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Executive summary

The challenge in the infrastructure industry has shifted from funding new infrastrfchdiegahe
repairing, rehabilitating and replachgxisting infrastructure. This challenge is accompanied with a lot
of uncertainties regarding the deteriargiimcess of physical infrastructassetsDeterioration can be
modelled with the use of dataut the parameters involved that predict the physical bebvior
infrastructure assedse mostly an assumption and not known with certainty. Useful degdidbthe
procesappeasto berareand areostly to generate

The mentioned problederogatethe reliability of both short and long term asseniplgrfLTAP). This

thesis screerise problem tanaintenance planning bndges in an urban environmértte municipality

of Amsterdam facilitated the research iaral perfect example of a public infrastructure ougileg
determinist valuesfor maintenance intervélsat do not gegrate a reliable estimate for maintenance
costs Uncertainties like diffences in the use of bridges are not taken account, aspects that exert a
difference in the deterioration pakeew method to quantify uncertainties regarding the deterioration
process of bridges in an urban environment has been deuelbpethesisvhere expert judgement will

be applied. The outcome answers the main research question:

How cafixpert Judgemenbe deployed to deyrtimailistic maintenance intervaformaintenance
activities on bridgesin adynamic urban environmenin order tmprove thelability oflong term
asset planningn the absence of ha?d data

This thesis describes the developmerth@fCOTA methodvhich quantifiegxpertise regardirtbe
Condition Over Time Assessment of infrastructure assets. Thopestibnsra answered in order to
developa questionnair@ith the goal to gain more insightthe deterioration procesise practices in
maintenance arttie way infrastructure condition is measukémhg the answieig of these questions,
data havbeen acquireafter a thorough search throuwgimpanies and municipalitiethie Netherlands.
The questionnaire has been used in the application of expert judgement.

The first suluestion distinguished the deteriorating fatitatsare present in different significance at
different bridgesDeteriorating factors such as chemical prezasd steel fatigue are assumed to be
present everywherEhe focus i®n the use of bridges in an urban environrBeitlges do vary by their
characteristics but also by their use which indicates the relevance of maintenance activities with different
intervals for different bridges. The quantification of the impact of uncertainties might be fed back to a
developed classification of bridges wikittased on the differestetween use and design. The method

to do this is not elaborated ugordepth andarns more research.

Secondthe practiceof infrastructte maintenance aegploredThe question iy maintenance is done

is answered by the presence of deterioratienquestion whahaintenance is performed is answered by
comparing maintenance schemes fpoivlic infrastructure owners witbmmercial engineerinignis

and contractor€Each party ithe maintenance sectors seems tdiffseent schensand annotatiasto
execute maintenanés official generalsion of maintenance to be performed on bridges has not been
found.A list of (general) maintenance activities for which an impact caiiantifias been developed is
the result ofthis questionThe probabilistic intervals for these activities are generdbed GOTA
method.

Third, the measurement instrument for infrastructure quality has been investigated. Infrastructure quality
can be masured technically as vasly appe@nce. The NEN276% functionss astandardo measure

the technical @ndition andthe Dutch knowledge platforrfROW developed a guideline to assess the
appearance of assets. Both guidelines make use of a rankiop thevstate of an asset is marked. The
NENZ2767%4 is an official Dutchtandardand tterefore used in the COTA method by asking the time by
which an asset reaches a condition score regarding the NEN2767

A guestionnaire hdseen developed withe gained insight from subquestions datal found at the
Dutch contractor Volkerinfra artde municipality of Amsterdam\n amount of 28 Dutch expeftem
VolkerInfra, Antea Group, Hhfra, Royal Haskoning DHV and the municipalities of Rotterdam and
Amsterdanwith management and maintenance related functions participated in the questionnaire.



The guestionnaire simulates an infrastructure inspection. Instead of planning maintenance in the future,
the age of inspected damages has to be estimated $sirexpirecertainty through the method of expert
judgementExperts show whether they have the ability to assess condition obgraiiraetifyinghe

impact of deterioratiorExpert judgement objectifies subjective probabilities by obtaining uncertainty
asessments in form of three values, representing the favourable, unfavourable and most feasible outcome
for each question. The uncertainty assessment
accuracy and informativeness of their assessrAéirtsthe assessment ddmages for which the
timespan is knowmassessments are askedHeperiod it takes an element to deteriorate to a condition
score regarding the NEN2747 The quantifications of expedre combined, dependiog their
performancealuring the simulatiofRrobabilistic intervals are generated by the optimal combination of
expert opinions, with the highest statistical accuracy and informativeness.

Analysing thencertainty assessments of esxpert leads to the conclusion that tégi@ating experts

in general have trouble with estimating condition over time. Given the opportunity to express uncertainty
with minima and maxima, experts use wideraiéeto express uncertainty &tilt miss the right value in

the simulatiorhalf the time Estimating the interval for certain maintenance activities to preserve a set
quality level regarding the NEN2-Z6igsulted in very discrepant answers ampeg®lL eaving out the

most discrepant questions did not generate any improvementgsualtaghough a combined opinion

has been generated which is 25 times more acbutdteloes not express a lot of confidence in his
answers as wide ranges are generated. The answers consist of distributions for a set of maintenance
activities on lidges in an urban environment and represent a probabilistic interval.

This researctook place in the context of improving the reliability of long term asset planning. The results
of the questionnaire have not been fed back to the existing long teptamsiset of the municipality of
AmsterdamThe use of expert judgement did not solve the problem of lacking datgidaiénterest

of quantifying deterioration over time is proven however. Huge differences exist in the opinion of experts
who advice omaintenance planning.

A recommendation is given to deal with the complexity of infrastructure deterioration in the future.
Instead of an expert driven approach the industry should set up a more data driven approach. Every
bridge in function is a physicaperiment itself anghformation about these rdié¢ laboratorishould

be administrated to initiate a database in whiclteldt®on between briddgpe useand matter of
deterioration can be monitored. An analogy with medical science is made to illustrate the concept of
statistics anéhfrastructure As soon as enougtata hee been gathered, analyses in the deterioration
process may show why and how bridgésriorate. By doing so, more reliable probabilistic intervals can

be generated at different scadehe future

Figure 2 Amsterdam, bridge 491 Bascule bridge
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1. Introduction

Amsterdam

Amsterdam,hte capital city dhe Netherlands renowned for its canals and bridges which connect the
outer city with theity certre. Bridges are types of irdtaucture serving the transportation of people and
goods. Economical development and other functions as the delivery of essential services, the support of
social needs and even quality of life have strong dependendieadirtinastructurgToo, Betts, &
Kumar, 2006)The city of Amsterdaras beemevelopingever since the end of the Neolithic gige

now wherghousands of bridgese in functionThe oldest bridge in active state is the ToreBsidige
which dates from 1684 lot of things happened in the period till the @intury. The papation
nowadays is almost four times as big and the development psthgezhin 1885. You can imadjivat

the initial design would totally be unaligned with the present dentamdt all information in the
meantime has been storidaddresses problem which will be furtherly explained in the upcoming
paragraphs.

Infrastructure deterioration

Bridges can be found in all kinds of foonsypesand differ from each other in material, dimensions,
loacs and lots of other characteristiddl these charateristics are parameters forcantinuous
deterioration procesPeterioration is an ongoing process where the value and performassetsof
reduces over time due stressfulconditions Deteriorationis fortified by factors likeincreasing use,
dimate change, higher loads, heavier rainfall and stronggiKieitids & Roebers, 201 Thfrastructure
assets like bridgase ageing, and an increasing number of bridlgesach their end of lifetinie the
coming decadels.is hard to exactly specify this moment due to several aspedt.th¢ firgantification

of deterioration is hard and deteriorai®mot always visible. Secodalta to predict the moment of
replacement oto model the deterioration process are rare and naistbntAs the construction
timeine of the bridges inAmsterdam is not lingahe expenditure on maintenance activitiase not
linear as wellesulting in high expenses in a short period of Timgeeffect can best be seen when the
asset planning accounts for the longer term instead of a short teanit wbald occur thatno
replacement or major overhauls have to be performed.

Bridge maintenance

Maintenance orbridges carroughly be categorized in daily maintenance, major overhauls and
replacements. Independent of the condition of ass&itgenancactivitiesare currentlyplannedoy a
deterministi¢cime intervafor types of bridges Amsterdanand elsewherBue to uncertainties by lots

of deterioration factorand usagehis intervals very unfeasible anabre likely to shift over timé
overhauls and replacemeats bridges could be postponed, costs will be saved, resulting in a lower
output for maintenance expenditulé®verhauls and replacememsbridges should be put forward,
firing risks will be prevented, resultingairpossiblelower output for (corrective) maintenance
expendituregAlaswad & Xiang, 2017he first situation appears to be more probable and the actual
interventionmoment formaintenance activitipsobably differdrom the determiistic values that are
currently used by public infrastructure owners

Long Term Asset Planning

To have insight in thiature maintemnce expenditures for bridges atiebr infrastructure, the concept

of long term asset planning (LTAP) has been developed. LTAP has the goal to show the proposed
expenditurescapital and operational expendit(@&SPEX and OPEX)for the long termThis creates

the abilityto build up anonetanbufferto absorb the CAPEMhich is necessary when a period of large
expenditures due to multiphajor overhaulsr replacements comes UPAP also gives the opportunity

to programmajor overhauls and replacements which create the advanprgadafics expenses over a

longer termOther public infrastructure owners like Rijkswaterstdt executive agency within the

Dutch ministry of Infrastructure and Environmemg facing the budget challenge of replacing multiple
infrastructures withiashort period of time as well.

The concept of long term asset planning can be sdablenl. A sample of the current LTAP in
Amsterdam is showft. consists of dist of maintenance activititisat can be done on small movable
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bridgesand theirdeterministic frequencieshe frequery values are deterministic and do not take
uncertainties into account.

Table 1LTAP concept in Amsterdamfor small movable bridges

Maintenance activity Interval Unit costs

Daily Maintenance | Wear layer repair 5 456, 9
Inspections 2 0580,
Cleaning drainage system 1 0243,
Lubricate machinery 1 610, 7

Major Overhauls | Railing conservation 10 023, 1
Girder conservation 10 0 500
Wear layer replacement | 10 a51, 5
Concrete repairs 10 0166,

Replacements Refurbishment/replaceme| 100 04000
Revision machinery 20 a432,

Condlition over time assessment

The intervalof the maintenance activigy based on a certain quality level that is being endeavoured.
Connecting drequencyto this quality level implies that insight has been retrieved in the deterioration
process over time. Doubts exist however whether this deterministic value corresponds with the expenses
in realityto maintain this quality levBl giving insight in theAPEX and OPEXfor multiple assetsn

the long terminfrastructure owners have a decisiaking tool toplan expenses on infrastructure
maintenance. It thus importanto have reliable input to come to a proper cost perspactivieudget
allocationfor the long term. Thighesiswill focus on thedevelopment of a method by which e 6 s
uncertainty assessment skill regarding the deteriaittiion over time omirastructure assets is
guantifiedwith the purpose to develop probabilistic intervalsnintenance activities on bridges.
probabilistidnterval consists of mean for a maienance activity withspread to cover uncertainties
within the deterioration proce$his concept of a certain mean and variance does exist but needs a lot of
data to be generated which is not always availabkddedvalue ofthis conceptagainst the current
practicestogether with the reasasy it isnot there yewill becoveredn the next chapter.
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2. Problemstatement

2.1 Introduction

This chapter will cover the urge for the research on the determinapiabadsilisticmaintenance
intervalsandthe reasons why it is hard to assess condition over time of infrastructuldtasseie
and interviewsxplairthe cause®r the need oprobabilistic maintenance intervals.

2.2 Uncertaintiesin infrastructure asset management

Uncertainties in asset management are a major challenge and very dependent on the condition of an asset.
Uncertainties may either be aleatory or epistemic. Aleatory uncertainties cannot be reduced and will not be
discussed. The focus will be on epistemic uncertainties that influence asset Aegditioondition,

which specifies the likelihood of assatrilis uncertain due to a condition dependent hazard rate or
deterioration. The uncertainty about asset condition leads to early maintenancenatéoveraient

risks from firingwhich creates additional ca$teinstein & Morris, 201@irectly adimg to this is the

fact that LTAPOs have their uncertainties as wel
The difficulty in the reliability level of strategies like LTAP are attributed to the uncertainties about
performance predioti and deterioration ratésrangopol & Soliman, 201&hese unctinties can be

related to different causes and data might help in degedppioaches to quantify these uncertainties.
Relevant data to piiet the deterioration process aesent howeveiThe arrent type of data
(sometimes) only reveals passport information of assets, not showing the dynamics since they were built.
The laclof data fortifies the uncertainty about infrastructure assets.

Uncertainties and L TAP

Dekker(Dekker, 1996Jlefinesuncertaintieselevanffort he r el i abi |l ity a@dd optir
first there is a need for a decision support system to optimize mairnpéaramge The problem with

input parameters for these decision support systems is that they are often not measurable or defined (yet),
creating a problem to take decisions based on such a modélaR#ddS are not taken into account yet

in the LTAP of Amste@mfor instanceSecondly, and relevant for this research, the gatheritaytof da

define a more reliabfgobabilistic maintenance interealidentify asset conditias not only a costly

activity but should also have strict rules to ensure theiteli@bihe data. From interviews with
municipalities of Amsterdam, Rotterdam and the province of North Holland, it turned out that absence of
data about assets, containing dynamic information such as the last maintenance moment is a common
thing. Passporhformation such as materials and building year are administrated but a comparison with
maintenance administration as with cars for ingegee far away. At labteory and practice are not

aligned In the optimal situation, asset managers possiEsnaltessargata to propose an optimized
mantenance plan. The data consiishe exact states and information of assets, peté&eentionand

inspections. However, actual situations show the near opposite or at maximum an approach of the
optimal guation. Uhcertainties due tonperfect data, actions and inspectexist The asset manager

has to create a maintenance plan with assumptions to fulfil the strategic démaaimasact of
uncertainties sftennot considered.

The uncertainty about data asdetondition is not very unlikely as uncertainty with assets starts from

the beginning. The consideration of the effects of random variability in the strength and loads for assets is
covered within the field of probabitisiesign. Design paramefersnstancere not only to be assumed
deterministic but do have some kind of distribution with a mean and bandwidth. The load on a structure
may vary, but so does the strength characteristic of an asset from the beginexagndte, the
permittable deviation of cement used in a structure lségnificant impact on its actual strength
(Jonkman, Vrouwenvelder, Steenbergen, Maggetes, & Vrijling, 2015)

The municipality of Amsterdam is not théy@rganization who is facing the problem of lacking data and
uncertaintiesAsset managers irdgnamic politic environmefgce a major challendee to increasing
performance requirements, less public acceptance, higher legal requirements andidanitétheb
challenge to find an optimal balance between perforrmmastseand risks lies within risksed asset

1RAMS= reliability, availability, maintainability, safety

14



management but the success of this appimaehydependent on the available d&iatter & Roebers,
2017)

2.3 Deterioration of instrastructure assets

Due tothe unknown impact dll these unctainties itis very hatdo def i ne the Odopti m
perform maintenanc@&he optimal momernthis thesis is looking fman be seen as thment just

before an object reaches an undesired condition. This differentiation is hard to aededlop

complexity with uncertaintiessvisualized irigure3 (Biondini & Frangopol, 201&jigure3 shows the

expected deterioration rate and performance for a certain (sub)asset. The conceptual distributions show
the uncertainty which is present in every phase and the uncertainty abouotethieof intervention.

The focus of this research is on the latter. To be abhkséss the optimal momentnodintenance
interventios, the uncertainty within maintenance intervals has to be modelled or quantified as other
(observed) data is lackingtadwhich cegecertaintyR. M. Cooke & Goossens, 2000)

without maintenance/repair

- With maintenance/repair

Performance Indicator

_______________________________ L1 SO SR S
Performance

Time t
Figure 3 Uncertainties, deterioration rate and performance for a (sub)ass@iondini & Frangopol, 2016)

Deterioration models describe the effect of intanthexternal loads. During the operation phase, assets

are vulnerable to deterioration caused by mechphigsital and chemistilessors, harsh environment,

and extreme even{grangopol & Soliman, 201&ue to continuous deterioration, caused by the
mentioned factor s, the structur al capacity and
increases over time, leadingdonemic and societal Iq@hang & Gao, 2012Deterioration is a highly

uncertén pracess and often invisible but the concepbearisualized as figure4 (Kumar & Gardoni,

2013) An n-th loadinitiatesa demand D to be resisted by a system capacity C. The demand D creates a
deterioration process which leads to a reduction of the system capacity C. The vertical difference between
the two dots for the system capacity induces a difference betweemtheapgsity just before and after

a load has appeared. To tackle the impact of deterioration, assets have to be maintained and upgraded in
order to perforno their desirablperformance levels.

Capacity/demand

Time (f)

Figure 4 Visualization of the deteioration process(Kumar & Gardoni, 2013)
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The input for deterioration models hasdireffect on the LTAP as tipdanning of maintenance
interventions ibased on these modésibsequently, the reliability olLAM\P is logically dependent on

reliable input. Current deterioration models are of a stochastic nature with a mathenoattehapgh

does not only create difficulties for understaratilginterpretatioby technicians and managers. The
models are based on statistics that predict the properties of a group of structures instead of an individual
asset. The parameters whicldjgtehe physical behaviour are mostly an assumption and not known with
certainty(Klatter & Roebers, 201 Qoncludinga lot of factors cause the concept of deterioration to be
patchy. Tie long life of infrastructure assets, theagagt condition reduceger this time, the lack of

data, and how this process affects thetemaince interval are the main reasons fqiPhitkad & Jafari,

2016) The majority of maintenance plans uses only one deterministic value for a maintenance interval.
However, as described above with the deterioratioass, it is highly uncertain whether this value will

give a representative image of the actual nebeé foaintenance activity to be performed at that interval

24 Probabilistic interval

Probabilistic intervals show the possible periods by whickeacas reach a certain conditiicolali

(Nicolai, 20155hows the added value of probabilistic intervention estimates to be able to allocate
sufficient funds for the financing of mstructure overhauls and replacements in the future. The service

life and variance of infrastructure assets is therefore estimated. The estimated functional lifetime of assets
appears to be higher than the old deterministic lifetime values used byeRikstgainer of public

works and water management in the Netherlandsganization who is facing the sproblem and

challengas the municipality of Amsterdam. The variance in lifetime gives the lead to develop a more
reliable prospect for plannegbenditures omaintenance activitis the long term.

The current LTAP of the Municipality of Amsterdamd manyother citiess based on (deterministic)
assumptions. The different parameters, maintenance interval, unit cost, engineering factor and so on are
defined by means of practice, overestimated to have no risk, and do not have a variance. Due to the lack
of relevant datd is very hard to determine a variance which is based on findings about the past. The
decisions to be made snch a scenariare based on (large) uncertainties. The urban and dynamic
environment ohistorical cities likAmsterdam also contributes tostfiihe lack of data and use of
deterministic values regarding bridge maintenance as in Amsterdasricappeaigeneral problem

Other maintenance schemes of both municipalities and engineering firms show the same shortcomings
that result in the same issu

2.5 Different approach

Assuming that data dreleed absent everywhere, a different approagalevithuncertainties should

be sought for in order to develop probabilistic intervals and thus improve the reliability of long term asset
planning.The ckcisions in asset management have to be taken in rationalinsseewbrof biased by
uncertaintiesA method has to bdevelopedo retrieve the necessary data alternatively to improve the
reliability concerning maintenance intervals for the long tetmplassng of urban infrastructures.

It is assumed thaglable knowledge about the discussed g@angpresent at experts in their specific
field of interesfThe mean age at public auttiesiis rising and ddtetarenot available on paper viid
inside the heads of personfledbmbaers, 2015kxperience and knowledge npagbablygenerate a
better assumptioto assess condition over tjimeecompanied with an implicit level of subjective
confidence, degree or belief, then mathematical approaches in case of lafking. dat&oossens,
Cooke, H a-Wiersma,&00B) o d i L

Expert judgement combines subjectivbalndities from experts in a specific field of interest to develop
probabilistiaistributions. This approach fits the written circumstances in which uncertainties exist due to
the absence of data. Experts might be able to quantify the impact of theethentertainties by their
expertise and experience. This quantification should be seen as the ability to assess tloe condition
performancef assets over timExpert expertise fgst calibrated againast situations for which answers
are known to theesearchelAfter, their expertise is used for situationsethearcher needs answBss

doing so, probabilistimaintenancentervals might be developeSubjetive probabilitiedoecome
objectified and expsrshow in this method their abilityprovidereliable prospects for future issues.

The method operformancdasedexpert judgememvill be elaborated upon in chagier
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3. Research guestion

3.1 Introduction

The previouschaptes described the problem anubtivationfor this reportAn approach to deal with

this problem has been discussed. The goal of this report is to see whether this approach will indeed solve
the illustratedproblem.This chafer introducs the research question. This question will result in a
methodology to tackle the problem statement.

