Bedding preparation m.s 500 Connecting sump unit 3
gp p. -S4 Inspection after 20 months m 200
Rock excavation m.cu. 20 1
New sump w/o connection unit 10 Mobilization, cleaning, etc.  Global 5
New sump w/ connection unit 5 Resurface m.sq. 7000
Granular sub-base (500 mm)  m.sq. 1500 Crack sealing (type 1and 2) m.sq. 200
New sump w/o connection unit 10
Granular base (MG20, m.sq. 2000 p : !
200mm) New sump w/ connection unit 5
Lid change unit 5 Lid change unit 5
Bitumen binder - base layer m.sq. 7000 Bitumen binder - base layer m.sq. 7000
Bitumen binder - midlayer m.sg. 7000 Bitumen binder - surflayer ~m.sq. 7000
Bitumen binder - surf layer m.sq. 7000
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TABLE M.21: Water and sewer main CIPP and TABLE M.22: Waterand sewer main CIPP and

road major rehabilitation steps

Activities Unit  Output
Mobilization, bypass, etc. Global 8,75
Trenchless work m 80
Valve chamber unit 1
Fire hydrant unit 1
Connection O ! unit 5
Connection > 50 mm unit 3
Mobilization, cleaning, etc. Global 3,25
Trenchless work m 100
Sump cleaning/inspection unit 10
Coating of sump connection unit 4
Connecting sump unit 3
Inspection after 20 months m 200
Mobilization, cleaning, etc. Global 5
Lid preparation & removal unit 15
Pulverization m.sq. 500
New sump w/o connection unit 10
New sump w/ connection unit 5
Stabilization m.sd. 800
Lid installation and change unit 15

Bitumen binder - base layer m.sg. 7000
Bitumen binder - surf layer m.sqg. 7000

road reconstruction steps

Activities Unit Output
Mobilization, bypass, etc. Global 8,75
Trenchless work m 80
Valve chamber unit 1
Fire hydrant unit 1
Connection O ! unit 5
Connection > 50 mm unit 3
Mobilization, cleanin g, etc.  Global 3,25
Trenchless work m 100
Sump cleaning/inspection unit 10
Coating of sump connection unit 4
Connecting sump unit 3
Inspection after 20 months m 200
Mobilization, cleaning, etc. Global 4,5
Bedding preparation m.sq. 500
Rock excavation m.cu. 20
New sump w/o connection unit 10
New sump w/ connection unit 5
Granular sub-base (500 mm) m.sq. 1500
Ségnmurlna;r base (MG20, m.sq. 2000
Lid change unit 5
Bitumen binder - base layer m.sq. 7000
Bitumen binder - midlayer m.sq. 7000

Bitumen binder - surf layer m.sq. 7000
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TABLE M.23: Water main reconstruction,
sewer main CIPP and road minor rehabilitation

TABLE M.24: Water mairreconstruction, sewer
main CIPP and road major rehabilitation steps

steps R :
Activities Unit Output
Activities Unit  Output Mobilization, bypass, etc. Global 5,3
Mobilization, bypass, etc. Global 53 Transmission main m 35
Transmission main m 35 Distribution main m 30
Distribution main m 30 Valve chamber unit 1
Valve chamber unit 1 Fire hydrant unit 1
Fire hydrant unit 1 Connections unit 5
Connections unit 5 Granular sub-base (500 mm)  m.sq. 1500
Granular sub-base (500 mm) m.sg. 1500 Granular base (MG20,
m.sq. 2000
Granular base (MG20, m.sq. 2000 ZQOmm) -
200mm) Bitumen binder - base layer m.sq. 7000
Bitumen binder - base layer m.sq. 7000 Bitumen binder - midlayer m.sq. 7000
Bitumen binder - midlayer m.sq. 7000 Bitumen binder - surf layer m.sq. 7000
Bitumen binder - surf layer m.sq. 7000 T —
| Mobilization, cleaning, etc. Global 3,25
Mobilization, cleaning, etc. Global 3,25 Trenchless work m 100
Trenchless work m 100 Sump cleaning/inspection unit 10
Sump cleaning/inspection unit 10 Coating of sump connection unit 4
Coating of sump connection unit 4 Connecting sump unit 3
Connecting sump unit 3 Inspection after 20 months m 200
Inspection after 20 months m 200 T —
| — Special measures, etc. Global 3
Special measures, etc. Global 3 Lid preparation and removal unit 15
Resurface m.sq. 7000 Pulverization m.sq. 500
Crack sealing (type 1and2) ~ m.sq. 200 New sump w/o connection unit 10
New sump w/o connection unit 10 New sump w/ connection unit 5
New sump w/ connection unit 5 Stabilization m.sq. 800
Lid change unit 5 Lid installation and change unit 15
Bitumen binder - base layer m.sq.  7000¢ Bitumen binder - base layer = m.sq. 7000
Bitumen binder - surf layer m.sq.  7000¢ Bitumen binder - surf layer m.sq. 7000