3.2 Research gquestion

The scope of the researishbroken down tahe dynamic environment of urban infrastrustutes
further broken down in the definition of tipeobabilisticinterval with mean and variander
maintenance activites dnidges. Theobjective withinthis contextis to develop a long term asset
planning in Wich uncertainties airecorporatedingead ofroughly overestimatefixpert judgement has
been depicted to develihgse interval3his leads to the following research question.

How cafixpert Judgemenbe deployedieteel@probabilistic maintenanceintervalformaintenance
activities on bridgesin adynamic urban environmenin order to improvestfability oflong term
asset planningn the absence of ha?d data

3.3 Definitions
The highlighted words are defined as follows:

Expert judgement

Expert judgment is a method which create®nal consensus by combining expert opiniatge&ive
probabilitiesare elicitatedb quantify uncertaintiend develop distributisrfor situations where data
doesnotexistEx pert opinions are elicitated through a
assessment skill in the concerning field of work. After, new answers are developed for the actual problem.
This method will furtherly be explained in chdpter

Probabilistic maintenance interval

A probabilistic maintenandaterval addresses the possible frequenfiiemdwith) by which a
maintenance activisyould be performed to maintain a certain quality [Hvelbandwidth consists of a
mean andariancevhichwill bedevelopedby exper estimates on giveercentilesn a questionnaire.
The percentiles represent the possihbkes by whicln assataches a certain condition

Maintenance activities
Maintenance activities are the activities that upgrade the ajuabityditionof a bridge. A set of
maintenance activities will be selected for which probabilistic maintenaneaititbevdevelogd.

Dynamic urban environment

The properties of a dynamic urban environment indicate a set of typical factors that cause a certain pace in
the deterioration process.dynamic urban environment in this context is characterized by a lot of
changes in the @snd policies for road infrastructdige urban environment addressedythicalway

bridges are useilot all aspects of the urban environmentdigectly beguantifiedas they araleatory

instead of epistemidhe expertise and experience of egpethe field is used to give an approach.

Reliability
Reliability is aneasurego which the long term asset planning performs consisidwt predicted
maintenance expenditures are in line with the expenditures in reality.

Long Term Asset Planning

Long term asset planning isualgetplanning which shows a list of budget déféisconsist of all the
maintenance activities to be performedafaepecific period in the future. LTABSthe goal to give
insight in maintenance expémdis for the spédied period.
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3.4 Sub-questions

To give an answer to the research questsight should be gain abseteral issuethe subguestions

which serve theesearch questiateal with thresubjectgelevant for the inand output of long term

asset planninghe input of long term asset planning consists of maintenance activities that are performed
at a certain intervéd tackle deterioratiold a degree thassure a certainquality level. The dlds of
deterioration, maintenance activities and quality will be exploredgirestignsThe subquestions

create thdramework ofthe questionnaire that will be ugsedhe application of expert judgement by
covering the wh what and when of maintana in respectively sghestion 1, 2 and 3.

‘o BSEC

Figure 5 Deterioration leads to maintenance. Maintenance leads to higher quality.
1. What are main deterioratingactors on bridges in an urban environment?

This questiorproves the relevance of a probabilistic intervatleald with the key characteristics of
bridges and the impact of loads they have to bear in an urban environengetvs are used ftre
decomposition of a bridge atwl illustrate why bridges debesite The deterioratiofactors are the
factors for which an impact quantification is being sought in the application of expert jufigisment.
guestion illustrates the need for maintenance.

2. How are bridges maintained in an urban environment?

This questio covers an exploration in the world of maintenance by interviews with both public
infrastructure owners and engineering firms on mainteacivitesto be performedon bridges in an
urban environment. A sdien of activities will be developed fanich probabilistic intervals will be
developed in the application of expert judgement.

3. How is the quality of infrastructure being assessed?

It is important to know how the quality of infrastructure is being measured. Défanelatrds or
guidelines esii to which maintenance is planned to assure a quality level. This question will not elaborate
which type of matenance strategy should be used to endeavour a quality level in a network. The question
is scoped to the quality level of a single asset.
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4. Methodology

4.1 Introduction
This chapter will introduce the necessary steps to conclude the research question in the previous chapter.

4.2 Methodology

The ainof this research is to improve the reltghif long term asset planninggeneralFromliteraure

it is concluded that the reliability of the long term asset planning will be improved by developing a
probabilistic interval for maintenance irgetions on bridges which incorporagistemiaincertainties.

The method to cope with the mentioned uncertainties by the development of such a distribution is shown
in Figures.

/'—’ Data hunt \

Problem Statement —> Approﬂch Resea.x'ch Design > :‘\llﬂh"SlS .and
& testing (COTA) implication

\, Sub-questions __,/

Figure 6 Determining probabilistic intervals for maintenance activities fobridges in a dynamic urban environment
(own figure, 2017)

The research will consist of three phases. At first the necessity fosdhishrevill be shown under

6 mo & The groblem statement introddcan intended improvement and the reasons why this
improvement is absent yet. The second phase covers the necessary steps toagesicatiomeof

expert judgement. Performaesed expert judgement is the chosen métigyda the development of
probabilistic intervals. Probabilistic intervals will be developed by providing a test where the condition of
assets have to be assessed over time (COTA). The application of the method leads to results. Analyses anc
implicationswill beperformedduring the last phase to conclude the research question. The outcome will

be fed back to the problem statement. Each phase will be furtherly explained.

4.3 Motive

The motivehas already been explainechiapter 2 ProblemstatementLiterature will support the need

and added value for a probabilistic interval in the context of long term asset planning. Several reasons
create difficules in the development of this interval. A problem faced by nearly all municipalities in the
Netherlands is the absence of reliable registered quantitative data. Secondly, even the presence of past dat
would not guaranteedfsture reliability due to ¢hdynamic characteristic of an urban environment. The

use and requirements of bridges can differ over time, while in fact the original state of the bridge was
ought to be sufficient. Performait@sed expert judgement has been chosen as the approaetsto ass

the condition of assets and to solve the problem of lackirny @ditziting data through expert opinions

4.4 Performance based expert judgement

The theory of performantmsed expert judgement will be explaimede next chaptdsy consulting

literature. The method itself provides a step by step application which will be followed to develop a
guestionnaire through which theght probabilistic intervals will betetminedThe questionnaire will

be givento selected experts. The criteria fordhiectiorandthe framework of the questionnairné be

coveredn the answering of suuestionsThe development of the questionnaire involves the hunt for

datat o devel op cases by which oneo sThasaobquestidnaancdht y as
data form the building bloc&kthe research design.
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Sub-questions

First, maintenance activities and deterioration factors will be addressed and dependencies between will be
analysed. Maintenance activities and key factors that deternmter\vitietion interval will be derived

from both literature and interviews with experts from municipalities and engineering firms. By doing so,
insight will be retrieved in the difference between estimating maintenance costs and performing
maintenance actiies which is of significant importance in the development of long term asset planning.
The waythe condition of assets is being assessed will also be investigated.

Data hunt

Next to the insight that will be gathered about maintenance on bridgebam alyenic environment,

useful data hawe be soughin the form of damage reports fohich the impact of deterioration has to

be assessed. Oneds wuncertainty assessment skil!]l
sector are able @ssess the condition of infrastructure assets oveatiché so, a probabilistic interval

for certain maintenance activitiéhe outcome of the questionnaire will be analysed regarding the
features that have been covered in chaferfdrmancéased expert judgement

Research design

The answers of the sghestions together with the gathered data form the fundament and line of
reasoning of th€EOTA method which is visualizedrigure?7. A simulation of an inspection is provided

by showing damage r e poexperismithis field of werk ip fast dalibratddibg e x p
assessing the time it took to get to this damage by predefined percentiles. After calibrating the expertise,
assessments are asked for the term to perform a maintenance activity to fulfil a certain quality
peformancdevel by the same percentiles. lifteeof reasoning and development ofGRE A method

will be furtherly explained in chaptelfhe COTA method

_M  time till quality
quality

el
|
: time till damage
|
|
|
I
I
|

Performance indicator

time t

Figure 7 Concept of the COTA method

45 Conclusion

The outcome of the analyses of data will show whether the reliability of long term asset planning can be
improved with theise of performandsased expert judgemeihis outcome may consist of a product

which consistsof several distributions for maintenance activities that belong in an LTAP or it may
conclude that expert judgement is not the right method for reliability improvdrmaenethod will be
evaluated, sgussed and opportunities for further research on the methobe valbpointed in
recommendations.

4.6 Qualitative versus quantitative

The outcome of this research will be based on quantitative data. This quantitative data will be derived by
gualitative ®earch in which several maintenance activities and deterioration factors have been explored,
aspects that create the concept of a probabilistic maintenance htelivedt link between the
gualitative research and quantitative data is not made. pipierisoare elicited that consist of three

values representing percentiles and together forming a probability mass function. The distributions
represent uncertainties causing the deterioration process but have not been qualified inside this
distribution. M verification is made whether experts incorporate the same qualification of uncertainties in
their assessments.
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4.7 Limitations

As the research questions deals with a specific method thadejlldyedo improve a certain issue,

most of the limitaties will be designated to this method. The outcome of the research will be dependent
on the expertise and experience of certain people who will be given the expert judgement questionnaire.
Experts in the field of bridge maintenance will be approacherkt At Ifimitation can be set that the
O0bestd experts mightSecoraly, ashpeople fromeddfarent soqganisaticns ih e d .
different regions may participate there is a big probability of biased experts who think in line with their
organisatiothatmight be different than others. Individual limitations of participating experts dugy b

to personal characteristics; being overconfident, hurrying and missing information and lacking motivation
to participate for example.

The next chapter will g the concept of performaraased expert judgement and the mathematical
basis.
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5. Performancebased expert judgement

51 Introduction

This chapter will introduce the literature an@ngémpplication of performarz@sed expert judgement
alsocale€dookeds <cl assical mo d e | , . ChaptereSdaboeds uppn thepr of e s
application of themethod in this research. First the method will be explained in general where the
procedure and mathematical basis is covered.

52 Expert judgement

Expert judgement objectifies subjective probabilities and has been derived from the theory of rational
decision making by Louis Savagehm Foundation of Sta(&icage, 1954ubjective probabilities differ

from person to peos and they contain a high degree of personal bias. Probabilities are derived from an

individual ds personal judgement whi ch contains
opinions and past experience. The fundamental assumption of ited ohaskel of expert judgement
from Roger Cooke is that the reliability or sta

measured by the reliability or statistical accuracy of their opinions for situations in(Rogqrast.

Cooke & Goossens, 200Bue to this assumption seed variables should resemble as much as possible the
variables of target questighsGoossens & Cooke, 2006pmbining expert opinions may even result in

an opinionthat is even more statistically accuratepPast f or mance i s measured in
guestions and taken as indicative for their fut
variables of interest. Consensus in a rationaemeamthus be reached by validating expert performance

by situations in the past in the same field of work.

Seed variables test an expertds uncertainty ass:eé
researcher possesses the true vamieblés of interest, or target questions, relate to questions for which

the researcher develops new answers. Experts fitdefiper quantiles in a questionnaire to express
their uncertainty. The expert s d ulatiagstiees scoueacytins ar e
regard to statistical likelihood and informativeness. An example from Tinae Nane, lecturer in expert
judgement at the faculty of Electrical Engineering and Mathematical ScienceqNarieel2015)

illustrates the difference between seed and taggdbgs.

Seed question or seed - What was the average year temperature in 201
Target question or variable o - What will be the yearly average temperature in

Data should exist to have a direct link between these quesieach found out that dedéevant for
infrastructure maintenanaeehard to find However, the method has also been developed for situations
where absolutelyordata exisaccording tdNane. It is thus possible to apply expert judgement while the

link between calibration and information questions is loose but still a result is being made. Questions
should or can be set at the validity of the fisaltré thee is no direct link. The methéunctions as a
6firstd rati onasituatensphoughach f or particul ar

Performancéased expert judgemeaatbased on calibrating expert knowledge and combining expert
opinionsFour principlegrsure the reproducibility and validitghis interviewing procedure:

1. Scrutability/accountability
Data arepento peer review and results must be reproducible by reviewers
2. Empirical control
Expertassessments are subjected to empirical quality controls by the use of seed variables.
3. Neutrality
Themethod for combining arel/aluating expert opinion should enapeiexperts to state their
true opinions, and must not bias results.
4. Fairness
Experts are not pii@dged, prior to processing the results of their assessments.

The mathematical basis for applying this method will be elaborated upon in the next paragraphs.

22



5.3 Calibration

The essence of calibration questions is to defi
uncertainty assessment will represent ramalibe future Reality in this case can be visualized by an
amount ofconditionsin time.The conditions or statare indicated by asterigk§igure8 and indicate a

moment in time for which an assessment has to be made about the time it took to get to that state.

* True value Assessment Expert mass function M Theoretical mass function

50%

40%

[ 30%

20%

10%

l 05% [ 550% Ws0-95% Pos-1000

Figure 8 Expert assessment versutheoretical assessment

performance indicator

time t

Experts are asked to express their subjective probabilities by giving probability massTh@actions.
probability mass functiomsdicate a subjectivvision of data within a function. The functians

defined by asking fixed percentileshd¢othe 5% 50% and 95%iles that define a border between

possible outcomes with a certain probalilite. to the theory of statistical likelihoadamount of 100
uncertainties would then be divided in four intervals where 5 out of 100 uncertaiatits| Wwoth in

the 0%5% and 95%.00% interval, and 45 uncertainties would fall both in tH®%&and 50995%

intervalif and only if this expert is statisticatcurateExperts show their uncertainty assessment skill by

the agreement of theiubjective massfunction with the theoretical mass funkigirassessing the right

true value with an expertodés interval is not eno
should capture the right value in diffef@ins of his intervaln ot her woratsessmeatn e x p €
shouldbe similar to the theoretical assessmiBmsindex for the relative informatibetween the two

mass functiongs calculated by summing for an n number of seed questions the product between the
generated sangpmass function i BH and the natural logarithm ofwith respect to the

theoretical mass functignAssumeé,  mfor Q pf8 .

Om i1 I']_ (1)

As mentioned, a good assessment consists of a generated sample mass function which is equal to the
theoretical one. This implies that a natural logarithm will produce a value of 0, suggesting no relative
information by the theoretical mass function tetkep e r t & s .Milasisscan bésube enderstmad as

the measure of surprisedisagreemesbmeone would experience if he belimadl learnt.

Hoel, (Hoel, 1971)proved that the distribution of twice as much sarfijenultipied with the relative
information value follows a efquared distribution wi¢  p degrees of freedoas inequatior( 2).

¢ JOMx*x & hHid © Wb (2)
The calibration of an exp&lQ pf8 Fohwith Othe number bexperts, is then defined asitidexs Q
for getting an information score worse than a score that would be obtained if an experts assessment is
equal to the theoretical mass functipf

6Q p @ ¢bJOM (3)
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Wheredd> ¢ OO indicates the cumulative value of ssqbiare distribution so a calibration score
differs between 0 and 1. If an expedvijstes no relative informatiqioi iy, 1), he receives the
maximum calibration score of 1 meaning his assessments (will) negalitger@n the other hand, the
worst uncertainty assessor receives a calibration score approaching O.

Example consider 20 seed questions) sog mfor which an expert achievesaptureghe true values

20 times by giving his 5%, 50% and 95% percesttides o. The expertds assessme
and 2true value respectively the 0986, 5%50%, 50%95% and 95%.00% interval which generates

a sample mass function iof m@M@M@M . Due to the chosen percentiles, the theoretical mass
functionis) 8t 1@ 0@ 6B . Followingequatiofi], the relative information becomes:

o ®d 2 mwmd 2 omd 2 md 2 mipawy
T8 L ™ v @ v T8t v
Combining with formu(@2: ¢ JO R ¢ @@t e X x& phandequatiof 3 the calibration score
becomes:

6 p @ clxpo Moxuvg

The amount of seed questions is determining for the robustness of the calibration score as the difference
between a generated sample mass function and a theoretical one changes faster with a smaller amount of
guestiongR. Cooke, 1991)yhe more seed variables the better, big tartainly sufficieft. Goossens

& Cooke, 2005)

54 Information

Being statisticallyaccurate, i.e. equalling the theoretical mass funcfiormed by tle predefined

guantiles, is not the only critetion The rel i ability of an expertads
evduated by their informativeness. Informativeness is a measure for the matter of confidence experts put
in their assessmemhich is measured by developing an intrinsic range that captures the range of possible
outcomes which was necessary to be acdthiatimtrinsic rangeo o is usually developed by using

a 10% overshoot for all possible inter{Bddkker, 2004The minimum(@ and maximunfQ values are

defined as follows:

o 1 Eb Qi (4) G & pmPQ & (5)
Q[ A QR (6) ©  Q pmPQ & (7)

Therelative information of an expert e on an individual question or variable is then given by:

oo 1o W Nl T——— (8)
W W
The actual informativeness per expert is defined by calculating the average of all information scores per
variable. Informativeness is represented by a positive score that increases when an experts uses narrow
bounds, i.e. he is confident in his assessmgishown iRigure9. Informativeness is less dependent on
the amount of questions compared to seed variables.

Figure 9 Different confidence level between dashezhd continuousline

Example Two experts have been gathered to estimate the age of a bridge in years based on a damage
report and other details. Their assessrasntshown iffable2.
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Table 2 Example assessments

5% 50% 95%

Expert 1 | 6y 8y 10y
Expert 2 | Sy 6y 7.5

The age of the bridge appears teigat years, a value which is known to the researcher. The intrinsic
range capturing the 09500% intervdk calculated:

G WpmnpbOAd) 18U
w pIT pmI®pTT VUL p @

Knowing the intrinsic range®hp ® , the information score of both traders can belatduhaving in
mind that, m&t 0@ 618 O8® . The informativeness for both experts is calculated:

. Coa . . TBTU . .T8 U
cQ Il p® 18 gt QJd | e JJd | 8 v
o 1® M
3180 emd 1 wmoer
p1yY pP® pT ¢t P

Analogous we can calculate the information scoressdbied expert and find:
ocQ ™ x Ty

Expert 2puts more reliability in his assessment which can be seen in thelisswesis higher than
expert lbut misses the true value which is more important for the weighting antrepiooxf expert
distributions. This will furtherly be explained in the next paragraph.

55 Weighting schemesand decision makes

The goal of this method is to derive a didiohufrom expert opinion€&ach individual opinion can
contribute to the final distribution in either an equal of perrbased weighting scher@®éving weights

to experts is necessary in the search for a decision(Didkér an optimized distribution formed by
combining expert opinions that will represent reality as much as pldssibikl can best be seas a
6virtual 8 expert who possesses all the knowl edg
guestionaire again A selective weighting approach represents a shift towards a more homogeneous
combination of the viewsf the most influential experts. Th® can then ouscore most, if not all, of

the individual experts. On this basis, it could be argueckshdis obtained under this constrained
optimization scheme represent a moteust, and more rationahion of opinions than would be
provided by making sure the views of the whole group were utilized with equaExysdgistcan be

given weights infiierent waysequal, item and global weights.

In case an equal weighting scheme is used weights are not based on experts perferagnerdauit
receives the same weight calculated by thkimmiotient of 1 over all experts. The resulting digbribut
is derived by dividing the sum of the experts distributions by the amount of @gsegbown in
formulq 8.

O [ O w (9)

P
0

In case performantmsedweights are used it will consist of the product of both calibration and
information score and an indicator value.

0 0QJ0QPp 26 Q (10)
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The indicator functiodefines a threshold between experts who will and who will not contribute in the
final distribution, dependent on a predefined significance l&hel variablp 06 Q turns1if6 &

and turns 0 iH @ dependent cabbmatioscore & xthp eeed V@ariables. This indicator
function prevents experts who are very informative but have poor calibration scores from contributing to
the final distribution. The indicator function is used to o&itie final distributions, the-called
decisiormaker.

Global weights arealculatedy using theglobal measures of performance on seed vari@hkse

measures are the individual calibration and average relative information score over seatlhgriables

the significance | evel i's set equal to zero, alt
calibration and average relative information over seed variables. For each expert, global weights are the
same for all item%his is not the @ in an iteAbased weighting scheme.

In case of item weights, for every item being dealt with a final distfibutican be calculated by
summing the product of an expertds weight by hi
made bylinear interpolating their given quantiles for each Ti®.weighting scheme considers the

matter of confidence experts put in their assessmentariadle of interestt might appear that an

expert is really sure about a particular question aridrease.

0O 0 Ow (12)

Formula( 12) shows how the DM is calculatEdstands for the amount of expeitse decision maker

is calculated by the sum of the product nof the v
that item. For the mentionageighting schemes, an optidetision makeran be developed by applying

an optinization procedure ovearmula( 10). This procedure entails the use of different valuésliat

changes the use and weights per expert with the goal to maximize the (virtual) weight for the decision
makero ; @ . Note that the different values hmay change the pool of experts as some experts are

not calibrated enough. The optimized final distribution is calculated as shown i I@mula

0§ W 0 [ Ow (13)

5.6 Processing results

After the expert elicitation sessions have been ttiengoftware program EXCALIBUR allows to use
variations on the theme in application such as alternative weighting schemes and performing robustness
and discrepancy analysis. EXCALIBUR originated in the Safety Science Group at the TU Delft and
reached a mare state in the Mathematics Department of TU Relfd. J.Goossens et al., 2008hese

analyses create understanding of the data and opportunities togtmttereperformingutcomeThe

analyses give an opportunity to give selected weights to certain questions which are ought to be more
relevant for theutcome of the researphspinall, 2008Y he results ahequestionnaire will be analysed

by performing a discrepancy and robustness analysis.

Discrepancy

A discrepancy analysis shows whether the givemsasisawg a lot obverlap osignificant differencés
guestionsghat can be caused by different factors like overestimating, anchoring, misinterpreting questions,
or entirelymissinghe scope of questiariBhe actual discrepancy can be seen as theahagezement

among participators, which is measured by comparing the relevant information per participator per item
with the assessment of trgpiadecision maker for that item.
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Robustness

A robustness analysis shows whether seed variables hausebdetrat significantly influence the
performance of the decisioraker, either in a positive or negative way. The influence on the final
decisiormaker is seen by leaving out seed variables one by one, or by leaving experts out one by one. By
doing so, aore reliable outcome will be produced; a distribution that will better represent reality than the
former one. The robustness of the questionnaire is tested in this step.

Expert judgement is deployed through a questionnaire. The way of answehagracdssingf
results has been explained. The coraedt frameworlof the questionnairigself will be made by
answering the swduestions in chapted regarding deteriorating factors, bridge maintenance, and
infrastructure quality assessment.

27



6. Deterioration on urban infrastructures

6.1 Introduction

This chapter wilfurther define theepistemicuncertainties as explainedtie problem statement
Exploratory research in which managand engineers from different municipalities have been
interviewed lead to mugh generaletion of deteriorating factors on bridges in an urban dynamic
environmento answer the first stquestion:

What are main detéorating factors on bridges in an urban environment?

Qualifying these factors is important for quantifying the uncertainty. The quantification of these factors
the essence in the devetemt of probabilistic intervalSharacteristics and deteriorafagtors in an

urban environment will first be qualified, resulting in a possible classification of bridges indicating
different maintenance intervals for different types of bridges.

6.2 Characteristics of bidgesin an urban environment

Bridges consist of principal components. A distinction is made between the substructure and
superstructure. The following list of components can be made for fixed and movabligRbridggs

2006)

Substructure Superstructure
1. Piers 5. Drainage systems
2. Abutment 6. Parapets/railings
3. Wing walls 7. Bridge deck joints
4. Footings and foundation 8. Bearings
9. Deck system

10. Wearing surface

Antea group furthrdistinguishes the super stase into pedestrian lane, cycling lane, traffic lane, wear
layers, sub layer and construction beams. The bridge elements are=stponghCn

A
LU AN L LINY

———————

Figure 10Bridge components(Romeijn, 2006)

This distinction counts for fixed bridges. Movable bridges consist of the same elements but are blessed
with a transmissiomd movable deck. These elements have different characteristicsdtyaratent

on the type of movable bridgems t e g rdozaflé bridges are usubdgcule bridges for which a
basement is accompanied wh#re counter weightirns. The transmissions in general are either
electromechanical or hydraulic driyslederlands Normalisatie Instituut, 2003)e largest bridge
basemenin Amsterdanis pictured irfFigurell
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Figure 11Bridge 4850 Oosterdoksbrug basement, revealing the counterweight and safety works

The mainsubstructuresf bridges are composed in such a way to fulfill a certain stesidard

describing the load it should be able to. h&& majority of bridges urban cities like Amsterdam have

been built or replaced in thehZ@ntury. Thetandardshat do apply othesebridges are developed by

the Dutch NormalisatoCommittee The firgtandard s t he O0Design guideline f
1938. Thistandarddistinguisbsbridges classes fiour categories; A, B, C and(Roninklijk Instituut

van Ingenieurs, 1938)d can be seenTiable3.

Table 3 Bridge classes regarding the VOSB1938

Class  Applies to Permittable load Axis load
A | Bridges in main routes 400kg/m? 20t
B | Bridges in main routes, deroutegvy traffic 400kg/m? 10-20t
C | Bridges not designated for heavy traffic 350kg/m? 10t
D | Bridges exceptional for light traffic 300kg/m? 5t

These classes can roughly be compared with moresteoelairs from thestandardgor designing
bridgesThe VOSB 1963listinguishes three design class@abie4: VK30, VK45, VK6(QNederlands
Normalisatie Instituut, 1963)

Table 4 Bridge classes regarding the VOSB1963

Class  Applies to Permittable load Axis load
VK30 | Bridges in main routes 400kg/m? 20t
VK45 | Bridges in mairoutes, derouted heavy traffic 300kg/m?2 15
VK60 | Bridges not designated for heavy traffic 200kg/m? 10t

- | Bridges exceptional for light traffic 300kg/m? 5t

Designstandardsletermine the dimensions of the elements in theasdbsuperstructure. A problem
nowadayss that a lot of bridges have been designed regarding astartdardvhich is known, but

several parts of bridges have been reinfaritieout any administrati. In 2017 Amsterdam starteatie
program O6Constructive safetyd in whi edaculatetde st r u
The reason whig that a new Europeatandardwill apply in the future to all existing briddésy

calculations & to be made witlackinginformation due to the problem described above according to
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manageso f 6 Co n st r Sincd thewear 2812 f the tEyrdcode, an internaiandbrdapplies
which says that every bridge should fulfill a bearing cagacityis comparable with the former VK60
class. That would imply that even the most ancient bridges in historical ctyesentbuilt for horse
drawn carriage, should be heavily reinforced.

The dynamic urban environment creates most of the chaiestieighe design of a brid@efficulties

arise a the design of bridges depends on their purpose and use. The problem for Amsherdama is

and desigof bridges that complyith way lower use and other standerdise period they were built

As Leo Klatter and Han Roebers state, the use of bridges will increase oltds tamder to increase

the traffic capacity then increasing the bearing load of a foundation or abutment in such a busy
environment wheread blocks are not demand€&te degjns of bridges are more of a static kind of
nature. This creates significant (unforeseen) deterioratiofKpaites & Roebers, 201@$ design and

use become unalignedth each otherThe impact of this problem will be addressed in the next
paragraph.

6.3 Deterioration factorsin an urban environment

Deterioration is being caused by aggressive chemical attacks and other physical damage mechanisms
(Ellingwood,2005) Processes such as carbonation, steel corrosion or fatigueness will not be explicitly
mentioned but are certainly relevant ird#terioration processhis paragraph will adress differences in

the use of a bridge in a dynamic urban environfkeaiready stated, the desifjbridgesdepends on

use and use depends on policy. Different factors exist by which bridges are used in a different intensity,
especially in an urban environménsignificant differencieadsto the confirmation for the resl of

different intervals for different types of bridges, which is the essence of this thesis.

An urban environment is characterized by bridges that perform multiple fuBctityes overpass
waterways and aggher fixed or movable if not enough heggint be gained for a fixed bridge, which is
mostly the case in an urban environment. The transmission within a movable bridge can either be
hydraulic or electromechanical, each causing a different interventionatterdalg tdocal bridge
managerin AmsterdamElectromechanical transmissions need more maintenance but have lower risk of
failure. Electrohydraulical transmissions need less maintenance but are harder to matiteés. Some
movablebridges lie in an important waterway which is beingangedustrial shippind.he presence of
important waterways creates significant difference in the opening frequency of movable bridges compared
to movable bridges that are msetcan be seenTableb. These data hae been derived from researcher

at the municipality of Amsterdaithe Westerkeersluis, Beltbrug and Kattensloot are bridges in a main
waterway, while the others are not.

Table 5 Opening frequencies for bridges in Amsterdarbetween 2013 and 2016

Westerkeersluis brid( 19.152
Beltbrug bridg¢ 15.482
Kattensloot bridg¢ 11.761
Omval bridgg 5.683
Meeuwenplein bridg 1.066
Mariniers bridgq 562
Le Maire bridgq 41

Besides overpassing waterways bridges also serve the traffic gaing dver it r es@enter oraotheri t y 0
important areas, specific routes (city routes) are addresteedltte traffic flow in certain direction. This

has its influence for the amount of traffic going over a bridge if this bridge is paat séchkedS
route.Besides more traffi§routes are also the main victim of brine as salt is used to prevent slippery
roads during the wintéfogether with frost, brine forms a significant deterioration factor for asphalt and

if unlucky the construction umdeath due to the thermal expansibwater that can be captured inside

A comparison of some of the bridges in Amsterdam has been made to show the significardidifference
the amount of traffic, related to strength classhenaimount of bridge openings.
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Table 6 Bridge load comparison inmain waterways of Amsterdam Kostverlorenvaart & Amstelroute

Bridge Name Strength Opening Light Middle Heavy Trams/

traffic traffic  traffic dayhour
199 Overtoom | Basculg 1949 | VK33 16.181| 21814 500 331 16.11
423 Berlage Basculg 1931| B 5.665| 16770| 1616 364 13.20
101 Nw. Amstel| Basculg 1986| VK60 4.678| 6.807 55 79 10.57
246 Hogesluis | Basculg 2011| VK45 5.982| 6.320 86 73 21.29
350 Toronto Basculg 1968 | VK45 2.101| 25189 630 432 -
151 Willems Basculg 1928 | VK45 13.892| 12969 369 222 -
266 Kinker Basculeg 1936/ - 15.452| 8513 125 131 26.77
173 Wieg Basculg 1931 | VK45 15.298| 12318 172 191 37.97
348 Zeil Draw | 2007 | VK45 15.356| 10171 1458 206 14.97

Table6 shows the bridge number, name, type, construction year, strength class, opening frequency, traffic
load and average tram load during a day hour. Information has been gathered through Waternet data
(responsible company for the waters in Amsterdam), thdatabase of the municipality of Amsterdam

and verkeersprognoses.amsterdam.nl where a prognosis is made for the traffic load on each road in
Amsterdam. The strength class B for the Berlagebrug is derived from atéomaed/OSB 1938 and

is comparablevith strength class VK4&gcording to Marc Bruchner, constructor at the municipality of
AmsterdamThe opening frequency shows the amount of openings between 2013 and 2016. It can also be
seen that the strength of the Kinker bridge has not been adradhituatrating a type of problem
which is faced blghtdn@idlenand heavy tiafficvaee deSired ia the l&w for traffic

rules and signs in the Netherlaftdissch Ballin, 1990)

1. Light traffis defined as passengars with or without trailer and motorcycles.
2. Middle trafic defined as small busses, delivery cars with or without trailer and trucks.
3. Heavy trafticdefined as trucksd big busses like touring cars and line busses.

Bridge 19%erfectlyillustraes the presence of bridges wearing a high amount of traffitheshiteve
beendesigned for lower standarBecentrnspectionshowthat the state of the Overtoom bridge is
deteriorating faster than other bridges.

Another characteristic of the urban environment is the excessive use of bicycles in the Netherlands. This
excessive use also creates the demand of parking these bicycles. The parapets of bridges in Amsterdam ar
vulnerable to all these bicycles that arsinga mechanical damage to the railings which have to be
repainted earlier compared to bridges outside the city center. A policy change might reduce this problem.
However, mechanical damage by bicycles is a significant deterioration factor for Antieddanicac

localbridge managein Amsterdam. This phenomenon can be sdégunel2

Figure 12Bicycle placement against bridgeailings is a common thing (Butler, 2011)

The problem of deteriorating conservation as with railings is a problem for girders and concrete as well.
Different circumstances and characteristics influence the pace of conservation that is peeding off. Fi
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there is a strondependenciyp the quality of the conservation and circumstances under which it has been
applied. Secondly, factors differing from weather (rain & fragptoetry of the bridgefluence the
deterioration @ce Figure13 shows theErasmusbrugnd Hefbrugn RotterdamThe conservation of

modern bridges like the Erasmusbrug lasts longer than more ancient bridges like the Hefbrug according to
local asgemanagers in Rotterdam. This has to do with the

Figure 13The Erasmusbrug (199Fin red and Hefbrug (1927) at the right in RotterdanVoorthuijsen, 2017)

The steel surface will be painted in the same way but a prediction is made by the local asset manager
Kambiz Elmi Anaraki that the conservation of the Hefbrug will need a new paint job way sooner as the
construction consist of a lot of clinches which create a lot of angles by which it appears tebe that t
conservation will last less.

In the end, everyridge is unique, but at the same time they show general characteristics that can be
brought back into a classification of bridgesgni f i cant di fferences <can [
demanded, be it the opening frequency or traffic capacity, andtithe betaveen the demand and its

design. From interviews it is conducted that this also affects the attention to be paid on maintenance on
certain bridges. Other deterioration factors, as the dependencies within bridge characteristics, or less
occurring gemetries in bridges are chosen for to not take into account in the classification, but should be
taken into account in the uncertaiaggessmenty/ the experts to cover all kinds of bridges. One of

these dependencies can be sedtigure 14 that shows that wear layers on a wooden bridge deck
deterioratesignificantly earli¢hen other deck®garding Ruud Draaijer

Figure 14A wooden bridge deck fastens the deterioration process for wear layers

6.4 Bridge classification

When considering all uncertainties consisting of all deterioration factors and the relative influence they
have on a maintenance interval, a classificdtiomdgescanbe made which distinguistggsupsof

bridges. The classificatiorFigurel5has been made with the collaboration of several empliydaes

the municipality of Amsterdam. The construction date should also bmtakeoount regarding the

fact that the deterioration process fastens over time. This can directly beigee3 andFigure4 and

is especially relevant for the influefare activities ornthe longerterm The influence of weather
conditions is assumed togresenin every situation and not taken into account icldgsificatian
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Figure 15Classification of bridges in their relation between strength and use

Dependent ortype, transmission, design strength and construction date, eight types of bridges can
theoretically be distinguished. By doing so, a worst case anagéasenario for a bridge can be
developed whichddress a heavily loaded bridge with weak desiggitstand contrary. Bridges which

are |l oaded regarding their design strength are
class only affects movable bridges. The highlighted rovedblen7 represent the extreme demand
circumstances under which bridges can theoretically occur and which circumstances have to be taken into
account. Revealing the extreme situations or conditions can be useful whervdlsetivdt will be
developed have to be traced back to particular bridges that fit in the classification.

Table 7 Possible bridge classes in use

Heavy traffic City route Main waterway

o|o|o|o| X|X| X| X
o|o| X| X| o|o| X| X
o| X|o| X| X| X|o| X

6.5 Conclusion
This chapter gave all the information necessary to conclude the following subquestion:

What are main deteriorating factors on bridges in an urban environment?

Infrastructure deteriorates at different pace and on different levels. Bridge characteristics in an urban
environment have been addressed and significant deterioration factors have been covered, varying from
the amount of traffic to mechanical damage imahibehaviour. Maintenance is performed to tackle the
impact of these deterioration factors. Besidegutigication of deterioration factors, the influence they

have on the deterioration pace can be modelled through a rough classification inrbesdiftneen

design and use of bridges in an urban environment. The significant difference in intensity has been shown
by comparing several bridges in the way they have been designed and the way they are used. The
quantification of the difference of thgensity has to be developed in a probabilistic interval. The next
chapter will show the relation between deterioration and maintenance.
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7. Maintenance

7.1 Introduction

This chapter will explore the world of maintenaecd®rmedon bridges inraurban environment. The

relation between maintenance activities and long term asset planning will be shown. In the end a list of
selected maintenance activities will be made for which a probabilistic interval will be bdgveloped
applyingexpert judgement hischaptemwill answer the second sgiestion

How are bridges maintained in an urban environmeng

Why maintenance is performed has been answered in the previous chapter. This clapteat cover
maintenance if performed from a techhpoint of view, strategitaintenance is not consideréde
moment viien maintenancepsrformedvill be answered in the next chapter.

7.2 The reason for maintenance

The challenge in the infrastructure industry has shifted from funding new infrastauctpair,
rehabilitate and replace existing infrastru@iiees & Frangopol, 2008s already discussed in the last
chapter, deterioration is an ongoing process in which the performance of bridges is being reduced over
time. To tackle this process, maintenance has to be perforemddnce the quality amdidility of an
assef(Yea & Xie, 2015Maintenance is important to reduce failure frequency and do{xw&me,
2002) A big challengiaced bythe municipality of Amsterdam and other cities is to keep the networks in
which these bridges are present safe and serviceable with limit@thhgdsrangopol, & Neves, 2004)
Srategic differensdn maintenance schemes dependhe available budget a public agencand
different interestas risk and image by which an assehaaymore attention than othérkis can be

seen inFigurel6 Landmarks like the Magere Brug in Amstefdaraxamplaeceive more attention
than other bridges fulfilling the same funciighat does it take freservasafety and please the eyes?

Figure 16Magere Brug, an Amsterdam landrark

7.3 Analyzing maintenanceplans

To find out what maintenance activities are performed and for which an intebealdeaeloped,
maintenance schemes of public infrastructure owners, engineering firms and contractors have been
compared. By combiningefe plans it is assumed that from a technical point of view all maintenance
activities are included in a generahter@ance schemifter thorough research thgtudifferent parties

a generaligion ofbridgemaintenance has not been found Mee. resulis that ompanies usdifferent
designations for the types of maintenance and maintenance activities while appointing the same. The
parties involved are the municipality of Amsterdam, Rotterdam, Haarlem, the contractor Volkerinfra and
at last the enginéeg firm Antea GroupThemaintenance schemes used by these parties can be found in
Appendix A Maintenance packagesd will be used for the devel@mnhof a general maintenance
scheme. This general level is that levetonabines the found differences and similarities in one single
plan.The schemes will be analyzed by budget debits, maintenance classes and maintenance activities.



Comparing by budget debits

Not every maintenance activity is mentioned in long term asset planning. An LTAP consists of budget
debits and as such these budget debits do only represent theagstsipfoimaintenancactivities

instead of every maintenance activity.isedample of anunicipal comparison of budget debits in an

LTAP for maintenance activities between different pubthstimicture owners is showrTiable8. The

difference and similarities between the plans can easily be seen. The frequency which is used in the plan
depends on the strategic plan of these parntethe qualitievelthey endesour. The full comparison is

shown inAppendix A Maintenance packages

Table 8 Comparing budget debits between municipalities of Rotterdam and Amsterdam

Municipality of Rotterdam Municipality of Amsterdam

Gutters rainwater drainage Cleaning of construction
Clean piping rainwater drainag Clean piping water drainage
Clean tilavands
Material repairs Repairing conservation
Repairing wood

Repairing masonry
Repairing wear layer on steel | Repairing wear layers
Repairing wear layer on deck

Comparing by maintenance classes

Public infrastructure owners also classify their maintenance in different ways. A quick municipal
comparison in maintenance classification can be s@abl&®. Either the type of maintenance is
classified or the type of bridge. In the end, the maintenance to snédanyg the same.

Table 9 Comparing maintenance classs

Municipality of Rotterdam Municipal of Amsterdam Municipal of Haarlem

Malfunctional maintenanceg Daily maintenance Concrete bridge plan
Periodical maintenance Major overhauls Wooden bridge plan
Projectbased maintenance| Replacements Steel bridge plan

According to the definitions used in Amsterdam, daily maintenance is classified dmgeditine
maintenance with a frequency less than a year. A major overhaul is classifiedhasqut ojeihtenance

with the goal to lengthen the lifetime of an aReglacements are defined as the full replacement of an
assetLiteraturedoes not point out such a thing as distinguished maintenance for infrastructure assets.
Strategies and the types of maintenance itself including optimization models are wellrfmstig but
develop the idea of focussing at the critical objects regarding risk anfNartge?002)t is hard to

simply classify maintenance as a lot of depeiadarise between atithgi.

Comparing by maintenance activities

Mai ntenance can be done at dihéstlevelistiablélDshows | s & an
a sample ofhe combination ofmaintenance plamg each party on activity lev&h approach for a

generalsd maintenance package can be foundipjpendix A Maintenance packag&e address the
dependencies, the classification of the municipalitjnstelam has been uséde maintenance on

asphalt for instance contains smaller interferences like local repairs of the top layer, a replacement of the
top layer, or an entire replacement of both the top and bottom layer. If smaller interferences are
postponed, the bigger inexndnces will be put forwailthis principle is shownrfanaintenance classes in

Figurel?.