* On the remaining surface
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TABLE M.25: Water main reconstruction, sewer

main CIPP and road reconstructidegs

Activities Unit  Output
Mobilization, bypass, etc. Global 5,3
Transmission main m 35
Distribution main m 30
Valve chamber unit 1
Fire hydrant unit 1
Connections unit 5

Mobilization, cleaning, etc. Global 3,25
Trenchless work m 100
Sump cleaning/inspection unit 10
Coating of sump connection unit 4
Connecting sump unit 3
Inspection after 20 months m 200

Special measures, etc. Global 3
Bedding preparation m.sq. 500
Rock excavation m.cu. 20
New sump w/o connection unit 10
New sump w/ connection unit 5
Granular sub-base (500 mm) m.sq. 1500
Ségnmurlne;r base (MG20, m.sq. 2000
Lid change unit 5
Bitumen binder - base layer m.sq. 7000
Bitumen binder - midlayer m.sq. 7000
Bitumen binder - surf layer m.sq. 7000

* On the remaining surface
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TABLE M.26: Water and sewer main

reconstruction and road minor rehabilitation steps

Activities Unit  Output
Mobilization, bypass, etc. Global 53
Transmission main m 35
Distribution main m 30
Valve chamber unit 1
Fire hydrant unit 1
Connections unit 5
Installation O -5 m w/ rock m 20
Installation 0 -5 m w/o rock m 10
Installation > 5 m w/o rock m 10
Installation > 5 m w/ rock m 5
gérgp installation - other unit 5
Connection install. - other .
side unit 5
Manhole ontsite unit 0,067
Manhole precast unit 1
Granular sub-base (500 mm) m.sq. 1500
%gnmurlna;r base (MG20, m.sq. 2000
Bitumen binder - base layer m.sq. 7000
Bitumen binder - midlayer m.sd. 7000
Bitumen binder - surflayer  m.sq. 7000

Special measures, etc. Global 5
Resurface m.sq. 7000
Crack sealing (type 1 and 2) m.sq. 200
New sump w/o connection unit 10
New sump w/ connection unit 5
Lid change unit 5
Bitumen binder - baselayer m.sq. 7000~
Bitumen binder - surflayer  m.sq. 7000~



TABLE M.27: Water and sewer nmai

reconstruction and road major rehabilitation steps

Activities Unit  Output
Mobilization, bypass, etc. Global 5,3
Transmission main m 35
Distribution main m 30
Valve chamber unit 1
Fire hydrant unit 1
Connections unit 5
Installation 0 -5 m w/ rock m 20
Installation 0 -5 m w/o rock m 10
Installation > 5 m w/o rock m 10
Installation > 5 m w/ rock m 5
Sump installation - other side  unit 5
gggnectlon install. - other unit 5
Manhole ontsite unit 0,067
Manhole precast unit 1
Granular sub-base (500 mm) m.sq. 1500
Ségnmur:qa)r base (MG20, m.sq. 2000
Bitumen binder - base layer m.sq. 7000
Bitumen binder - midlayer m.sq. 7000
Bitumen binder - surf layer m.sq. 7000