4 Rk N time

DM—>DM MO<—MO RM<«<—RM

Figure 17Dependencies in maintenance classes

The classification of Amsterdahough turnedout to be controversial as the boundabietsveen
maintenance classedst of monetary terms instead of qualified maintenance aclivisigssults in a
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distinction of mintenance which is not very strict. A general classification should be developed indicating
the functional dependencies between maintenance atiivigies strict boundaries

Table 10Combined maintenance activities from severgarties

Daily maintenance/major overhaul Major overhaul/replacement Replacement

Conservation concrete MO concrete

Conservation concrete railings Railings concrete

Conservation wooden railings Railings wood

Conservation steel railings MO railingssteel

Asphalt small repairs Asphalt top layer Asphalt sub layer
Bitumen wear layer repair Replacing deck parts wood

Epoxy wear layer repair Replacing deck parts plastic

Driving iron Replacing driving iron

Repave Replace pavement

Conservatiomasonry Masonry small repairs Masonry big repaif

Some of the activities mentioned @blel0still address a range of activities to be performed. The set of
maintenance activities for daily maintenance and major overhauls for materials is furtherly described into
detail inTablell

Table 11Maintenance decomposition for materials

Daily maintenance Major overhauls

Concrete: local repairs Concretestructural repairs

Concrete: surface repair Concrete: partial replacement
Concrete: crack injections Concrete: paint

Concrete: paint Hardwood/coniferous: structural repairs

Hardwood/coniferous: local repair§ Hardwood/coniferous: partial replacem
Hardwood/coniferous: paint (tippin{ Hardwood/coniferous: replace railing st
Hardwood/coniferous: paint railing| Hardwood/coniferous: paintjob

Masonry: local repairs Hardwood/coniferous: paintjob railing
Masonry: replace mortar substanc{ Hardwood/conierous: pole replacemen
Masonry: crack injections Masonry: structural repairs

Steel: apply screening provision Masonry: partial replacement

Steel: paint Masonry: replace bricks

Steel: local repairs Steel: structural repairs

Steel: paint (tipping) Steel: paintjob

Steel: paint railing Steel: paintjob railing

Steel: partial replacement

Tablellshowsactiviies hat aren6ét that relevant for an LTAP.
activties. Besides th attempt to generaisnaintenance activities, overlap still eXists.activities to

which the questionnaire of expert judgement will apply should be specific and applicable imoan LTAP
satisfy the goal of improving LTAP reliabilityis means that every participant should directly be aligned

in the understanding of athmaintenance is addressed. This seems logical, but the exploration through
maintenance schedules lead to the recognition that the execution of maintenance is understood differently
at several places.

7.4 Maintenance activity selectiorfor expert judgement

It is hard to estimate an interval for certain activities of an LTAP as some activities are just used to have a
proper budget in the end to do partial replacements-acsulies within the same rule. A replacement

of a transmissinis budgeted but exists of subparts which are expected to last different periods with
different budgets. Activities for which an interval is asked have fpbec i f | ¢ abudgetdebitt ©6j us
The distinction between activity and leadigbit is made this stage.

The activitiesn Table10 have tobe furtherly filtered due to limitations in the methodolegyert
judgement limitthe amount of questiots male sure every question gets the same attention. Tiredness,
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and ot her

should not play a significant rateording to Tina Nane.

06 d e 1meking rmoded af & loum#@n bddya c t o r

The exploratory research for possibhintenance activities and budget debits, fulfilling the criteria to be
present in an LTAP, and fulfilling the criteria to be used in the application of structured expert judgement
lead to a final selection of maintenance activiibie12 shows the selection of maintenance activities
derived from table for whicha probabilistimiterval to fulfill a certain quality level bélldemanded.

Table 12Activity selection for Expert Judgement

Category
Sub and superstru

Activity selection
Conserving railings

Specification
Total conservation replacemen

Conserving girders

Total conservation replacemen

Replace asphalt top layer

Total replacement

Replace asphalt sub layer

Total replacement

Replace wear layer

Total replacement

Driving iron replacement

Total replacement

Joint replacement

Total replacement

Major overhaul concrete

Structuratepairs and paint

Major overhaul wood

Structural repairs and paint

Major overhaul masonry

Structural repairs and replacing

Pavement replacement

Transmissil

Revision safety mechanism

Revision transmissierlec

Revision transmissietydr

Revision closing installation

The enhancement of quality by performing maintenance is the concept for the development of target
variablesnd is shown iigurel8 The probabilistic interval that is being sought for will comply with a
measurablperformance indicatofhe lis of maintenance activities farane of the aspects of these

target variable3he measurement instrument will be explairtbe next chapter.

%

Performance indicator

i Time till quality level

o Quality level
93%,

75 Conclusion

tume t

Figure 18Target variable concept

This chapter gave all the information necessary to conclude the following subquestion:

How are bridges maintained in an urban environment?

Maintenance is planned differently but performed the samaribys parties. Comparing the
maintenance plans of the municipalities of Haarlem, Rotterdam and Amsterdam together with engineering
firm Antea Group and contractor Volkerinfra, ¢efad differerces and similarities in budget debits,
classifications, and maintenance activities. Combining the plans |saagptoaech of generalsd
maintenance scheduleAippendix A Maintenance packagesmaintenance lat of dependencies exist.
Dependenciesreate difficulties for quantifying uncertainties as segstahptions should be made

about preceding maintenance activitiasshould have been done in tinfde investigatiorin this

chapter resulted in the list of maintenance activities for which a probabilistic interval will be lmeveloped
the use of expert judgemémdt can be seenTiablel2
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8. Assessing infrastructure quality

8.1 Introduction

The pevious chapter describi@ maintenance activities that can be performed on bridges in an urban
environment. This chapter will discover at wérat maintenance shoulderformedThis chapter will
answer the thirdubquestion:

How is the quality of infrastructure being assesed?

Instruments for assessing infrastructure quality will be described. The use of these instruments in expert
judgement to test oneds skildl in assessing condi

8.2 The moment of intervention

As discussed, maintenaseeves two purposeshd appearance of an asset campertant, ass the

technical conditiorA Dutch (official)standarchas been developed for thisualassessment afie

technical state @in asset. A guideline exists for the aesthetical assassnedtvhich will be explained.

The assessment of infrastructure condition creates a measurable instrument to plan maintenance
endeavoura certain quality levelhe most renowned and first official objective way to assess
infrastructure assets is by @wmg with the system of the NEN 27Z6{Nederlands Normalisatie

Instituut, 2011)Another system, developed by the Dutch knowledge platform CROW, qualifies and
guantifies the appearance of infrastructure. Bastiirmentswill be elaborated upon in the next
paragraphs.

NEN 2767-4: condition assessment for infrastructure

The quantificadin of infrastructure appeartedbe difficultfor a long timesince there was objective

system to assess infrastructure quality. Differdigtsplaad their own perception about the definition of
infrastructurequality The Dutch Normalization Instituteas developethe NEN 27674 in 2008to
visuallyassess the technical condition of assets in the built environment. The method consists of a ranking
by which different elements, categorized by another system, have to be assessed. All the possible elements
and failure modes with degrees are namtbid systenThe ranking is shownTmablel3

Table 13NEN2767 methodology

Condition score  Explanation

Excellent condition
Good condition
Normal condition
Poor condition
Bad condition
Worstcondition

DO BWN| -

The NEN27674 infrastructure assessment is based on a theoretical deterioration aonemamdy

used in the Netherlands to get to knowtélobnicatondition about infrastructure assets and develop a
maintenance planning to secure a strategic (minimal) conditiostafidherdprescibes a uniform
decomposition fotypes ofasets and failure modes. The NEW74 does notell anything about the
appeaanceof an asset if there is no interface with the technical state of the el€heentsual
inspection might give an outcome which prescribes further research tod#stpetcause focertain
damagesr to monitor an objedor the longer termit depends on the maintaining party to hear these
advicesThe method to define a condition score is based on qualifying and quantifying shortcomings.
Three parameters are determining, to be the seriousnesmsd sitensity of a shortcominihe three
categriesand their distinctioare shown iffablel4 Tablel5andTablel6.
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Table 14Seriousness division

Seriousness Example Description

Very serious Wood rot| Causes loss of function
Serious Erosion| Causes deterioration without direct loss of fung
Low | Colour changq No impact on function

Table 15Size divison

Size | Percentage Description

<2% | Incidental shortcoming
2%-10% | Local shortcoming
10%- 30% | Regular shortcoming
30%- 70% | Significant shortcoming
O 7 ( Dominating shortcomin

O B|WINF-

Table 16Intensity division

Intensity Stadium Description

1| Beginningl Shortcoming is barely visible
2 | Progressivd Shortcoming is obviously visible
3 Finalf Shortcoming candt be denied, ¢

Shortcomings are first distinguished in their seriousness and are plotted withnithénséresityn their
seriousness category, which in the end resalt®imdition score regardifigblel3 A distinction is also
being made by whbdvel the condition scoreds/en. An aggregation is domieen one looks at the
building part level, containing all different condition scores at elementahdesdbuilding parts are
composed of building elementhe exact method for defining onendition score for composed
components wonodot be furtherly explained.

T

() 1

‘,
|

-
L | N
5 | \

=L

1
=g

t —

Figure 19Theoretical condition progress as a function of lifetimeegarding the NEN27674.

Another method exists for components whose condi
or transmission consists of a lot of these comporentsdition score fordaings in a transmission of

a movable bridgtor instance is giverby itstheoretical life timas shown irFigure19. Amsterdam

constructor Hans van Kleafldresses a common problem that engineers have difficulties-tivitk life

based design. As such, condition scores for hidden elements that arethasatieoretical lifetime do

not necessarikgpresent their actual state.

CROW: appearance assessment for infrastructure
An asset might be performiteghnicallft00% while the exterior looks abandombd.NEN27674 is a
visual inspection which only says something about the technical condition of infrastructure elements. Next

39



to a technical condition municipalities demand more. The visual appearance oturdréstalsp of
importance but hard to qualify atwd quantify. Another system, developed by a Dutch knowledge
platform CROW, qualifies and quantifies the appearance of infras{CROW, 2013)The CROW

also works with a ranking system by which the visual quality of assese assan be seefable

17.

Table 177CROW methodology

Maintenance level Description Quality indication

A+ Very good | Nearly unworn

A Good Nice and comfortable

B Sufficient Functional

C Poor Busy image, discomfort,

D Bad Destructive, loss of function, juridical lia

The difference between the NEN and CROW can be sdagure20 It is difficult to develop an
aggregated c or e whi ch expdesbeant ha fassmditibrandappedrandear e a
will never be of equal weight. Conditiells something about safety. Appearance tells something about

i mage. There i s not a 06 c o gregatiogtliesegaoresd Ehe NEN2Y67y et  f
addresses the RAMSSHEERethod to take these aspects into account with the aggregdtien of
technical condition and strategical demands. The appedranaesset might fall under the political

aspect of RAMSHEEP but an official way to make tinisasurable does not exist &etet managers in
Amsterdam tried to aggregate both NEN and CRGM&E in ongalue to express the condition.

....... possible policy level

@ NEN score
CROW score

mance indicator
f\\

perfor

time t
Figure 20NEN & CROW have different degradation curves

Table 18Aggregating NEN & CROW in Amsterdam

CROW NEN 2767 Description

A+ 1 No shortcoming, lacks ageing symptoms.

A 2 Incidental shortcomings and lacks or beginning of ageing p
B 3 Shortcomings and lacks appear. Ageing process is visual.
C 4 Ageing process starts dominating the asset. Failures appea
D 5 Shortcomings and lacks areusugl,e i ng pr oces

The municipality of Amsterdam strives fioe ambition leveld w-e b f e dwhidh condists of a
measurement combined of CRCand NEN assessments, showTable18 Aggregating the scores
creates the effect that an asset manager, i nflu
assets as being wadled for, while everything might beerfgct condition, bunight lookabandoned

The aggregation is showTablel9andFigure20.

2RAMSSHEEP = reliability, availability, maintainability, safety, security, health, environment, economics, political.
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Table 19Amsterdam's ambition level in relation to aggregated NEN & CROW score

Ambition Quantification: A+/1, A/2, B/3, C/4, D/5
Top+ As new, 100% clean >90% in A+/1

Top In control, beautiful appearance, no pollution | >90% in A+/1 or A/2

Wellcared for | Functionscared appearance, little pollution | >90% in A+/1, A/2 or B/3

Sober Less comfort, trash, pollution is present >90% in A+/1, A/2, B/3 or C/4

Behind Loss of functiongirt >10% in D/5 or worse

The CROW guideline wonot be furtherly explained
infrastructure will be on the NEN 278%&tandard The implications of the NEN on maintenance
planning will be explained in thext paragraph.

8.3 NEN 2767-4 and maintenance planning

Decisios regarding maintenance are confounded by uncertainties associated with the deterioration of
structural uncertaintig®andey & Yuan, 2008phspections bw standardike the NEN-27674 are
necessary to give insight in an assetdcondiionechni c
score by the NEN, an advice torptaaintenance is often accompariegendent on contractual terms

The condition scores in a NEN reporeghictt h e 6 e x p i r gtivhictasbtilding pamdachescda t e
mature state thad not aligneavith the strategic policy level of the infradtre ownerAs covered in

the problem statement, a lot of uncertainties ozgur in this period of time. To quantify these
uncertainties,he NEN 27674 will be applied in the expert judgement series to furedioa
measurement instrumentvalyich thecondition of an asset has to be estimated over time. This concept is
shown inFigure21land is present in the concept for the development of target variables as well

: |
NEN 1— o ‘ . Time till damage

0 timé t
Figure 21Condition over time assessment (COTA)

To assess whether someone can predict the period of time in which an asset wdrtaashate, a

test will be given in which the period of time has to be assessed to come to a certain damage which is
caused bdgteribratiengsiexplaineds eed variables test an expert
by asking values about situatifmmsvhich the researcher possesses the true value. These seed variables
have to resemble the variables of int@meBable12 as much as possible. Concluding, damage reports

have to be sought that refer to the deterioration of asphalt, railings, transmission and specific materials.
Data areneededhat fulfills thefollowing criteria:

1 The processf deterioration can be clearly seen.

1 Thedeteriorating object is known.

1 The deterioration cause&igwn.

1 The performed maintenance between registered moment has to be admirtisdrperbd can
last from the date ofoperation from an asset to a first inspection where in between no
maintenance has been done or where maintenance is registered. Another possibility is the
registration of 2 moments, be it a photo or report, where a differenceandidenagean be
estmated while knowing the fact that in between these moments no maintenance has been
performed. At last, data can also be retrieved from measurements or reports at a bridge for which
the entire development is known.
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8.4 Acquiring data

The hunt for dat leado the recogtion that data barely ex#&td when it existsdid not always fulfill

the mentioned criteridata havébeen searched for in Amsterdam, the Province of Ntwlaind,
Rotterdam, and Haarlem. A common problem found for a lot of muna&sgalitie storage oftdrical
maintenance dataulicipalities are becoming more aware of the fact that this will help them improving
their maintenance programmiAgmall amount adata fulfilling the conditions as stated was only found

to be presen#t the municipality oHaarlem, where maintenance is contracted out to the contractor
VolkerInfra.Anotheruseful case has also been developed in Amsterdam.

Municipality of Haarlem

The municipality of Haarlem has afgrenancebased contract for tgrears @ maintain a set of fixed

bridges with contractor Volkerinfra to comply watlzertain (NEN) quality level. Volkerinfra inspects the
infrastructure every thregears. Some of the infrastructure has been built since 2000, creating
opportunities for the partci pati on in this research due tto mai
An amount of 259 bridges hbsen inestigated for their usefulnessulting in 15 bridges where
mentionable and/or significant deterioration had been detected in their [W&dtiamseports For 7 of

these bridges it has been made surththataintenandestoryis known.

Municipality of Amsterdam

The database of Amsterdam consists of passports of all the infrastructure and every now and then
documents with the inspectiohatthave been done on bridges. These inspections can be compared to
the reports that are made with the NEN2Z68&gulation. However some data exist, it does not guarantee
usefulnessThe format of the report does not allow any analyses to beTHenadnmistrationin
Amsterden doesregister inspections but no maintenance interventions between these moments. A tour
with service providdPeter Joosten along movable bridges in Amsterdam lead to another case which will
be used in this expert judgement setiesbining data from Google Streetviewragdrel4 showed a

period where in between no maintenance had been performed while serious det¢ravatorayer

was going onlable20 shows thedridgesthat will be used for seed variables in this expert judgement
series.

Table 20Bridges to be used for this expert judgement series

City Building year | Deterioration Type of bridge

Noorderhoutbrug Haarlem 2003 Railing corrosior Pedestrians/cyclis
Belle van Zuylenbru| Haarlem 2010 Deformation Normal traffic

Zuiderfietsbrug Haarlem 2012 Wear layer Pedestrians/cyclis
Hagedisbrug Haarlem 2000 Wearayer Pedestrians/cyclis
Duinvlietvoetbrug | Haarlem 2009 Conservation Pedestrians/cyclis
Bosbeekjufferbrug | Haarlem 2006 Antiquity Pedestrians/cyclis
Lantaarntjebrug Haarlem 2006 Antiquity Pedestrians/cyclis
Mariniersbrug Amsterdam 1935 Wearayer Normal traffic

Resemblance of target variables

As can be conducted frohable12 and Table20, not every target varialidebeing resendd by seed

variables. Thisasbeeninevitable due to the lack of data and the demand to develop intervals for multiple
maintenance activities. The seed variables mainly describe damages on wear layers and railing
deteriorationapplying to bridges that are maisiyd by pedestriansdacyclists. There is no direct proof

for the relation of assessing condition on wear layers and railing deterioration and deterioration of other
elements on a bridge. This will be furtherly reviewed in the discussion.

8.5 Problems with NEN

The NEN has beeintroduced as the first objective way to assess infrastructure condition. However,
inspections by the NENre dondy inspectors that somehow assess the condition in a subjective way by

an objectivestandard Peoplemight see things differently and assiesmin a different waglong the

three categories. It happens that damages remain unseen or are forgotten. The theoretical deterioration
curve carbe misused in these situations whislonsething that actually happdrese issues have the
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consequencef people giving different condition while given gshme information. The NEN is
pecei ved asméahi hgasbyimstsple compani es.

8.6 Conclusion
This chapter gave all thecessary informatiém conclude the following sajoestion:

How is the quality of infrastructure being assessed?

Quiality or condition can be measured with different instruments in lieel&ets. A distinctida made
howeverbetween the technical state and appearance of an object. The NEN2T@/first objective

way for the technical condition assessment of infrastructure in the Netherlands. In order to perform
maintenance, it should be known what the minimal permitted quality level or policy level is. To assess
whether people can estimate the deterioration oftioondver time to reach this policy level, the
NEN27674 will be used as a measurement instrument on cases for which it is known that no
maintenance has been performed since the delivery or a given moment in time. For the usefulness of the
outcome, the pimly level will be set at a NEN condition score of 3 which complies with the ambition
level of Amsterdam. This score can best be compared with a lot of small damages, or a small serious
damageThe condition over time assessment skill of experts willdielig®stimating the 588%695%

guantiles for the period it took to get to a certain damage. The probabilistic interval for the maintenance
activities inrable12will be developed by the 888%95% estimates of experts for the period it takes to

get to a condition score of 3.
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9. The COTA method

9.1 Introduction

This chapter will cover thstepwise application of expert judgement to quahgfyimpact of
uncertainties in bridge maintenance to develop probabilistic intenvaimfenance activitiea bridges
in a dynamic urban environmeértiree building blocks of tlexpert judgemeifuestionnaire have been
investigated in thanswering fosubquestionsregarding the uncertainty to be quantifeedist of
maintenance activitiésr which probabilistic intervals will be developed the method to measure
infrastructure qualitfhequestionnairean be founih AppendixB: Elicitation format document

9.2 Concept

The fundamental concept of this expert judgessigds visualized iRigure22 If anexpertis able to

guantify the impact of uncertainties for situations the true value is known by estimating the time it took to
get to certain damages, he Is tbgive a reliabletiesate of the period will take arelemento reach a

certain paty levebr condition The fundamentadsueof this casés whether experts are ableagsess

the (possible) conditions over time of an d&%@TA). If so, a product can be made whiglsts of

multiple distributions fahe maintenance activitieS ablel2

z

Time till damage NEN 1+

Time till quality level
|

(&)
N

\\( - s
.. Quality level
55%,

0 et 0 ' time t
Figure 22 Concept of seed variabléred) and variables of interest (blue)

9.3 Expert judgement procedure

The protocol used for expert judgement stems from Codk€a@rssengR. M. Cooke & Goossens,
2000) The outcome of each step will be coveretlybrfde considerations for each stap be found in
the answering of each sydestiorwhich describes the scope of the research.

Preparatory phase
1. Definition of case structure

The purpose of this case structure is to develop probabilistic intervals for major overhauls ©hebridges.
case structure provides a test that shows whether people are able to assess the impact of uncertainties on
the conditbn over time orbridges as explained in chapteAg§sessing infrastructure quality

2. ldentification of target variables

The target variables consist of the maintenance adtivitidsch a probabilistic intern distribution

will be developedhese activities have been derived ttoapter7.4  Maintenance activity selection

for expert judgementfo align the experts in this research a selection has been made of maintenance
activities that are clear and generalagtinties are mentionedTiablel2

3. Identification of query variables

Query variables consist of the variables that will be questiomedatitseed and target variables. These
are the variableghat are directly resemhldd this expert judgement series 23 query variables are
questioned out consisting of 8 seed variables and 15 variables offimesesd variables and variables
of interest can be found in respectiValylel2andTable20.
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4. |dentificatiorseédariables

Seed varides have been developeth theunderlying concepd simulate an infrastructure inspection
regarding the NEN27&¥by looking for bridges for which no maintenance has been performed or for
which it is known at what time maintenance has been done. This addressed a problem as historical
maintenance reports were spare or not useful in this reSsareh.alatively youndridges in the
municipality of Haarlem in the Netherlands have been selected for use in thisAesteechridge in

Amsterdam has been selected as well. For these cases it is known that when, if applicable, maintenance
has been performed, and danmragerts are presefithe bridges used in this expert judgement series can

be seen ifable20in chapte8.4 Acquiring cta

5. Identification and selection of experts

The questionnaire will be handed out to experts fulfilling the following. &itdirst, experience with
knowledge of the Dutch norm NEBRI674: Infrastructure condition assessment is essential as this
standards used as a measurement instrument. Secondly, experience should be present with the inspection
of bridges and/or planning maintenance activitiesrdinelly, an expert should also be able to quantify

the impact of uncertainties on the maintenance interval already. This skill will be evaluated in this expert
judgement application. A selection of 28 experts has beenRegdaling the TU Delft expert
judgement data base, this is a lot. An amount of 45 expert panels had an average amount of experts of 10
(Roger M. Cooke & Goossens, 2088) the infrastructure sector is not presentrythis database, a

higher amount of participants will be involved to take away the risk of unreliable answers or other
unforeseen aspecthe companies that are represented in this research by their contribution are shown in
Table 21 The participating experts are shown by their functiokpjrendix C Expert Judgement
participants

Table 21Participating companies

Company name Expertise Participants
Municipality of Amsterdam | Bridge management & inspectiong 5
Municipality of Rotterdam | Bridge management & inspectiong 2
IV-infra Inspecting & advisory 5
VolkerInfra Inspecting & advisory 9
Antea Group Inspecting & advisory 6
Royal Haskoning DHV Advisory 1

6. Definition of elicitation format document

The questionnaire that shows both seed variables and variamlesesif isshown inAppendixB:
Elicitation format documentAttention has been paid to make the questionnaire look attractive.
Awareness of the research addedvalue of each parifi@nt has been made clear by introductions
during theelicitation essions

7. Dryrun exercise

Two dryrun exercises have been done with maintenance engineers from Volkerinfra and bridge managers
from the municipality of Amsterdam. The sessions found out that the first questionnaire was too hard
without any explanatioon he methodology and topic. Improvements have been made in the way of
guestioning out target \abiies and agxplanation on the methodology has been added.

8. Expert training session

During each workshop or elicitation session a thorough explanation omtulogy has been given
to make sure everybody was able to answer all questions.
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Elicitation
9. Expert elicitation session

Different type of workshops have been organiz. I n some <cases it wasnot
participants from one compatogether which resulted iroft-1 sessions. Experts had the opportunity

to | ook at each otherds answers afterwards to g
out that nobody was willing to change their ansviless answers appeared ¢éoviery discrepanthel-
on-1sessions did not have the oppartany t o | ook at otherds answer s.

Figure 23Elicitation sessions at Volkerinfra (left) and Antea Group (right)

After elicitation phase
10. Combination of exgssgssments

The combination of expert assessments will be elaborated thygomneixt chapter
11. Discrepancy and robustness analysis

The analyes on the combination of expert assessments will be elaborated uppnexndhapter
12. Feed back

The results ofll answers will be fed back to the participating companies. This report, the final thesis, will
also be presented to these compahiesevaluation of the results will happen internally and will not be
processed in this thesis.

13. Posprocessing analyzes
Not applicable in this study.
14. Documentation

All the results are documented in this thesis. The final results will be presented in a presentation at the
Technical University of Delft and the Municipality of Amsterdam.

The next chapter will elaborate uponldkephase of the application expert judgement.

46



10. After elicitation

10.1 Introduction

This chapter will elaborate upon the after elicitation phale efpert judgemerapplication of the

COTA method. Experassessments will be combined and a discrepancy and robustness analysis will be
donewith thegoal to see whether experts are able to evaluate the condition of assets over time. If so, a
applicable distribution for maintenance activities that represalitts to a certain degree might be
developed as welnalyses will be illustrated with tables covering samples from the actumal data
ExcaliburThe full tables can be found in the appenditesfollowingappendicelsave been used

1. AppendixB: Elicitation format document

2. Appendix CExpert Judgement participants
3. Appendix D Expertassessments

4. AppendixE: Excalibur output

10.2 Strategy

The questionnaireonsists othree types of questioriBhefirst type relates to seed varial§esThe
secondypeof questionselate tadarget variables féixed bridgesTs, To, Ts, Ta, Ts, To, Tig, T11, T12, Tis,

T14 The thirdtype relates ttarget variables fonovable bridge3s, T+, Ts, Tis The variables are shown

in AppendixB: Elicitation format documenithis separation has been done dieexpertsvh o wer en ot
familiar with movable loiges.Their assessments would cause huge discrepancy or disagreement with
other expertand result in outeneswith large uncertaintyhe performance measurement thraagg
variables remains the same for each eaparb seed variables regarding movable bridges have been
found Different weighting schemes and analgsesxplained in chapter Performancbased expert
judgementwill be appliedvith thegoal to maximize the statistical accumadyinformativeness of the
deci si onribmoker s di st

Figure24 explains the strategy for the analysis. As explained, the questions@ite of questions
relatedo fixed and movable bridg@&e twotypes of questions will be analyssgaratelipy applying
thedifferentweighting schemasd featureas discussed amapted.4 Performance based expert
judgementA more applicableresult might be obtainday tweaking the calibration and information
scoresAfter the robustness and discrepancy analysis the final conclusion will be drawn.

Fixed Robustness
/"—} analysis \/”’—’ analysis \

Questionnaire Tweaking Conclusion

K} Movable __A_} Discrepancy |

analysis analysis

Figure 24 Analysis strategy

Dummy table

The expert fanthe guestcrmineaasdlt én tables that illustrate their individual calibration
and information scord@able22 functions as a dummy table and will be expldixpeért namesire
coveredby | D dhsolumn 1 in order to prevent blackening. The second column shows the calibration
score for each expert; the index for their statistical accuracy with a domain betweeA highdrl

score indicates a better uncertainty assessor. The third and fourth column reveal the infornfiation score
each experthe index fothe rangeone neds to express his uncertainty for respectively all and just seed
questionswi t h a domai n . A kigher scere mdans highdr cddfidenceaasmhaller
bandwidth.The amount of seedariabless shown in column 5. The sixth column shdves un
normalized weight which @erived fromformula( 10). The normalized weight without the decision
maker in column 7 is calculated by taking the quotigrdverthe amount oparticipatingexpertsas an

equal weighting scheme has been applwdlast column normalizes thenonmalized weight in the

sixth columnn combination with the decision maker
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Table 22 Excalibur sample for fixed bridges with equal weights

Mean | Mean UnNorm.| Norm.weigh{ Norm.weigh
ID # Calibr. |rel. total rel. see( #seed weight | w/o DM w/ DM

Exp. 4 5,86E07| 1,095 1,093 8| 6,40E07 0,03704 5,43E06
Exp. 19 |0,000144 2,051 1,743 8| 0,00025] 0,03704 0,00212
Exp. 23 0,01644 0,8191 0,8417 8| 0,01383 0,03704 0,1173
EqualDM | 0,0804] 0,278 02188 8 0,017¢ 0,149

Table23 llustrates the meaning of the values in column 2 antBableR2 for several experts. A bad,

average, and well calibrated expert are personalized by respectively expert 4, 19 and 23. Seed questions ar
expert opinions are revealed in the remaining colorgns t h e  e50%%5% tqdastiles5 The

second row shows the true vatueealisatiorfor each seed variable. Note the difference in calibration

and information score and how this is represented by their assessments.

Table 231l ustrating the representation of calibration and information valuesn seed variables

S S S S S S S S
Realisatio 4 7 6 10 15 13 10 38
Exp. 4 4-6-8 | 2-6-10 | 152535| 203040 152535( 152025( 152025 4-6-8
Exp.19 4-1015| 7-1012| 101520| 203040( 101418( 1520-30| 81216 [ 366072

Exp.23 35.58 | 57-10 | 61015 |101520]10-13-25| 10-1325| 1520-30| 246084

10.3 Combining expert assessmentir fixed bridges

The mean calibration score of the experts is veryefmavdingTable 40. Summing the scores and
dividing them by the amount of experts givasean calibration score of 3,59B. The mean
information score on all questions and just seed questions is respectively 1,49Aandrdif3%.to

Nane, the calibration and information score are relatively low ar8elggdd.reasons may exist for the
slightly wider range in the varialdésnterest.Uncertainties might hawe different impacon the
variables of interest for whialihigherrange isiecessary to capture these uncertainties. Not all variables
of interest are resembled by the seed queStfmnsnatter of confidence in thessessments per expert
might be the cause as wathbiguity in the variables of interest may play a large rolartayses will

cope with this issue.

Different weighting schemes might result in a virtual expert with a better performance. kiast an eq
weighting scheme will be applied whereafter the perforbzmeceweighting schemes will be analysed.

Equal decision maker on fixed bridges

An equal weighting scheme is applieflainle24. This schemeesults ina very low calibration and
information scoréor the equaldecision makgEqualDM). The calibration score of the decision maker
(0,08041) is almost three times higher than the hoglibsted expert (0,026319w calibration may
occur due to overconfidence, ie. using narrow bolihidsis not the case for theyialDM as the
information score is very low as Wéie information score fluctuates with a factor 3 among eXjerts.
EqualDM has an information scdqf2786)almost four times as low as expert 21 who used the largest
bounds in the questionnaffg7568)Narrow bounds indicate a high information score. This can be seen
at expert 6, 11, 13, 14 and 22. It also happersxfreats usa wide rangbut stillmiss the reahsion

and have a low calibration sc@&bgert 21lillustrates this ar@ppears to be a worse uncertainty assessor
than other participants. Some experts perform significantly better as can be seen whighttheir
normalized with the decision maker in column 8. Experts 3, 8, 17, 23 and 24 haveoanpaigbtéo

the equal decision makiErpert 3 performs best in this weighting scheme with a weight of O[#277. T
EqualDM has a weight of 15%.
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Table 24 Excalibur output samplesusing equal weights

Meanrel. Mean UnNorm. Norm.weight Norm.weight

Calibr. total rel. real. #seed| weight w/o DM w/ DM

Exp. 3 0,0265] 1,24 1,013 8| 0,02684 0,03704 0,22771
Exp. 6 5,86E07 2,122 1,975 8| 1,16E06 0,03704 9,81E06
Exp. 8 0,01644 1,502 1,11 8| 0,01825 0,03704 0,1549
Exp.11 |1,79E08 1,928 1,852 8| 3,32E08 0,03704 2,82E07
Exp. 13 | 3,72E06 1,974 1,862 8| 6,93E06 0,03704 5,88E05
Exp. 14 | 3,72E06 1,912 1,729 8| 6,44E06 0,03704 5,46E05
Exp. 17 0,0156¢ 1,26] 1,107 8| 0,01734 0,03704 0,1471
Exp. 21 |1,75E05 0,756§ 0,7584 8| 1,33E05 0,03704 0,00011
Exp. 22 |1,29E06 1,74 1,807 8| 2,32E06 0,03704 1,97E05
Exp. 23 0,01644 0,819] 0,8417 8| 0,01383 0,03704 0,1173
Exp. 24 0,0156¢ 1,208 1,021 8| 0,0159§ 0,03704 0,1355
EqualDM | 0,0804] 0,278 0,2188 8 0,017¢ 0,149

Using a performandmmsed weighting scheme will probably increase the calibration and information score
and weight of the decision maker by excludingcéldmrated participants. A relatively more reliable
output may be developed by doing so.

Performancebased decision makersn fixed bridges

Table 25 shows the application of both global and item weights decision (&lkeesDM and
IltemDM). Using a performance based weaighscheme indeed results in a higher calibration and
informationscore for botlthe global and item decision maker

Table 25Fixed bridge samplewith global and Item weights under significance level of 0,01644

Mean rel.| Mean rel. UnNorm. Norm.weight Norm.weight
Calibr. total real. #seed weight w/o DM w/ DM

Exp. 3 0,0265] 1,24 1,013 8| 0,02684 0,4556 0,07734
Exp. 8 0,01644 1,502 1,11 8| 0,01825 0,3097 0,05254
Exp. 23 0,01644 0,8B1 0,841z 8| 0,01383 0,2347 0,03984
Exp. 24 |0,01566 1,208 1,021 8 0 0 0
GlobalDM | 0,687  0,503€¢ 0,419 8 0,288] 0,8304

ItemDM | 0,687 0,5461 0,441 8 0,3033 0,8373

Both scheras eglude the same experts by using a significance ledl6ffs4nd thus receive the same
calibration scoreExpert 24 for instance has a calibration scobgDd566 < 0,01648nd is therefore
excludedThis valudor ¢ maximize the weight ofthe decision makeBy the use of this value just the
best calibrated experts join the pool and other expertcladedBoth weighting schemes result in a
calibration score for the decision mak€,G876.This score is almost 9 times higher than the calibration
score of the&cqualDMand 26 times higher than the highest calibration score (Experd ®266)L The
information scores are more than 2 times higher than the information scor&qdaieM The
information score of the ItemDM is slightly higher than the GlobalDM on both seed variables (0,441 vs
0,419) and variables of interest (0,5461 vs 0,B03%)ing performandtmsed weights, only 3 out of 27
experts managed to achieve a calibration score high tenoughibute to the virtual expeBxpert 3, 8

and 23 would respectively receive a weight of 7%, 58%eambth decision makeeceive a wght of

83%.

The assessments for fixed bridges have been explored. The analysis will continue with the assessments for
movable bridges.
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10.4 Combining expert assessments for movable bridges

The outcome of combining assessments for variables of irgiatesto movable bridgaa Table42
differs slightly from the variables of interest for fixed bridgEsble40. The reason for this is that
expert 3, 22 and Péve been excluded from the research.

The meancalibration score shifted from 3,58& to 2,29ED3. The overall information score shifted

from 1,49 to 1,40. This means theative to the variables of interest for fixed bridggsr bounds are
used.The mean values of the calibration and overall information score are lower for movable bridges.
This means that a well calibrated expert (E3pkatt the panel and experts have less confidence in their
estimates on the variables of interest for movable bridges.

The assessments for movable bridgesrailbé analysed through the application afcaral weighting
scheme whereafter the perforoetmased weighting schemes wikbxaored

Equal decision maker on movable bridges

The EqualDM for movable bridgleas the same calibration score as the EqualDM for fixed ,badges

can be seen ifable42 The total information value lowers from 0,2786 to 0,2003. The information value

on seed variables lowers from 0,2188 to 0,2109. The reason for this has already been given. The
calibration sare and information score on seed questions of each individual expert logically remains the
same. The information score still fluctuates with a factor 3 among experts. The weight of the EqualDM is
now 22%. A performandmsed weighting srhe might improvthe values othe decision makéor

movable bridges

Performance-based decision makers on movable bridges

A performancéased weighting schegeneratea calibration score of 0,5405 as sediabie26. The

information scoref the ItemDMcompared to the EqualDkése from 0,2003 to 0,6239 and ®2b0
0,4786 for respectivedyl andjust seed variableEhe ItemDM again has a slightly bdtiermation

score than the GlobalDM. The weight of the decision makers is 89%.

Table 26 Movable bridge samplewith global and Item weights under significance level of 0,01644

Mean rel. Mean rel. UnNorm. Norm.weight Norm.weight

Calibr. total real. #seed weight w/o DM w/ DM
Exp. 8 0,01644 1,27 1,11 8| 0,01821 0,568¢ 0,0646¢
Exp. 23 0,01644 0,909¢ 0,8417 8| 0,01384 0,4311 0,04894
GlobalDM 0,5405 0,605] 0,4629 8 0,2502 0,8864
IltemDM 0,5405 0,6239 0,4786€ 8 0,2587 0,8897

10.5 First conclusions

After calculating the different decision makers for both fixed as movablesesidggsconclusions can

be drawnThe individual calibration scomnegyeneral are low with a mean score of 3)39Ehe mean
information score is 1,49 on all variables but with a score of 1,35 lower on seed variatilese From
valuest can be concluded that experts in general have difficulties estimating the cbadg&in over

time. The individual calibration scores are relatively low and information scores relatively high compared
to the performanebased decision makef$he epresentation of thesmlues can b#lustrated by

looking back afable23

Due to the low individual calibration scores the calibration score of the EqualDM is 1o{0 884!l
The majority of theexpert panetonsists olow calibrated experishich outperformhigh calibrated

experts in both fixed and movable bridgé=ghting lte significant differemipinions ofexperts equally
results in very large bounds for each variable that makes them unusable in practice.

The calibratiomand informatiorscores of the performanbased decision makers differ signifigfnotm
the EqualDM in a positive walhe calibration score of tHeemDM for fixed and movable bridges is
0,6876 and 0,54@hd preferred above the GlobalDM in both cades ItemDM for novable bridges
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however needs larger bounds. The information scores are 0,5461 and 0,6239 fdrnfigedbbn
bridges. The combined opinion of experts gives an approach to reahfyrdagsa lot of uncertainty
by using a largeangeo reach this pormance in variables of interest for both types of bridges.

Expers 3, 8 and 2&ppear to have the baspresenting opinion. Revealing their characteristics might
explain why. Expert 3 is aged 26 years and has 3 years of experience as an ingpécisradegp86

years and has 11 years of experience as maintenance engineer. Expert 23 is aged 30 with 2 years o
experience as advisor on civil infrastructures. It strikes that relatively young experts outperform elder
participants with more experient¢hie field of work. The mean age of experts is 4thantkban years

of experience on fixed and movable bridges is respectively 11 and 9 years.

Other things strucks welin the outcome of the questionnaBeveral experts gave very wide answers
for taget variables whilst others did not. Some exgave a maximal timespan to reach a NEN
condition score d® of 10 to 30 years for the conservation of raildgsuncertainty interval of 20 years
in a maximal timespan of 30 years seemisubdsl not neessarily wrong. Comparing with other answers
creates restraint howevbtultiple examplewith discrepanassessments of expecen be seein
Appendix D ExpertassessmentSeveral reasons coaldply for the differences in opinionsteFihg
ambiguous questions mawgprove the information score and result in more reliable intévals.
discrepancy and robusteeanalysis will be performed to see whether better resultspcaduced
After these analyses, the final results will be disatal/edncluded

10.6 Discrepancyanalysis

Chapter 4Methodologydescribed possible limitations regarding the use of perfoivaaadeexpert
judgement. A lot of effort has been put in the explanation how to answer all the variables by giving the
different percentiles. It is assumed that this did not cause disaegitarcad. Though, the results show
differently as experts use totally different bounds as can be seen in the different information scores.
Ambiguous questions are questions for which it can be addressed that significant different opinions have
been egthated. Itmakes sense that opiniatiffer, but to a certain degregeveral causes can be
appointed fodisagreemeimong expert&ach reason will be briefly covered.

Different organisational strategd working field
Different individual functioor experience

Different interpretation of the impactwicertainties
Different interpretation of the NEIR7674

Different interpretation ofariables of interest

aprpwONE

1. Different organisational strategy and working field
Different companies with different backgraupdrticipated in the questionnaireiniiva for examplés
a company which is maiglntractedn highway bridges that have different characteristics than bridges
in an urban environment. This may create the bias that experts unconsciously tefiéonsotkat do
not directly resemble theusition that is being asked fohe scope of the urban environment however
has been addressed multiple times in the questionnaire.

2. Different individual function
Regarding the expert panel which is shovppendix C Expert Judgement participaitsan be seen
that the participants have different individual functions. Walyafticipants, experts 2, 3, 5, 1228d
wear the title of inspectarhile others have been promoted to a more supervising or advising function.
Althoughthe inspectorgererally score slightly betterrthgeople with other functions, only 1 inspector
is involved in the decision maker. No diamrclusion can be drawn from the generated data but
different individual functions might have an impact on the way people look at infrastructure assets.

The different individual function can tell something about the experience experts have with inspecting
bridges. An important question is what reference they use in the questionnaire. Some experts might have
seen similar bridges whilst others havebxperience is only known in years and not in the amount of
bridges experts have seen.
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3. Different interpretation of the impact of uncertainties
This research aims to quantify uncertainties which are najuflified Two difficulties arise here.
Experts might estimate the impadt uncertainties differently anmdight not know which actual
uncertairies applyin the deterioration process of physical infrastructure. This can create huge
di screpancies as 0knownlthasinotrbeewvakdéted wizether expeots tdnle g u ¢
the same uncertainties and circumstances into account.

4. Different interpretation of the NEN 276 74
Although the NEN 2764 has been introduced as an objective way to assess infrastructure condition, the
assessment is still made by humans who have to assess the infrastructure visually. TheiBIBN2767
goodstandardut does not necessarily present a 100% similar rediffiedent inspectors according to
several interview3he standardhas a little bit of slack in the interpretatma realisatiof the
condition scores.