Special measures, etc. Global 3
Lid preparation and removal unit 15
Pulverization m.sq. 500
New sump w/o connection unit 10
New sump w/ connection unit 5
Stabilization m.sq. 800
Lid installation and change unit 15
Bitumen binder - base layer m.sq. 7000*
Bitumen binder - surf layer m.sq. 7000*
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TABLE M.28: Water and sewanain

reconstruction and road reconstruction steps

Activities Unit  Output
Mobilization, bypass, etc. Global 5,3
Transmission main m 35
Distribution main m 30
Valve chamber unit 1
Fire hydrant unit 1
Connections unit 5
Installation 0 -5 m w/ rock m 20
Installation 0 -5 m w/o rock m 10
Installation > 5 m w/o rock m 10
Installation > 5 m w/ rock m 5
Sump installation - other side  unit 5
gggnectlon install. - other unit 5
Manhole onsite unit 0,067
Manhole precast unit 1

Special measures, etc. Global 5
Bedding preparation m.sq. 500
Rock excavation m.cu. 20
New sump w/o connection unit 10
New sump w/ connection unit 5
Granular sub-base (500 mm) m.sq. 1500
%gnmurlna)r base (MG20, m.sq. 2000
Lid change unit 5
Bitumen binder - base layer m.sqg. 7000
Bitumen binder - midlayer m.sqg. 7000
Bitumen binder - surf layer m.sqg. 7000

* On the remaining surface



TABLE M.29: Water main CIPP, sewer main

reconstruction and road minor rehabilitation steps

Activities
Mobilization, bypass, etc.
Trenchless work
Valve chamber
Fire hydrant
Connection
Connection > 50 mm

Mobilization, bypass, etc.
Installation 0 -5 m w/ rock

Installation 0 -5 m w/o rock

Installation > 5 m w/o rock
Installation > 5 m w/ rock

Sump installation - other side

Connection install. - other
side

Manhole on-site

Manhole precast

Granular sub-base (500 mm)

Granular base (MG20,
200mm)

Bitumen binder - base layer

Bitumen binder & midlayer

Bitumen binder - surf layer

Unit  Output
Global 8,75
m 80
unit 1
unit 1
O 5 unit 5
unit 3
Global 5
m 20
m 10
m 10
m 5
unit 5
unit 5
unit 0,067
unit 1
m.sq. 1500
m.sq. 2000
m.sq. 7000
m.sg. 7000
m.sg. 7000

Special measures, etc.
Resurface

Crack sealing (type 1 and 2)

New sump w/o connection
New sump w/ connection
Lid change

Bitumen binder - base layer
Bitumen binder - surf layer

Global 3
m.sq. 7000
m.sg. 200
unit 10
unit 5
unit 5
m.sq. 7000*
m.sq. 7000*

* On the remaining surface

TABLE M.30: Water main CIPP, sewer main

steps

Activities
Mobilization, bypass, etc.
Trenchless work
Valve chamber
Fire hydrant
Connecti on
Connection > 50 mm

O 5

reconstruction and road major rehabilitation

Mobilization, bypass, etc.
Installation 0 -5 m w/ rock
Installation 0 -5 m w/o rock
Installation > 5 m w/o rock
Installation > 5 m w/ rock

Sump installation - other side
Connection install. - other
side

Manhole onsite

Manhole precast

Granular sub-base (500 mm)

Granular base (MG20,
200mm)

Bitumen binder - base layer
Bitumen binder 8 midlayer
Bitumen binder - surf layer

Special measures, etc.