5. Different interpretation of variables ofnterest
The different interpretation of target variables can be taken away by performing a discrepancy analysis on
these questions. A discrepancyyaisashows till whatdegeeex per t s agree with the
mean opinion in this case is ajua decision maker where every expert is represemedh, if
discrepancy among the variables of interest can be taken away, the discrepancy among seed variables wi
still exist.

The overaltelative information experts express regarding the edsiande@kepn fixed bridgesan

be seen iTable45 The most (dis)agreeing experts have been pointiedTalle27. Expert 2 agrees
the most with the EqualDM. Expert 19 disagrees the most with the Equtat@Mbe seen that the
mean relative informatian the entire questionnaire gt the seed questions is quite high. This implies
that experts in general do not agree with the EqualDM. This can be reaphifisamtdisageement
among experts in general. Performing a discief@aralysis per target variamlight show which
guesionscause the biggest discrepancies.

Table 27 Extreme discrepancy values

ExplD# Rel.Inf to total Rel.Inf to realis.

2 0,7785 0,7172

6 1,766 1,791

19 1,825 1,429

Mean 1,2154 1,1321
EqualDM 0 0

Discrepancy per targevariable

Table28 showsa sample of experts witthe dscrepancy per target varigide expertThe entire table
can be seen ifable44. T, denotes the target variaiteAppendixB: Elicitation format documerithe
mean discrepancy per variable and maximal difference among expertsyi$lgaefh andMax dif.
Extraordinay values have been highlighted and indicate the (dis)agreement with the EqualDM.

Table 28Discrepancy per target vaable

ExpiD# T1 T2 Tz Ta Ts Te Tz Te To T Tn Tizs T Tis

0,50 0,72/ 1,01/ 0,70( 1,32] 1,43| 2,32| 1,80 0,52| 0,95| 1,01| 1,90| 0,98 0,53| 1,26
0,59 0,68| 0,69 0,64 0,71) 0,65| 0,27| 0,73| 0,87 0,55| 1,19 0,91] 1,29 0,93| 1,06
0,28/ 1,60| 1,01 1,27, 0,96| - - - 11,07/ 1,09] 1,64|0,29| 1,49 0,52 -

0,59 0,40, 0,22 0,38| 1,08| 0,83| 0,40/ 0,91/ 0,98 0,55 1,25| 0,75| 0,93 1,31 0,50
1,77/ 1,02 1,33| 1,65 2,05| 2,29| 1,37| 1,86| 2,58| 1,83| 1,51| 1,27| 2,15| 2,06| 2,24
12| 1,46/ 1,211 1,99 1,65| 1,15| 1,22| 1,57| 1,82 1,19| 1,09, 1,09| 2,07| 1,66| 2,91| 1,82
13| 1,42/ 1,85/ 1,78 1,60( 1,56/ 1,98 1,72| 2,11| 1,48 1,01| 1,84 1,45| 2,11] 1,95| 2,29

O |~ W(IN |-
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T2
1,22
1,21
1,73
2,20
1,22
0,36
1,21
0,20
1,59
0,68
2,00

Ts
1,56
1,33
1,45
1,45
2,01
1,81
0,95
0,60
2,36
0,80
2,14

Ta
1,84
1,01
0,97
1,82
1,65
1,06
1,28
0,85
1,17
0,72
1,46

Ts
1,45
1,24
1,08
1,06
1,24
1,44
0,48
1,52
1,32
0,73
1,57

Te
2,29
2,05
1,67
1,43
2,02
1,09
1,26
1,29
1,10
0,84
1,64

T1o

1,36
1,14
1,11
2,09
2,09
0,25
1,14
0,95
0,85
0,67
1,84

Tu

1,98
1,51
1,46
2,08
4,54
0,25
1,78
1,36
1,51
0,96
4,29

T2

1,81
1,22
1,37
2,11
2,07
0,47
0,49
1,37
1,07
0,76
1,82

Tis

2,30
1,43
1,48
2,43
2,43
0,41
2,57
1,27
3,10
1,04
2,70

T1a

1,63
1,34
1,17
2,06
1,79
0,49
1,26
0,12
0,08
0,75
2,83

Tis

1,56
1,81
1,20
1,22
1,19
0,49
0,88
0,75
0,88
0,71
1,79

ExplD# T1

1,55
1,56
1,18
1,01
1,93
1,24
2,08
1,32
0,94
0,72
1,79

1,69
2,18
0,62
1,69
1,72
0,23
0,84
1,32
0,84
0,70
2,09

1,33
2,16
0,56
1,52
1,64
0,61
1,14
1,13
1,35
0,77
1,60

1,52
0,85
1,22
2,04
2,29
0,40
2,53
1,06
1,40
0,81
2,18

14
15
17
18
19
20
21
25
27
Mean/t
Max dif

The last row shows the maximum discrepancy between 2 experts. The extreme values have been
highlightedFrom the last two rows it can be concluded that discrepancy exists in significant matter for
every target variablgonsidering the amount of experts this is not weird. Perforhasemk decision

makers filter the majority of expefaiestionsTy, T11 and T13 show both a high value for the mean
discrepancy per target variable and a high difference in agreement amonghexpiytsmatter of
discrepancy of certain target variables might affect the overall performance of both experts and decision
makersThemaximal differencese seen iy, T11andTiz and are representedTiable29.

Table 29Biggest discrepancies among experts

To T11 T13
Lowest assessment 7-1015 2-7-12 2-5-10
Highest assessment 708090 96-98-100 40-60-80

A new aalysisill be done after eding question$s, T11andT1s The influence on the decision maker
will be analysed. Removing target variatflesnces the overall relative information per expert and the
discrepancy with each experts compared with the decaien This wilhave impact on the relative
information on the decision maker as Wwh#. results on the target variables relevant for movable bridges
remain the samas the excludl questions apply to fixed bridges.only

The new values for the relatintormation on all variables per expert can be sdabled7. Table30

showsa sample ahe outcome of Excalibur withcamd witheliciting answe for questiond', T11 and

Tia The calibration score and thus weights for each decision maker remain the same as no adjustments
have been made here. The fourth column shows the relative information on all variables including
questiondly, T11 andT1z The third column shows the relative information on all variables tithout

discrepant variables

Table 30Decision makers sample without question3 o, T11and T3

Relative Relative

ExpertID# Calibration info new info old
3 0,0265] 1,093 1,24

8 0,01644 1,348 1,502

23 0,01644 0,7749 0,8191
IltemDM 0,687¢ 0,5174 0,5461
GlobalDM 0,6876 0,4834 0,5039
EqualDM 0,08041 0,2801 0,2786
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It can be concluded that the relative information gets worse with the exclgamstiofsls, T11 and

Tis for the performanebased weighting schemes. The information score of the EqualDM gets better.
This can be explained as the most discrepant answers have been removed. The resulting information score
for the performanebased weighting schemes gets wardkeaexperts in the pool have information

scores higher than the mean on the removed queStiensgnformatio score did not improve by

excludhg discrepant questionith discrepant assessmeht® next paragraph will describe the effect of

a robustnesanalysis.

10.7 Robustnessanalysis

A robustness analysis will show whether tiveatedn score improves by exahgdeither experts or seed
guestionsThe goal of excluding experts is to see whether the expert judgement series is robust on experts
or *ed variable€onclusions are made againstdéygendency anidtensity eactime the decision

maker changeghenexperts or variables aecludedTable48andTable49represent the full analysis

Robustness on experts

Excluding experts mighave an impact on both the calibration score as the rafativeation on all
variables angist seed variablekthe decision makek change in these aspects is noticed wkpert 3,

8 and 22 will be ekided from the expert pameal can be seenTiable31 Excluding expert 3 leads to a
change in the calibration of the ItemDM from 0,6876 to Oz84€&n be seen in the second caldine
relative informatiom column Irises from 0,5461 to 0,6358. This caarfpementedy the fact that the
calibration score of expert 3 is relatively high compared to other &pepte roveralBifasmation
value is relatively low and belowrttean information score as cardesvedrom Table24 The same
consequences apply for expert 8 and 23 but to a different extent. Note that thesexpegts that
would only contribute as soon as performarssdbaeights apply.

The fourth column shows the relative information which is given to the original Itamib& new

decision makexhen an expert is @xded A score close to zero means that there is a big resemblance
with the original decision maker. Expert 9 and 20 represent the maxima of the relative information to the
original decision maker. The effect of removing experts is smatlowipgaminghe discrpancy analysis

as well. The maximal relative information to the original decision maker is 0,5829 in case expert 22 is
being removed. This valuéower than the mean discrepaincyable27which means that the obtained

results in this guigsnnaire are robust against the choice of experts.

Table 31Robustness analysisampleon expertsusing item weights

Excluding Rel.info Rel. Info/or
expert# total Calibration DM total

3 0,6358 0,5405 0,2664

8 0,3753 0,5334 0,3683

9 0,5461 0,6876 0

20 0,5116 0,6876 0,00340¢

22 0,485 0,5334 0,5829

None 0,5461 0,687¢ 0

Robustness orseedvariables

Excluding seedariablesmpacts the calition score as can be denote@iahle32 Due to the (small)

amount of seed questions and the fact that a calibration score is very dependent it can be seen that the
results are not very robuwsgainst the choice of seed variables.|dst column shows a lot of relative
informaton between theriginal and resultirdecision maker.

Table 32Robustness analysis on seed items using item weights
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Excluding Rel.info Rel.info/or

seedt total Calibr. DM total
S 0,9882  0,553¢ 0,3678
S 0,860  0,6557 0,8764




Excluding  Rel.info Rel.info/or
seed# total Calibr. DM total

S| 05309 0,5337 0,4723

S 0,863 0,678¢ 0,4723

S| 05828 0,678¢ 0,6736

S| 0,881¢ 0,423 0,759¢

S 1,017  0,553¢ 0,4271

S|  0,5709 0,678¢ 0,6424
None 0,5461 0,6876

Concluding

The discrepancy analysis showed a lot of disagreement among experts for certain target variables.
Removing these target variables did not improveftimmativenessf the decision makershe results

of theelicitatiomarerobust against the choice of experts but not to the choice of seed variables due to the
small amount of available data on which these seed variables are based.

The optimizediecisbn makein this questionnaire tigsults in @erformancdasedxpert panan item
weights ani shown inTable33 This decision maker should be seen as thaelvéxpert that gathers the
information of the highest calibrated experts and fills in the questionnaire with their knowledge.

Table 33Resulting decision makers for variables of interest regarding fixed and movable bridges

Calibration Information

ItemDM /fixed 0,6876 0,5461
ItemDM / movable 0,5405 0,6239

10.8 The probabilistic interval

The decision makers Trable33 show a calibration and information scéresample of the resulting
probabilistic intervddy the ltemDM on fixed bridgesan be seen ifable34. The decisiomaker may
capture a true reaton butthere is no guarantee farThe size of the bounds it gives can be seen as
well.The finalresuls for all seed variables and variablégt@festtan be seen ifable50andTable51

Table 34Sample results of the ItemDM solution for fixed bridges

Variable‘ 5%tile 50%tile 95%tile True value Full Name

S 3,297 9,215 23,7 15| Brug 158
S 3,163 14,52 23,01 38| Brug 272
T 3,211 7,271 18,7 Railing maintenan
T2 1,73 6,351 11,82 Asphalt wear layel

The results consist of the three percentiles given by the experts, together foohalgliatic interval

for all variables of intere§the values in the table induce yéaftsen the decision maker for fixed
bridges would answer the seed variablasy#ealués captured by his interval in 6 out of 8 cases using
aquite bigrange

The answers of the decision maker for movallgdsriarguite similar to the digon make for fixed
bridges although experts have been removed from the panel. This comfhesnfotimation irrable

33 Therangeof the IltemDM for movile bridgess slightly more narrow which is seen in the
information value of both decision makers. No conchisi@ made because of the difference in
variables of interest between the decision makers.
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10.9 Conclusions onthe COTA method

This chapter described the use and outcome of the COTA method where experts have been asked to
assess the condition over time on seed variables and variables dbéveraktonclusions have already

been drawn it0.5 Firstconclusions ut di dndt el ab o Mkeefinaloucprenf t he f
the COTA methodnd the applicability of this outcowmid first be concluded. After, the methodlits

will be evaluated.

COTA outcome

An amount of 27 experts have been requested to give their percentiles on 8 seed variables and 15 variables
of interestThe eperts hag troublein generalvith assessing uncertaiftly situations in the paist this

field of work The individal calibration scores are genel@alyand accompanied witiscrepanand

large rangegxperts thus have trouble to express confidence in the seed variables used in the method.
Their combined opinion in a performabesed weidimg schemehoweveresults in anorestatistical

accurate opinigrthoughwith a large range.

A robustness analysis has been dommurify the overall calibration score of the perforrizased

decision makersThe robustness analysis shows whetheretdts of the questionnaire are very
dependent on particular experts or questions. The questionnaire appears to be quite depetident on see
variables. However a minimuwh ten seed variables riscommendedonly 8 variables have been
developed due to thack of data which is probably the reason for this dependency. The questionnaire
was not dependent on the choice of experts. The statement that experts have trouble with finding the
right value in this method remains standing.

The confidencessuaemainedhe same for the variables of integsiations ithe futurefor which the
answers are unknown .y&he same amount of information is presented to each w@ifterseed
variableswhichin theoryshould result in similar at least comparal@laswersFor variables of interest
this is different and the estimates among exqtifireppeared to be vatigcrepant. Several reasons can
be thought of anbave been written down106.6 Discrepancyanalysis Filtering and omitting
ambiguous questions did genheratanincremenof the information score for the variables of interest.

For each variable of interest a distribution has been made with-50869%6tiles. The reliability of

these estimatesatleastiuestionable due to several reasons. As wriBeh in Acquiring @ta the

target variables are not fully resembled by the seed variables. A direct relation has not been found due to
the lack of available and usable die.to the calibration score of tiembased decisiomaker it

cannot be guarantbehat the decision maker will represent reality. Thbaghutcomeverifies the

presence of uncertaintis infrastructure deterioration by the large range in the assessments of the
experts.

A theoreticaperfect calibratioscore for theombination of experis this researchould still not assure

the applicability of the outcome for the variables of inteithid tase. The information score would still

imply a large range for the variables of interest to that degred& Wweeomes unapplicaline reason

for this has already been explained and is due to the characteristics of experts and their lack of confidence
in the answers. Another reason could be that uncertainties do have a large impact on the deterioration

proess which causetamgerange Due to the discrepanpyesent in botlseed variables and variables of

interest and the outcome of the robustness analysis this last reason is not very feasible. It can be

concluded that experts have trouble quantifyingtainties in the COTA method.

Applicability of the results

The outcome of the COTA methahowed probabilistic intervdts maintenance activities. Each
distribution consists of three values representing the 5%, 50% atild. F¢dinear interpolating these
values a cumulative density function can be devdiopade of feasible resulis, asset managben

has a meato maintain his assétsa certain percentage of risk that corresponds with the organisational
risk acceptance level.

The uncertainty which is expressed in the range per maintenance activity is not qualified however. The
applicability of these ranges t& done ora strategitevel but are difficult to apply on short term

56



planning for which the qualification of bridges is more important. Further research should be done to
validate the COTA outcome anditik the outcome of the method to the qualificadif uncertainties.

Method evaluation

The COTA method has been developed as an approach to quantify the impact of uncertainties on bridge
maintenance in the absence of hard data. The quantification of uncertainties has been translated in the
development foa probabilistic interval for maintenance activities on bridges in an urban environment.
The method tries to confirm whether inspections in the construction industry indeed predict valid terms
for maintenance to be performed on infrastructure asset® hsdhof performandmsed expert
judgement. It does so Byi mu | at i n grocaduré of envirdrassuetare inspection regarding the
NEN27674. Imagesf damages on infrastructure asaetprovided with passport informatiominch

the ag®f thedamagéas to be estimated verdict is asked for a period in the past instead of a period in

the future which would be the case in the regular procedure of an infrastructure inspection regarding the
NEN27674. It is assumed that the reliability of experformance in the future is reflected in their
performance in the past. Next to the validation of the maintenance predictions which are currently given,
the method also strived to produce probabilistic intervals for certain maintenance activities which a
reflected in variables of interest.

The reliability of the method really depends oqualkty of the simulation of tivespection. Though it is
assumed that by providing the same quality of information to experts, similar or comparable results would
be achieved. This was not the case as can be seen in the dRéziewerg the method with
participating experts revealed difficulties with estimating the age of damages by just sand photos
passport informatioMhe results have been discusgddsome of the pacpantsby confrontingthem

with the discrepamanswers. As concluded from the outcome that experts have trouble quantifying
deterioration, this stateméwats beerconcluded from the feedback sessions aOnellof the fears and
experiences of participating firms was to bring out an advice regarding maintenance to bé perform
within a period of time which is not fekdt may occur, and it actually occurred, that the condition of a
bridge 10 years later was still the same whiteaimbenance had been performed. The maintenance
predictions are a bit controversial and the industry is well aware of it. The COTA method has limitations
but confirmed this conclusion.
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11. Conclusion

This chapteconcludesn the main research question wiioblved from the introduction and problem
statement. Swutpuestions have been answered and a research has been executed in order to produce
resuls that could solve the issue frihis thesis. Deterioration can be modelled with the use of data but

the pararaters involved that predict the physical behavior are mostly an assumption and not known with
certainty.Expert judgement has been depicted to respond to the given situation and to answer the
research question

How cafixpert Judgemenbe deployed to deyrtimailistic maintenance intervaformaintenance
activities on bridgesin adynamic urban environmenin order to improvestfability oflong term
asset planningn the absence of hard data?

Frangopol indicates the presesicancertainties in the deterioration process of infrastructuredagsets

to several reasar@ther literatur@roves that the development of probabilistic intecaaisprove the

reliability of long term asset planniffte COTA methd has been develegl t o qu abilitytof y one
assess condition over tim@antifying the impact of uncertainties on infrastructure tssetgh the

use of performandeased expert judgement results in distributions that induce a probabilistic interval.
Besides deteriation factorsn literature,hte presence of this probabilistic intervalalasbeen shown

by addressing significamiifference between use and demaod bridges in a dynamic urban
environmentThe development of the metheds associated withe geeralisation of maintenance
activitiesand implementingthe way infrastructure quality is beiragsegsl The dynamic urban
environment is represented by using casethespond with this environment.

The deployment of expert judgement in the COTA detha s based on the assu
uncertainty assessment skill for situations in the éatutge measured by measuring the performance of

their uncertainty assessment fekisituations inthepa@neds uncertainty messessm
in the future is measured by the use of vari ab
situations in the past is measured by the use of seed vartabl€&OTA methodsimulates an
infrastructure inspection anthkes use of damage reportsnfrastructurasset$or which it is known

what time it took to get to this damafjeese dangges are measurable with the REBIZ4 standardnd

vary fom a condition score of 1 toew probabilistic maintenance intenaxis generated by asking

experts what time it will take for certain infrastructure elements to reaatefnedNEN-score,

dependeinon an organisational strategy. Combining the expert opinions and applying different weighting
schemeghat change the poof participating experteesuls in an optimized opinion represeqgtia

probabilistic interval for specific maintenance actiitied/ses shothe reliability of thseintervalby

assessing the statistical accuracy and informativeness, aspectiefieatdent on expert opinions.

The COTA method has been deployed in the context of the municipality of Amsterdam whose quality
level complies with a NEN condition scoréhnée Analysing the assessments of the COTA method in

this thesis lead to the cargion that the grticipating expertsave troublén generalvith estimating

condition over time. Given the opportunity to express uncertaintheiith%50%95%tiles experts

usea large rang® express uncertainty and still misstiibevalue in he simulation. Estimating the

interval for certain maintenance activities to preserve a set quality level regarding theANEN®MEa7

in very discrepant answers among experts. Though, a combined opinion has been generated which is 25
times more accuebut does not express a lot of confidentieeinesulting probabilistic internadswide

ranges are generated.

Theaim of this thesis has been to improeerdiiability of long term asset planning. The results of the
guestionnaire have not been fedkb® the existing long term asset planning of the municipality of
Amsterdandue to the low statistical accuracy and informativaiessnethod however confirms the
presence of uncertainties in infrastructure deterioration aadbiéeevalutor probabilstic maintenance
intervals. The next chapter provides a discussion on the outcome of thesmdheses of the COTA
methodin the given condition®Recommendations wathowopportunities for further researichorder

to generate more reliahled applicablerobabilistic intervals.
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12. Discussion

This chapter discusses the outcome of théisthad the journey leading to it. Timal outcome is
considered bfjrst discussing theéevelopmendf the COTA method, thdramework of thejuestionnaire

andthe participating experts. This chapter gives the points of reference for further research and summons
the link to the recommendations in the next chapter.

Development of the method

Expert judgement has been depicted to develop probabilistic imemads to improve the reliability of

long term asset planning in the absence of hard data. With the development of the COTA method,
suitable data had to be found to be able to rank experts by their uncertainty assessment skill. The choice
for expert judgment as the method for the mentioned issue creates a dependency on the verdicts of
experts, instead of a dependency on the verdicts of hard data. Analysing the data without the use of expert
judgement would have provided unbiased answers withpodividualjimitations regarding the expert
judgement method. Theoretically, probabilistic intervals could have been developed by just analysing the
type ofdata that has been used in this thesis. After a thorough exploration, it has been assumed that no
sufficient data would have been present to dedalagrivenintervalsvith this alternative method

The COTA method is based on the fundamental assumption that past performance can predict future
performance. The questionnaire simulates an insgBcgiMing notified damages of one single moment.

Based on the uncertainty assessment of this single moment, conclusion are drawn about the uncertainty
assessment skill of the experts. In practice howauéiiple moments are used to predict the
deteriordbn process of infrastructure assatsording to maintenance engineers from Volkerinfra. It is
unknown whether other companies make use of the same procedure. The conclusions on the uncertainty
assessment skill are therefore not waterputaonfirm a gt feeling Thoughevery expereceives the

same information which would hypothetically results in similar results as the experts are based in the same
field of work as well.

In addition to the way the infrastructure inspection hassbaalatedt shoud also be mentioned that

experts might interpret pictuiesa different waylhe purpose ahe damage repoiitsto assess the time

it took to get to that picture. However, bridge characterlstidgedesignand environment are also

shown andunconsiously)aken into account in tlessessmenti case a bridge has a synthetic bridge

deck it is assumed that this bridge has an age of maximal 10 years as this technique is relatively young.
Some of the questions also showed damage which was dulemtsamcimistakes in the construction of

the bridge. These factomsay biasa n e x p e r. tAlbheughvegerydexpert receives the same
information, the processing of this informatioghthappen in different ways.

Given the fact that the method makes ofsthe expertise and experience of experts it is hard to say
whether the use of expert judgement also satisfies in the development of probabilistic intervals for
maintenance activities that have a very low frequency as the total replacement of éxatpetefdt is

assumed that very little experts have experienced the total lifespan of a bridge, which can be over 100
years. Probabilistic intervals for activities like these may increase the reliability of an LTAP the most as
they cover the biggest @stments.

Framework of the questionnaire

The application of expert judgement has done by the use of a questionnaire. The framework of this
guestionnaire consists of seed variables and variables of rel@esbstto bridge maintenan&eed

variables anmeot discussed here as these variables are assumed to be clear and without iddinket in the

of reasoning. The answers for these variables are known and validated with the local asset manager. The
line of reasoning for the variables of intdregtevers different and createscussion and discrepancy
whichhas been coveredif.6 DiscrepancynalysisThe interpretation of the NEN and maintenance

adivities are discussed.

The variables of interestre made measurable by udimey NEN27674: condition assessment for
infrastructure. Characteristics of i@dardhowever make that the ficainditionscore in certaicases

might vary among expertsedio its visual assessment. A condition score of 3 has been presented by a
small damage with a large size or either way around. This is widely interpretable and thus it is not assured
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that every expert used the same threshold or quality level forithateg$he condition score of 3 can
arise in different ways, dependent on different scores for the categories that have been described in
chapte8 - Assessing infrastructure quality

Secondly the interpretation of thaintenance activitiesrégdevanin thisdiscussionAlthough research

has been done to create a proper and shared understanding in maintenandertodakequebridges in

an urban erronment, an official generatisn of maintenance does not exist egether withthe
individualexpert experiencenis might have been the most important reason for discrepancies in the
answering ofeed variables amdriables of interest. An additivethe existing NEN standacduld be

developed for assessing infrastructure quality in the future which says how, and eventually when,
infrastructure managers should maintairsetipeescribed quality levelBy doing sp a shared
understanding of maintenance arises. Organisations therogeldeside how to implement this
generalisation in their maintenance strategy.

Participating experts

The experts in this research have lsetattedrom contractors, engineering fdrand municipalities.

Experts with different functions participated in the questionnaire. It is assured that every expert fulfils the
set criterian chapter 3 The COTA methodlt is rot assured however that thestperformingexperts

have been involved in the research. Several reasons for diaospenst have been given and may be
appointable t@xper& indivdual characteristics suchddferent organisatiahbackground or strategy,
different individual functions, interpretation of uncertainty impassjble interpretatioof the NEN

27674 and different interpretaticof the variables of intereHt.is assumed though that the pool of
experts sufficiently repressthie level of knowledge at this topic in the industry.

The data which ka been used in the questionnaire has mainly been derived from the municipality of
Haarlem. Experts from VolkerInfra, maintenance partner of the municipality of Haarlem, participated in
the research and might have beerjudgedas they work in the samddias the questions. Although

these experts were officially biased, differences in their performance have not been discovered.

Thesis outcome

The previous paragraphs described flaws that were notinistgdrablén thisresearchThey do not

exert too much influence on the conclusion that experts have trouble assessing theofondition
infrastructure assetser time. Besides this finding, the product in fortheoprobabilistic intervals is
discussed.

The outcome of the methodresists of distributions for maintenance activities that artuliyot
resembled in seed variables. An estimate on the replacement efairs/mas little to do with estimates

on seed variables for the deterioration process of railings. Howevethdldecreates an approach for

these situations due to the lack of data. The outcome is still questionable by thes.dteera faaiper

execution of the method in the future, more usefulrdtia form of damage reposisould be gathered

to serve tw@urposes. At first a full resemblance between seed and target variables might be achieved.
Next to that, the scope of the research may be adjusted to bridges in and outside the urban environment.

The uncertainty which is expressed in dnge per maintance activity hasot beenqualified.The

reason for the wide ranges that are used in the answering of target questions may be due to the fact that
experts have trouble assessing condition over time. The questions themselves do not deal with specific
scenai 0s, l eaving a | ot of The appichhility oftthese eamgesecanbe r t & S
done on a strategic level by acceptiogrtainrisk percentage but are difficult to apply on short term
planning for which the qualification of bridgemaese importantA rough qualification of bridges has

been developed 4 Bridge classificatidout there is no link between this qualification and the results

in this thesisFurther research should be done to link the outcome of the COTA method to the
qualification of uncertaingieor to develop more specific questions.

The next chapter will give recommendations for the future development of the COTA methed to solv
the aspects that have been discussed.
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13. Recommendations

The previous chapter described the flaws that played a role in the execution of expert judgement during
this research. Instead of the development of probabilistic intervals, a findiegnipasduced that
doubtsoneds ability t o imtsesmaistenancesectdriot theaaonstroctioa indudtry. me
Doubting the current practg&éeads to two recommendations. At first a recommendation for public
infrastructure owners is given to peavith the existing situatighnotherrecommendation is given in

order to be ablto producenore reliable probabilistic internvalthe future

Coping with the existing situation

The existing situation can be described as the situation where agses imaveto make decisitres
areaccompanied witlincetaintiesabout asset condition dueldack of data and the unquantified impact

of the deterioration proce#sis very important for an asset manager that knowledge about his assets is
present irhis organisation. Assets averentlybeing assessed regarding the NEN2768howing the

current state of that object, accompanied with an advice to undertake action at a partidilar term.
NEN provides a good mean to show the custateof an objetbut more important might be why an
asseteaches certain stat&@he thorough search afteseful data in this research lead to the recognition
that historical(maintenance)ata ardoarely availabl&s assumed with the use of expert judgement that
data might be present inside the srfigheople, a lot of informai on about Amster damds
in the minds of local bridge manag@igen the lack of asset informat#ond the findings in this thegis

is thus important for public infrasttuce owners to have experienced people in their organisation who
have knowledge abahie timeline oparticularassetslt is recommendei develop a systewith the

purpose tadministrate thekmowledges soon as possible.

Probabilistic intervals inthe future

The use of expert judgement brouights variety of limitations that are devotedxpersdindividual
characteristics and the framework of the questionBajrerts have beeselectedn this research for
their experience regardingdge maintenance. Data tisahot present on papenaybe generatedby
objectifyingsubjective probabilitieserived fromtheir individualframe of referencdxpert judgement
guantified their uncertainty assessment skill by the use of seed vlustdéagbridgeswith damage
for which theitimelineis known.

Chapter 12 Discussiortdiscussethe choice for expert judgement. Expert judgement has been chosen
due to the lack of useful data. In the future, more reliable intervals can be developec lmata

driven instead of expert driven approdchot of data can be developed by administrating the physical
experiments that are already happexnibgdgs that have been buly doing so, the frame of reference

which is now dependent and limited to the participating esqmanes exteded beyond this barriehi$
thesis devel oped a thevcombinad aginiorecfgxees6 & j r canbi mBi ng
assistantd® should be developed in the future in
used in this research is gathered. Damage repobisdgedharacteristicshould begathered to see the

impact of differentdeterioration factors such as traffic load on asphalt and opening frequeidyeon
machineryln this way objective probabilities will be developed that are limited to a bigger frame of
reference.

The underlying thought of this database has been dasivetthe practices in the medical indu3ting

medical industrigas the ability to predict the development of diseases and to treat complaints. Research
and monitoring in O6human experimentsd provided
pele are distinguish@dgroups that have a bigger chance or risk of developing certain diseases by their
physique and way of liflResearch created the ability to provide a more accurate advice and effective
treatment when someone encounters compl@ntthe other handnalicious growth in a human body

has been examined | ots of ti me, even <creating
diagnosed with a terminal disease. The same line of reasoning may be implemented in the infrastructure
indudry.

I nstead of the 10 bridges some e wruamdngename g ht h
assistat has access to a frame of refer erssetswitm whi c
similar characteristics can be searcdndd Eee what timewtill take in genertd reach a certain state
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the momenimaintenance has to be planfidds maintenance planning candbeefrom the delivery
phase but alsfrom the momentvhen typical damage is discoveFae. limiting individal experience
factor in this thesis is taken away by doing so. The COTA skill becomes a matedsptocess instead
of a personassessment.

The data necessary for such a system can be the same as the reports that have bieethesied Tin¢h
NENZ27674 provides a goatandardor the production of data form of danage reports. The data still

hasto fulfil the criteria for usefulnestseful data conssf repors by which two moments of the same
damages can be established. This could be from delivery to a single damage report for which it is known
no maintenance has been done or a period between two damage reports for which it is known no
maintenance has been diomtihat particular period.

At the moment the system has gathetdficientdata the NEN or another partghould develop an

additive on thexistingnfrastructure assessmstandardhat tells what maintenance should be done at

what time in order to manize the lifespan of bridges in the future. This includes an official
generalisation of mai ntenance activit foetkeset o be
activitiesas wellSufficient datés gathered when a broad spectrum of tgpésidges is present in the
databaseProbabilistic intervals for types of bridges are made by analysing an amount of bridges that are
similar to this type. The database creates the ability to develop probabilistic intervals on different levels
varying fom rough to detailed. A classification as has been devel®ged in Bridge classification

will make sense at that moment.

Havingsaidthat,this thesis can be closdldture provides all the elements causing entities to be unique.
Although this causes a lot of unceriaénfor science nothing shouldsben as a bridge too far.

62



14. Bibliography
Alaswad, S., Xiang, Y. (2017). A review on condii@sed maintenance optimization models for
stochastically deteriorating systetiability Engineering and Systelb 55{863.
https://doi.org/10.1016/j.ress.2016.08.009

Aspinall, W. (2008). Expert Judgmdiuitation using the Classical Model and EXCALIEBéRenth
Session of the Statistics and Risk Assessment
Iterative Risk Assessment Processes for Policy Development UndeinGoinditiengiiod Urieetiaus
Diseases: Roundlf2?2.

Bakker, M. R. A. (2004). Quantifying Operational Risk within Banks according to Basel .

Biondini, F., & Frangopol, D. M. (2016). {Gfgcle Performance of Structural Systems under Uncertainty.
Journalf Structural Engine&dd®), F4016001. https://doi.org/10.1061/(ASCE)ST.1943
541X.0001544.

Butler, D. (2011). Amsterdam Still Life. Retrieved from
https://danasaurusrawr.wordpress.com/tag/amsterdam/

Cooke, R. (199xperts in Uncertainty

Cooke, RM., & Goossens, L. H. J. (2000). Procedures Guide for Structural Expert Judgement in
Accident Consequence ModellRgdiation Protection Dos@@@lry308309.
https://doi.org/10.1093/oxfordjournals.rpd.a033152

Cooke, R. M., & Goossens, L. L. H2008). TU Delft expert judgment data Haekability Engineering &
System Safe®y/65b674. https://doi.org/10.1016/j.ress.2007.03.005

CROW.(2013). Kwaliteitscatalogus openbare ruimte 2013.

Dekker, R. (1996)\pplications of maintenance optimizatiordels: a review and analyidiability
Engineering & System,S4f8})y 226240. https://doi.org/http://dx.doi.org/10.1016/0951
8320(95)0007%

Ellingwood, B. (2005). Riskormed condition assessment of civil infrastructure: state of practice and
research issu&ructure and Infrastructure Enditi§ering

Feinstein, C. D., & Morris, P. a. (2010). The role of uncertainty in asset marigg#ment.
PESTransmission and Distribution Conference arid&xposition
https://doi.org/10.1109/TDC.2010.5484501

Frangopol, D. M., & Soliman, M. (2016).-tyfele of structural systems: recent achievements and future
directionsStructure and Infrasteugngineeribg1), H20.
https://doi.org/10.1080/15732479.2014.999794

Goossens, L., & Cooke, R. (2005). Expert judg@naalibration and combinatian. on Expert
Judgment . AiRetrié&vedfréht oOvence, é
http://www.ewi.tudelft.nl/fileadmin/FacultéEWI/Over_de_faculteit/Afdelingen/Applied_Math
ematics/Risico_en_Beslissings_Analyse/Papers/WEJ_Paper_1.pdf

Goossens, L. H. J . , C sVdtsma, L. R008)Mrifteen yeard of experd . R. , &
judgement at TUDelfBafety Scied6R), 238244. https://doi.org/10.1016/j.ss¢i.2007.03.002

Hirsch Ballin, E. M. H. (199®eglement verkeersregels en verkeerstekens 1990 ( RVV 1990 ).
Hoel, P. G. (1971ntroduction to mathematical. Stmvgtiosrk: Wiley & Sons.
Jonkman, S. N., Vrouwenve|derC. W. M., Steenbergen, R. D. J. M., Morajeses, O., & Vrijling, J.

63



K. (2015). Probabilistic Desigrisk and Reliability Analysis in Civil Engineering, 271.

Klatter, L., & Roebers, H. (2017). Assessment of Need for Renewal oiNatiaii Leel, 1643
1649.

Koninklijk Instituut van Ingenieurs. (1938). VOSB 1%8®rschriften voor het ontwerpen en voor het
vervaardigen en opstellen van stalen bruggen. Hoofdcommissie voor de Normalisatie in Nederland.

Kumar, R., & Gardoni, P. (201B§.0 Stoclastic modeling of deterioration in buildings and civil
infrastructuretHHandbook of Seismic Risk Analysis and Management of Civil Infra4é1i@d8se Systems
https://doi.org/10.1533/9780857098986.3.410

Lombaers, L. (2015). Trends & Cijfé¥erken iredPublieke Sector
Nane, T. Extreme weather Elicitation Proteéoipert Version (2015).

Nederlands Normalisatie Instituut. (1963). VOSB-M68rwaarden voor het ontwerpen van stalen
bruggen.

Nederlands Normalisatie Instituut. (2003). NEN6Y@®rschiften voor het ontwerpen van
beweegbare bruggen.

Nederlands Normalisatie Instituut. (2011). NEN-276@nditiemetingDeel 4: InfrastructuubDeel 1:
Methodiek Condition assessm@&airt 4: InfrastructurePart 1: Methods.

Neves, L. C., &rangopol, D. M. (2005). Condition, safety and cost profiles for deteriorating structures
with emphasis on bridg&eliability Engineering and Syste88(Safedp198.
https://doi.org/10.1016/j.ress.2004.08.018

Nicolai, R. P. (2015). Loteymbudget requirements for the replacement of bridges and hydraulic
structures, 9@6974.

Pandey, M. D., & Yuan, X. X. (2006). A comparison of probabilistic models of deterioration for life cycle
management of structur€slid Mechanics and Its Applitd€of&5746.
https://doi.org/10.1007/1402048912_62

Parlikad, A. K., & Jafari, M. (2016). Challenges in infrastructure asset matBg€nRapersOnLine
4928), 186190. https://doi.org/10.1016/j.ifacol.2016.11.032

Romeijn, A. (2006). Steel Bridgagdat deel |, (October).
Savage, L. J. (195®)e foundation of stafxtigsr, New York: Wiley & Sons.

Too, E. G., Betts, M., & Kumar, A. (2006). A strategic approach to Infrastructure Asset Management.
BEE Postgraduate Infrastructure Theme %26jfet&Bd1122. https://doi.org/10.1016/S0190
9622(06)0117®

Voorthuijsen, A. van. (2017). Nachtarchitectuur. Retrieved from https://www.architectuur.rifproject
context/nachtarchitectuur/

Wang, H. (2002). A survey of maintenance policies abrdeitegi systemBEuropean Journal of Operational
Researd8393), 466489. https://doi.org/10.1016/S0372217(01)00197

Yang, S. |., Frangopol, D. M., & Neves, L. C. (2004). Service life prediction of structural systems using
lifetime functions with emphkis on bridgeReliability Engineering and Syste86(5afe@b1.
https://doi.org/10.1016/j.ress.2003.12.009

Yea, Z. S., & Xie, M. (2015). Stochastic modelling and analysis of degradation for highly reliable products.
Applied Stochastic Modelsimess and Indussi(d), 1632. https://doi.org/10.1002/asmb.2063

64



Zhang, X., & Gao, H. (2012). Determining an Optimal Maintenance Period for Infrastructure Systems.
Computdided Civil and Infrastructure EngRi€eé)jrig8554. https://doi.org/101111/j.1467
8667.2011.00739.x

65



Appendices

Appendix A: Maintenance packages

Antea
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Activiteit Type onderhoud

Vervangen opzetwerk

Technisch onderhoud

5-Jaarlijks onderhoud elektromech aandrijving complex incl.

Verzorgend onderhoy

5-Jaarlijk@nderhoud elektromech aandrijving incl. 3140

Verzorgend onderhoy

5-Jaarlijks onderhoud hydraulische aandrijving eenvoudig in

Verzorgend onderhoy

5-Jaarlijks onderhoud hydraulische aandrijving incl. 3140

Verzorgend onderhoy

Asfalt vervangen derlaag

Technisch onderhoud

Asfalt vervangen toplaag

Technisch onderhoud

Conservering beton overlagen

Verzorgend onderhoy

Conservering metselwerk overlagen

Verzorgend onderhoy

Conservering overlagen bovenbouw (hout)

Verzorgend onderhoy

Conserveringverlagen bovenbouw (staal)

Verzorgend onderhoy

Conservering overlagen langsligger (staal)

Verzorgend onderhoy

Conservering overlagen leuning (beton)

Verzorgend onderhoy

Conservering overlagen leuning (hout)

Verzorgend onderhoy

Conserveringverlagen leuning (staal)

Verzorgend onderhoy

Conservering overlagen onderbouw (hout)

Verzorgend onderhoy

Conservering overlagen onderbouw (staal)

Verzorgend onderhoy

Conservering staal overlagen

Verzorgend onderhoy

Groot onderhoud beton

Technisctonderhoud

Groot onderhoud bovenbouw (hout)

Technisch onderhoud

Groot onderhoud bovenbouw (staal)

Technisch onderhoud

Groot onderhoud langsligger (hout)

Technisch onderhoud

Groot onderhoud Langsligger (staal)

Technisch onderhoud

Groot onderhoud leunin(gpeton)

Technisch onderhoud

Groot onderhoud leuning (hout)

Technisch onderhoud

Groot onderhoud leuning (kunststof)

Technisch onderhoud

Groot onderhoud leuning (RVS)

Technisch onderhoud

Groot onderhoud leuning (staal)

Technisch onderhoud

Groot onderhad metselwerk

Technisch onderhoud

Groot onderhoud onderbouw (hout)

Technisch onderhoud

Groot onderhoud onderbouw (staal)

Technisch onderhoud

Groot onderhoud opzetwerk

Technisch onderhoud

Groot onderhoud staal

Technisch onderhoud

Herstraterelementenverharding

Technisch onderhoud

Klein onderhoud metselwerk

Technisch onderhoud

Onderhoud aandrijving handbediend

Technisch onderhoud

Onderhoud rijjzer

Technisch onderhoud

Reviseren opzetwerk

Technisch onderhoud

Reviseren slagboom

Technisctonderhoud

Reviseren slagboom elektro

Technisch onderhoud

Vervangen bedieningn besturingsinstallatie

Technisch onderhoud

Vervangen beweegbare brug (beton) Vervangen
Vervangen beweegbare brug (hout) Vervangen
Vervangen beweegbare brug (kunststof) Vervangen
Vervangen beweegbare brug (staal) Vervangen

Vervangen dekdelen (hout)

Technisch onderhoud

Vervangen dekdelen (kunststof)

Technisch onderhoud

Vervangen elektromechanische aandrijving complex

Technisch onderhoud

Vervangen elektromechanisabadrijving eenvoudig

Technisch onderhoud

Vervangen Elektromechanische aandrijving normaal

Technisch onderhoud

Vervangen fietgoetbrug (beton)

Vervangen




Vervangen fietgoetbrug (hout) Vervangen
Vervangen fietgoetbrug (kunststof) Vervangen
Vervangen fietgoetbrug (metselwerk) Vervangen
Vervangen fietgoetbrug (staal) Vervangen

Technisch onderhoug
Technisch onderhoug
Technisch onderhoug
Technisch onderhoug
Technisch onderhoug
Technisch onderhoug
Technisch onderhoug
Technisch onderhoug

Vervangen hydraulische aandrijving complex
Vervangen hydraulische aandrijving eenvoudig
Vervangen hydraulischandrijving normaal
Vervangen Fijzer

Vervangen slagboom elektro

Vervangen slagboom handbediend

Vervangen slijtlaag (bitumen)

Vervangen slijtladggpoxy)

Vervangen verkeersbrug (beton) Vervangen
Vervangen verkeersbrug (hout) Vervangen
Vervangen verkeersbrug (kunststof) Vervangen
Vervangen verkeersbrug (metselwerk) Vervangen
Vervangen verkeersbrug (staal) Vervangen

Amsterdam (LTAP)

Haarlem

Activiteit
Herstellen van betonschade (kolommen en landhoofden)

Type onderhoud

Groot onderhoud

Herstellen van houtschade + houtconservering

Groot onderhoud

Herstellen van metselwerkschade

Groot onderhoud

Herstellen van (beton)schaxielerzijde dek

Groot onderhoud

Herstel beton conserveringen

Groot onderhoud

Herstel staal conserveringen

Groot onderhoud

Herstel conservering leuningen

Groot onderhoud

Vervangen slijtlaag dek

Groot onderhoud

Plaatselijk vervangen dekdelen $iifflaag

Groot onderhoud

Vervangen toplaag asfalt en herstel stootplaten

Groot onderhoud

Vervangen asfalt

Groot onderhoud

Variabel onderhoud-tastallatie (vervangen besturingsinstall

Vervangingen

Variabel onderhoud ¥stallatie (vervangbewegingswerken)

Vervangingen

Grootschalige vervanging/renovatie

Vervangingen

Vervangen conservering stalen leuningw
Vervangen conservering betonopperviak
Vervangen conservering staaloppervlak
Beton reparatie 10m?