Lid preparation and removal
Pulverization

New sump w/o connection
New sump w/ connection
Stabilization

Lid installation and change
Bitumen binder - base layer
Bitumen binder - surf layer

215

Unit Output
Global 8,75
m 80
unit 1
unit 1
unit 5
unit 3
Global 5
m 20
m 10
m 10
m 5
unit 5
unit 5
unit 0,067
unit 1
m.sd. 1500
m.sq. 2000
m.sq. 7000
m.sq. 7000
m.sq. 7000
Global 3
unit 15
m.sq. 500
unit 10
unit 5
m.sq. 800
unit 15
m.sq. 7000*
m.sq. 7000*



TABLE M.31: Water main CIPP, sewer main
reconstruction and road reconstruction steps

Activities Unit  Output
Mobilization, bypass, etc. Global 8,75
Trenchless work m 80
Valve chamber unit 1
Fire hydrant unit 1
Connection O 5 unit 5
Connection > 50 mm unit 3

Mobilization, bypass, etc. Global 5
Installation 0 -5 m w/ rock m 20
Installation 0 -5 m w/o rock m 10
Installation > 5 m w/o rock m 10
Installation > 5 m w/ rock m 5
Sump installation - other side  unit 5
Connection install. - other .

side unit 5
Manhole onsite unit 0,067
Manhole precast unit 1

Special measures, etc. Global 3
Bedding preparation m.sq. 500
Rock excavation m.cu. 20
New sump w/o connection unit 10
New sump w/ connection unit 5
Granular sub-base (500 mm) m.sq. 1500
(ZscggnmurLe;r base (MG20, m.sq. 2000
Lid change unit 5
Bitumen binder - base layer m.sqg. 7000
Bitumen binder - midlayer m.sq. 7000
Bitumen binder - surf layer m.sqg. 7000
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TABLE M.32: Water and sewer main CIPP

steps
Activities Unit Output
Mobilization, bypass, etc.  Global 8,75
Trenchless work m 80
Valve chamber unit 1
Fire hydrant unit 1
Connection O unit 5
Connection > 50 mm unit 3

. |
Mobilization, cleaning,

Global 3,25
etc.
Trenchless work m 100
Sunp cleaning/inspection unit 10
Coatlng_of sump unit 4
connection
Connecting sump unit 3
Inspection after 20 m 200

months

TABLE M.33: Water mairCIPPand sewer
main reconstruction steps

Activities Unit  Output
Mobilization, bypass, etc. Global 8,75
Trenchless work m 80
Valve chamber unit 1
Fire hydrant unit 1
Connection O 50 unit 5
Connection > 50 mm unit 3

Mobilization, derivation, etc. Global 5
Installation O -5 m w/ rock m 20
Installation 0 -5 m w/o rock m 10
Installation > 5 m w/o rock m 10
Installation > 5 m w/ rock m 5
Sump installation - other side unit 5
Connection install. - other side  unit 5
Manhole on-site unit 0,067
Manhole precast unit 1
Granular sub-base (500 mm) m.sq 1500
Granular base (MG20, 200mm) m.sq 2000
Bitumen binder - base layer m.sq 7000
Bitumen binder dmidlayer m.sq 7000
Bitumen binder - surf layer m.sq 7000



TABLE M.34: Water main reconstruction and TABLE M.35: Water and sewer main

sewer main rehabilitation steps reconstruction steps
Activities Unit  Output Activities Unit  Output
Mobilization, bypass, etc. Global 5,3 Mobilization, bypass, etc. Global 53
Transmission main m 35 Transmission main m 35
Distribution main m 30 Distribution main m 30
Valve chamber unit 1 Valve chamber unit 1
Fire hydrant unit 1 Fire hydrant unit 1
Connections unit 5 Connections unit 5
Granular sub-base (500 mm) m.sg. 1500 —Special measures, etc. Global 3
Sorgnmurlr%r base (MG20, m.sq. 2000 Installation 0 -5 m w/ rock m 20
Bitumen binder - base layer m.sg. 7000 Installation 0 -5 m w/o rock m 10
Bitumen binder dmidlayer ~ m.sg. 7000 Installation > 5 m w/o rock m 10
Bitumen binder - surflayer m.sg. 7000 Installation > 5 m w/ rock m 5
I Sump installation - other side  unit 5
Mobilization, cle aning, etc. ~ Global 3,25 Connection install. - other _
Trenchless work m 100 side unit S
Sump cleaning/inspection unit 10 Manhole onsite unit 0,067
Coating of sump connection  unit 4 Manhole precast unit 1
Connecting sump unit 3 Granular sub-base (500 mm)  m.sq. 1500
Inspection after 20 months m 200 %gmﬁ; base (MG20, m.sg. 2000
Bitumen binder - base layer m.sq. 7000
TABLE M.36: Reconstruction of mails, sidewalks Bitumen binder dmidlayer m.sq. 7000
and curbs Bitumen binder - surf layer m.sq. 7000
Activities Unit Output
Mobilization, bypass, etc. Global 5
Sidewalk demolition m 125
Curbside demolition m 300
Fire hydrant* unit 1
Lid change* unit 5
Sidewalk formwok m 300
Sidewalk placement m.ca 450
Curbside formwork m 100
Curbside formwork by hand m 300
Pedestrian island formwork m 300
Pedestrain island placement  m.ca 450
E:e?ggtrif(e)tne structure m 300
Water course restoration m 300
Tree planting m.cu 20

* Also considered in other activities
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Appendix N'i Decision trees for renewal

Very good

Very good
Good
Fair

Bad
Very bad

Bad
Very bad

N

WATER RENEWAL DECISION TREE (MONTREAL)

Based upon Quebec MAMOT Guide
(CERIU, 2013)

Decision criteria:

NBR = Number of break repairs since pipe installation
NBR10 = Number of break repairs over the last 10 years
BRL0 = Break rate over the last 10 years

LHI = Loss of hydraulic integrity

DIA = Pipe diameter

PC66-87 = Precast concrete installed in 1966-1987

LI = Level of impactsin case of failure

LSC = Lead service connections

LIF = Lifespan

No
‘ No
Yes
——Ve N

Ye:

Medium High
Low

Very good
Good
Fair

+-Bad

FIGURE N.1:Decisbn tree for water segmetneatments
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Very good
Good
Fair

\ 4

Poor
Very poor

Yes

A A

SEWER RENEWAL DECISION TREE (MONTREAL)

Based upon Quebec MAMOT Guide
(CERIU, 2013)

Decision criteria:

SCG = Sructural condition grade

OECG = Operation and maintenance condition grade
LHI = Loss of hydraulic integrity

DIA = Pipe diameter

TN = Type of network

LT = Last treatment

No
Sormwater i Wasterwater

No treatment

Replacement w/

adequate DIA elaE

Very good Poor
Good Very poor
Fair
Yes ‘ No
l l \ 4
Replacement CIPP Replacement

FIGURE N.2: Decision tree for sewer segment treatments
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Very good
Good Velraalgad
Fair y

Very good

ROAD RENEWAL DECISION TREE (MONTREAL)

Based upon Quebec MAMOT Guide
(CERIU, 2013)

Decision criteria:

PCl = Pavement condition index

IRl = International roughness index

FSR = Frost susceptibility of road materials
RBC = Road bearing capacity

TFO = Type of foundation

NMAR = Number of major rehabilitation
NMIR = Number of minor rehabilitation

Very bad

Good
Fair
Very good ‘ Bad

Good

Fair Very bad
Bad
Very bad
Very good
Good
Fair

Rigid

Ye

Hexible

A 4 4

Very good
Good
Fair

Very bad |

Very good
Good
Fair

No—

v \ 4

FIGURE N.3: Decision tree for road segment treatments
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Appendix O i Decision support system

TableO.1: Developed analysis criteria

Water Sewer
1 Age 1 Age
1 Years of installation, of renewal 9 Years of installation, of renewal, of
1 Diameter last inspection
1 Cumulative number of breaks 1 Diameter
1 Break rate 1 Condition grades from last inspection
1 Length 1 CywmﬂSCS
1 Possibility of trenchless work (Yes/No) T Simulated SCS
1 Jurisdiction (secondary/primary) 1 Possibility of trenchless work (Yes/No)
Fragility of material (Yes/No) 1 Remaining lifespan
1 Presence of lead service lines (Yes/No) 1 Elapsed lifespan
f Elapsed lifespan 1 Length _
f Remaining life span i Jur_lsdlctlon (secondary/primary)
§ Suitable diameter (Yes/No) 1 Suitable diameter (Yes/No)
1 Recommended diameter (Yes/No) T Recommended diameter (Yes/No)
1 Impact level of failure (high -to- f Prioritization grade
low)Prioritization grade 1 Road classification
1 Road classification 1 Type of material
1 Type of material 1 Presence of water segment in the
trench
1 Impact level of failure (high -to-low)
Road Road corridor
1 Age of foundation 1 Water segment remaining lifespan
1 Year of construction, of renewal, of I Sewer segment remaining life span
inspection 1 Road segment remaining life span
f Road classification 1 Road jurisdiction
1 Performance condition index 1 Road length
1 Roughness index I Water prioritization grade
1 Frost susceptibility 1 Sewer prioritization grade
1 Load bearing capacity 1 Road prioritization grade
1 Prioritization grade 1 Road corridor prioritization grade
1 Treatment elapsed life span 1 Presence of fragile water segment
1 Treatment remaining life span 1 Presence of fragile sewer segment
9 Jurisdiction (arterial/local)
1 Length
1 Width
1 Surface
1 Type of foundation
1 Presence of central mail, sidewalk,
curbs
9 Surface of central mail, sidewalk,

curbs
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When initialisation check box is active, this means that the condition state of pipe should be
reassessed after performing one¢aded actions.The cost module should be upgraded in the
frame of this research to incorporate social costs related to different activities (see Figure O.2).

ACTIVITIES DETAILED COSTS INITIALISATION COST DIMENSONS
i Nointervention T [Road pavement refection Vi |Road classification
& |Mortar lining . || [Non structural Lining 7{
(ED CIPP + Replacement of lead service lines | [Sructural lining 7[ Diameter
lﬂ app V] Replacement ﬁ Diameter
Replacement — —Tr
% Replacement w/ recommended diameter oo |Lead serwc_e lineeniacament ﬁ
I<T: Replacement w/ larger diameter || Break repair 7{
= Break repair ] |Repair of central mail, sidewalk and curbs V] Road classification
 |Nointervention
E No planned intervention Road pavement refection vt Road classification
% InspeCtIQﬂ CCrv Non structural Lining 7{ Diameter
e (l\éllopr;arlmmg Sructural lining g Diameter
% Replacement E:plgcement __ V] Road cIaSSff{catfon
ﬁ Replacement w/ recommended diameter painotcentialmailsdewsligand.curbs E Road classification
Inspection TO
. Nointervention V1 [Central mail/ sidewalk/ curbs refection | M |Road classification
g [Repair Crack sealing/ pothole repair 7{
% Reconstruction : || [Reconstruction w/ coordination w/ water 71 Road classification
i g:zg:::zg:g: a; v\\llva;teerrp;‘p;\r,\?gacement || [Reconstruction w/ coordination water & sewer ﬁ Road classification
<D( replacement ! Reconstruction w/ o coordination ﬁ Road classification
8 Minor rehabilitation | | [Minor rehabilitation ?{ Road classification
Maj or rehabilitation || |Major rehabilitation V] Road classification

Figure Q1: Former cost module (adapted from InfraModex)
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ROAD SEGMENT

ACTIVITIES

No intervention

Repair

Reconstruction

Reconstruction w/ water pipe replacement

Reconstruction w/ water & sewer
replacement

Minor rehabilitation

Major rehabilitation

DETAILED COSTS

Central mail/ sidewalk/ curbs refection

Crack sealing/ pothole repair

Reconstruction w/ coordination w/ water

Reconstruction w/ coordination water & sewer

Reconstruction w/ o coordination

W |Minor rehabilitation

Major rehabilitation

S

Major rehabilitation w/ social costs

Reconstruction w/ social costs

z Machinery gas emissions (MGE)
|V |Vehicular gas emissions (VGE)

Property structural damage (PSD)

; Dirt and cleaning costs (DDC)

Accelerated asset damage (AAD)

Buried utility damage (BUD)

Administrative burben (AB)

Citizen claim (CC)

Accidental injury (Al)

Z Productivity reduction (PR)

Service interruption (S)

Human life loss (HLL)

Parking revenue loss (PRL)

[44]

Tax revenue loss (TRL)

Property sale and rent loss (PSRL)

" | [Vehicle damage accident (VDA)

Traffic control measures (TCM)

Vehicle delay costs (VED)

4]

Obstruction to emergency vehicles (OEV)

4

Vehicle maintenance and operation (VMO)

Net business income loss (NBIL)

@ |Pedestrian delay costs (PED)

INITIALISATION

RIRISISIRISIR AR AR AR ISIARISIS IR IS IR IKIR SIS IS IS IS4

Figure Q2: New cost module (adapted from InfraModex)
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COST DIMENSIONS

Road classification

Road classification

Road classification

Road classification

Road classification

Road classification

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

Road jurisdiction

|Road jurisdiction




Appendix P ldeas for further developmentin InfraModex

The optimization of coordination decisions is achieved at two levels based on local practices. At
the asset levgif a pipe segment is scheduled for OCR tla#irsegments of the same type within

the corridor will also be replaced regardless of their condition. This does not apply to CIPP for
which solely the segment scheduled will be lined. At the corridor lehelpipe is scheduled for
OCRthenall types of assets above will also be replaced. Therefore, it is important to verify the
kind of treatment due for assets below in order to avoid repeated OCR resulting in efficient use
of renewal budgets.

A proposedstudy in the matter of coordinatiocould beto find the optimalcoordination tree

This could not be achieved in this study because of extensive programming that was required in
InfraModex. However, dree search heuristican be developedrhe first step s to build the

initial decision tree and estimates present value of treatment costs over the planning horizon
resulting from the initial tree implementation. Initial terminal states are treatments resulting from
individual programs of works.

Initial
coordination decision tree

|

Cost estimations

l

Expansion

# of iteration
ON

Cost estimations

!

New
coordination decision tree

Figure P.1Tree search heuristic for coordination

The expansion processn consisin adding one or more decision criteria to terminal nodes.
FigureP.2 illustrates a node expansion where a period of T yeerde generated randomlyan
range from 5 to 25 years and can differ from water to sewer pipié.a83®wer segment is due
now for CIPP andinother in the sameorridor for OCR in less than T years, then OCR will be
performed now for all sewer segmenigo(k packagetlin Table 3.§; but if all of remaining
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sewer segments are due for OCR in more than T yeara @water segment is due for OCR in
less than T years, then OCR will be performed now for all water segmentts jackage#2 in
Table 3.§. The complexity of buried networkssides in the fact thatcorridor can have more
than one pipe segments, with different treatments at different timings.

The shifting of terminal states consists in changing an initial state into anothere R
illustrates all retained potential t#a, for example, initial states 3 and 12 could mutate
respectively to 1 and 11. Potential states for mutation are based upon policies to mitigate social
disruption(such assynchronizingsequential OCR to avoid repeated pavement cuts over a short
period,avoidingroad OCR if pipes do not require OCtpmotinglong-lasting road treatments

to minimizetreatmentover the pavement life, anmkrformingpipe CIPP if necessary when road
OCR is due in order to reduce risks of weakening adjacent pipes bethigeer break ratgs

Finally, the cost estimationsan beperformed for the new decision tree. If the costs from the

new tree are greater than the old, then new tree is retained. These processes are repeated a
number of N times. Finally, the leasbst cordination tree is selected as the intervention
strategy to be followedl he best timing T can also be found.
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Figure P.2Example of node expansion and mutation
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