Conserveren stalen leuningwerk
Conserveren houten leuningwerk
Conserveren staaloppervlak

Vervangen slijtlaag op betonnen dek
Vervangen slijtlaag op houten dek
Vervangen bitumineuze deklaag
Vervangen bitumineuze verharding
Vervangen houten dekbeplisngk
Vervangen hout fieten voetgangersbrug
Vervangen stalen fietsbrug

Vervangen betonnen (aan)brug/viaduct
Vervangen houten leuningwerk
Vervangen stalen leuningwerk
Vervangen houten dekbeplanking
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Rotterdam
Storingsonderhoud Niet gedefinieerd
Periodiek onderhoud Goten/putten hemelwaterafvoer

Doorspuiten afvoerbuizen hemelwaterafvoer

Onderhoud aan gemalen

Baggeren gemaalkelder

Reinigen van tegelwanden

Klein onderhoud aan wegdek

Onderhoud mechanisch

Onderhoud elektrisch

Ml Nelle[Ifple]i[ell \Vervangen van slijtlaag op staal

68

Vervangen voegconstructies en stootplaten

Schadeherstel aan beton, hout of staal

Vervanging meerpalen & remmingswerk

Vervanging afsluitboominstallatie

Vervanging besturingsinstallatie

Vervanging elektro hydraulisch/mechanisch

Vervangen van asfaltlaaghstructie op beton

Vervangen van elementenverharding

Vervanging van conservering op staal en beton

Vervanging van leuningen, hekwerk en geleiderrail

Renovaties afervanging elektrisch gemalen

Renovaties of vervanging mechanisch gemalen

Vervangen van tegelwerk tegelwanden

Table 35LTAP budget debit comparison between Rotterdam and Amsterdam

Municipality of Rotterdam Municipality of Amsterdam

Gultters rainwater drainage Cleaning of construction

Clean piping rainwater drainage Repairing wear layers

Clean tile wands Repairing conservation

Small maintenance pavement Clean piping water drainage

Mechanical maintenance Electricalmaintenance

Electrical maintenance Mechanical maintenance

Replacement wear layer on steel Repairing concrete

Replacement junction construction Repairing wood

Material repairs Repairing masonry

Replacing closing installation Repairing concrete demttom

Replacing operating system Repairing concrete conservation

Replacing transmission Repairing steel conservation

Replacing asphalt on steel and concret¢ Repairing handlebar conservation

Replacing of pavement Repairing wear layer on deck

Replacingonservation steel and concre| Local replacement of deck parts incl. wear I3

Replacing handlebars Replacing top layer asphalt

Replacing tile wands Replacing asphalt
Replacements on electrical installation
Replacements on mechanical installation
Big replacements




Table 36 Generali®d maintenance package

Conservering

Conservering beton overlagen

Groot onderhoud beton

Conservering overlagen leuning (beton)
Conservering overlagen leuning (hout)
Conservering overlagen leuning (staal)

Groot onderhoud leuning (beton)
Groot onderhoud leuning (hout)
Groot onderhoud leuning (staal)

Groot onderhoud leuning (kunststof)
Groot onderhoud leuning (RVS)

Vervangen beweegbare brug (beton)
Vervangen beweegbare brug (hout)
Vervangen beweegbare brug (kunststof)
Vervangen beweegbare brug (staal)

Conservering overlagen langsligger (staal)

Groot onderhoud langsligger (hout)

| Groot onderhoud Langsligger (staal)

Vervangen fietgoetbrug (beton)
Vervangen fietgoetbrug (hout)
Vervangen fietgoetbrug (kunststof)
Vervangen fietgoetbrug (metselwerk)
Vervangen fietgoetbrug (staal)

Conservering staaerlagen

Groot onderhoud staal

Vervangen verkeersbrug (metselwerk)
Vervangen verkeersbrug (staal)
Vervangen verkeersbrug (beton)
Vervangen verkeersbrug (hout)
Vervangen verkeersbrug (kunststof)

Conservering metselwerk overlagen

Klein onderhoud metselwerk

Groot onderhoudanetselwerk

Conservering overlagen onderbouw (hout)

Groot onderhoud onderbouw (hout)

Conservering overlagen onderbouw (staal)

Groot onderhoud onderbouw (staal)

Conservering overlagen bovenbouw (hout)

Groot onderhoud bovenbouw (hout)

Conservering overlagen bovenbouw (staal)

Groot onderhoud bovenbouw (staal)

Conservering overlagen remmingwerk (staal)

Vervangen remmingwerk (hout)
Vervangen remmingwerk (kunststof)
Vervangen remmingwerk (staal)

Rijdek

Afalt: plaatselijkerstel
Asfalt: afdichten scheuren

Asfalt vervangen toplaag

Asfalt vervangen onderlaag

Vervangen/bijwerken slijtlaag (bitumen)
Vervangen/bijwerken slijtlaag (epoxy)
Asfalt: aanbrengeraagsnede/voeg

Vervangen dekdelen (hout)
Vervangen dekdelen (kunststof)

Onderhoud rijjzer

Vervangen Hjzer

Herstraten elementenverharding

Vervangen elementenverharding

VVoegovergang: herstellen

Voegovergang: rubber vervangen

Voegovergang: vervangen

Aandrijving | Groot onderhoud opzetwerk Reviseren opzetwerk Vervangen opzetwerk
5-Jaarlijks onderhoud elektromechanische aandrijving complex incl. 3140 Reviseren electromechanische aandrijvin¢ Vervangen elektromechanische aandrijving comp
5-Jaarlijks onderhoud elektromechaniaahdrijving incl. 3140 Vervangen elektromechanische aandrijving eenv(
of | Aandrijving en bewegingswerk: smeramstallaties Electromechanisch Vervangen Elektromechanische aandrijving norm
Aandrijving en bewegingswerk: klein onderhsindtallaties Electromechanisch
Aandrijving en bewegingswerk: conserveiiastallatie Electromechanisch
5-Jaarlijks onderhoud hydraulische aandrijving eenvoudig incl. 3140 Reviseren hydraulische aandrijving Vervangen hydraulischandrijving complex
5-Jaarlijks onderhoud hydraulische aandrijving incl. 3140 Vervangen hydraulische aandrijving eenvoudig
Aandrijving en bewegingswerk: smeramstallaties Hydraulisch Vervangen hydraulische aandrijving normaal
Aandrijvingen bewegingswerk: klein onderhotidstallaties Hydraulisch
Aandrijving en bewegingswerk: conserveifiastallaties Hydraulisch
Onderhoud aandrijving handbediend Reviseren mechanische aandrijving Vervangen mechanische aandrijving
of | Aandrijving en bewegingswerk: smerarstallaties
Aandrijving en bewegingswerk: klein onderheindtailaties
Aandrijving en bewegingswerk: conserveiiastallaties
Reviseren slagboom elektro Vervangen slagboom elektro
Revisereslaghoom handbediend Vervangen slagbhoom handbediend
Diversen| Bedieningsen besturingssysteem: klein onderhoeinstallatie Vervangen besturingsinstallatie

Diversen(HD)-reinigeroppervlakken
Diversenbegroeiing verwijderen

Diversen: herstellen

Diversen: repareren

Diversen: vervangen onderdeel
Goten/putten hemelwaterafvoer
Doorspuiten afvoerbuizen hemelwaterafvoer

Laagspanningsinstallatie: vervanging
Landverkeerssein: vervanging
Scheepvaartsein: vervanging




Appendix B: Elicitation format document

Seed variables

Bl Given the passport and damage of this bridge, what would be the age of wear layer and
Sl Given the passport and damage of this brdupd, would be the age in years?

S Given the passport and damage of this bridge, what would be the age of wear layer and
Sl Given the passport and damage of this bridge, what would be the age in years?

S Given he passport and damage of this bridge, what would be the age in years?

What time does it take for railings to degrade to addBhition of 3?

What time does itke for wear layers to degrade to a MBNition of 3?

What time does it take for asphaltlyers to degrade to a NENNdition of 3?

What time does it take for asphaltisylers to degrade to a NENIndition of 3?

What time does it take for pavements excluding asphalt to degrade to@hliEdh of 3?
What time does it take for safety works to degrade to ecbiidhtion of 3?

What time does it take for electromechamaadmission to degrade to a NEbhdition of 3?
What time does it take for electrohydraulic transmissions to degrade te@nNiEbh of 3?
What time does it take for concrete to degrade to addBdition of 3?

BT \What time does it take for wood to degrade to a-blidition of 3?

IEEl \What time does it take for masonry to degrade to addBdlition of 3?

IEPE \What time does it take for girders to degrade to addBNition of 37

IEEN \What time does it take for driving irons to degrade to ad¢dBbition of 3?

IEPH \What time does it take for joints to degrade to a-N&idition of 3?

What time does it take for closing installations to degrabtd-aondition of 37




ASSET DETERIORATION :

DETERMINING PROBABILISTIC INTERVALS
FOR MAJOR OVERHAULS AND REPLACEMENTS

Graduation Thesis - Coen ter Berg

(=N
£

Expert judgement evaluatie van onderhoudsintervallen
op bruggen in een stedelijke omgeving

Introductie B — Scope
Vraagstukken voor bepaalde situaties bestaan waarbij mensen op basis van het verleden geen precieze inschatting Door deel te nemen in dit onderzoek, draagt u bij aan mijn naar de ing van pi ilisti
kunnen maken. Een voorbeeld daarvan is het schatten van de leeftijd van een brug. Diverse parameters dragen er aan voor graot en deelver op bruggen in een dynamische stedelijke
bij dat deze leeftijd totaal wordt geschat. ver i ijds d geving wat als doel heeft om d id van lange termijn ing te o te
i maar ook in Iheid door de verkeer die aanwezig is. Dit onderzoek vraagt kunnen programmeren, is het van belang welk onderhoud op welke termijn gepleegd moet worden om een bepaalde
om dergelijke onzekerheden mee te nemen in een inschatting voor de leeftijd van diverse bruggen waarvoor bekend teitsniveau te iding hiervoor is om de verschillende factoren die meespelen in het verweer van
i dat er nog geen of weinig onderhoud gepleegd is. De leeftijd is bij ons bekend. Vervolgens zal gevraagd worden op bruggen te verwerken in de planning. Hiervoor dient de impact van deze factoren wel bekend te zijn.
welke termijn een bepaalde onderhoudsactiviteit gedaan moet worden om niet onder een NEN-score van 3 te komen.
Inhoud
Uw i ing bestaat in dit uit 3 waardes, 5%, 50% en 95% waardes. Deze waardes Dit document bestaat uit 8 kalibratievragen en 1 pagina met informatie vragen.
vertegenwoordigen respectievelijk de minst gunstige, meest waarschijnlijke, en meest gunstige omstandigheden. Uw
inschatting wordt vervolgens op igheid'en'i ef, dwz; s de i ing ongeveer correct Kalibratie
en hoe onzeker (breed) wordt de inschatting gemaakt. De kalibratie vragen gaan over bruggen waarvoor bekend is dat er geen onderhoud op gepleeqad is, tenzij anders
vermeld. Aan de hand van een opname met schadebeelden en paspoortgegevens wordt gevraagd om een
Stel dat u als volgt antwoord: inschatting van de leeftijd van de brug. Probeer hierbij onzekerheden mee te nemen. Deze onzekerheden moeten
Wat was de leeftijd van deze brug? een 2o gunstig tot een zo ongunstig mogelijke situatie representeren.
i 0% 5% Informatie
X X . De informatievragen bestaan uit activiteiten die terugkomen in lange termijn asset planning waarvoor we een
P jaar 7 jadi 10jaarj inschatting van het interval willen maken om een conditiescore van 3 te kunnen volgens de NEN 2767-4.
Deze antwoorden zeggen dat er een 90% kans is dat de leeftijd van de brug tussen 5 en 10 jaar ligt. Een deelnemer
heeft oordeelkundig inzicht als zijn schatting het juiste antwoord treft en als deze inschatting smal is. Stelt u voor dat de
leeftijd van de brug 8 jaar is. Een interval met 5% en 95% percentiel van respectievelijk 6 en 9 jaar zal dan beter scoren Z {
dan de nummers ingevuld in het voorbeeld. Het juiste antwoord wordt nog wel getroffen maar met een grotere kans/ NEN 1 | Tijd tot schadebeeld? ey L
bandbreedte. Zodra experts zekerder van hun zaak zijn, en het juiste antwoord raken, dan hebben zij meer invioed = )

op de vragen waarvoor we nieuwe antwoorden willen genereren. Dit zijn vragen die op dit moment niet beantwoord 2
kunnen worden aan de hand van statistische data. Voorgaand verhaal is hieronder geillustreerd:

1
o Kalibratieconcept t o Informatieconcept t

5 ) 8 9 10

Beide Kleuren bevatten het juiste’ antwoord. De informatiedichtheid van de blauwe verdeling is hoger. De verdeling is Persoonlijke gegevens

conceptueel. Naam
Leeftijd
Bedrijf
Functie
Jaren in ‘inspectiewereld’
Ervaring vaste bruggen
Ervaring bruggen

Bepalen van probabilistische onderhoudsintervallen op bruggen
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NEN 2767: 7-bruggen (vast)

Casus 1

Kunstwerken objecttype: 29 - houten brug
Kalibratie Totale breedte: 7,80m
Totale lengte: 7,90m
Lengte/opperviakte: 9591 m?

Afstudeer thesis - Coen ter Berg - TU Delft

NEN 2767: 7 - bruggen (vast)
Casus 2 KGritaien soerpe I (oo
Kalibratie Totale breedte: 3,00m
Totale lengte: 5,60m
Lengte/opperviakte: 16,95 m*

rg - TU Delft
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Toelichting

Gegeven een fiets- en voetgangersbrug met 1 algemene foto en 6 schadebeelden. Het eerste schadebeeld betreft de
slijtlaag op een kunststof dekbeplanking. De leuning en het kunststof rijdek van de brug zijn op hetzelfde moment
vervangen. Gevraagd wordt hoe lang dit geleden is. De zich tussen ljken met.

populatie van 4000 inwoners. Hieronder volgt een decompositie van de brug en een tabel met door een inspecteur
geconstateerde gebreken. Trek niet de conclusie dat elk gebrek geconstateerd is!

Langsligger Hout
Rijdek Kunststof
onstructie Conservering
Leuning Leuning, algemeen __Staal
Leuning Conservering
Landhoofd Beton
Oplegbalk Hout
Steunpunt Paal Hout

Soort gebrek Emstgebrek Intensiteit  Omvang

Incidenteel <2%

Corrosie, uniform Plaatselijk 2% - 10%

Krassen Plaatselijk 2% - 10%

Bepalen

Toelichting
Gegeven een fiets- en voetgangersbrug met 1 algemene foto en 6 schadebeelden. De schadebeelden heb-
ben betrekking op de onthechting van de leuning. Gegeven is dat er sinds het opleveren van de brug geen on-
derhoud is gepleegd. De brug bevindt zich op de rand van een stad tegen een wijk aan van ongeveer 4000
inwoners. Hieronder volgt een decompositie van de brug en een tabel met door een inspecteur geconstateerde gebre-
ken. Trek niet de conclusie dat elk gebrek geconstateerd is!

riaal soort

tie Langsligger Staal
tie. Rijdek Kunststof
tie Conservering
euning Leuning, algemeen Hout
euning Conservering
Landhoofd Beton
Kesp Hout
Paal Hout
alg Staal
Talud Talud. algemeen Grond

Bouwdeel  Gebrek
Rijdek Aangroel
Leuning L8]

Ernst gebrek
Gerin
Ernstig

Soort gebrek

Intensiteit Omvang
Eindstadium _Regelmatig 1 0%
Plaatselijk 2% - 10%

onderhoudsints op bruggen




NEN 2767: 7 -bruggen (vast)
Casus 3 Kunstweren bjectype:  26-beton b
Kalibratie Totale breedte: 810m
Totale lengte: 18,20m
Lengte/opperviakte: 150,12 m*

rg - TU Delft

NEN 2767: 7-bruggen (vast)
Casus 4 Kk irion soecipe O o
Kalibratie Totale breedte: 3,00m
Totale lengte: 5,60m
Lengte/opperviakte: 52,77 m*

Toelichting
Gegeven een met 1 De hebb: ing op di
wering, deformatie en onthechting van de houten leuning. Gegeven is dat het rijdek met zijn slijtlaag en de leuning op
dezelfde termijn aangepakt zijn. De leuning is hierbij opnieuw geconserveerd inclusief houtrotherstel en het rijdek is in
zijn geheel vervangen. De brug bevindt zich tussen meerdere wijken met een gemiddelde populatie van 8500 inwon-
ers. Hieronder volgt een decompositie van de brug en een tabel met door een inspecteur geconstateerde gebreken.
Trek niet de conclusie dat elk gebrek geconstateerd is!

tie Rijdek (loopdeel) Kunststof
i Rijdek (wegdek) Hout
tie Conservering
erende. Beton
Kerende Wand Beton
Leuning Leuning, algemeen Hout
£euning Leuning, algemeen _ Staal
euning. Conservering
Oplegging Kesp. Hout
taal
Fundatie Beton
Landhoofd Beton
algemeen Beton
Paal Hout
goeguvevgagg Rij-ijzer Staal
euning Verwering
euning Deformatie, niet kritiek C secundair Serieus Plaatselijk 2% - 10%
Leuning, o Ermnstig Gevorderd st.  Regelmatig 10-30%
beschermlaag

aspoort en de schadebeelden van de brug, wi

che onderhoudsint

Toelichting
Gegeven een fiets- en voetgangersbrug met 1 algemene foto en 6 schadebeelden. De schadebeelden hebben be-
trekking op de vervuiling, afbrokkeling, corrosie, houtrot, scheurvorming en overige schades. Gegeven is dat er geen
onderhoud Is gepleegd tussen het opleveren van de brug en het maken van de foto's. De brug bevindt zich aan de rand
van een wijk met ongeveer 6600 inwoners. Hieronder volgt een decompositie van de brug en een tabel met door een
inspecteur geconstateerde gebreken. Trek niet de conclusie dat elk gebrek geconstateerd is!

Bouwdee
loofddraagconstructie Langsligger Staal
Hoofddraagconstructie Rijdek Hout
| tie. Conservering
Kerende constructie Beton
Kerende Paal Hout
eunin euning, alt eer Staal
lI.Eunlnﬂ Conservering
Landhoofd Beton
s Oplegbalk Beton
i Oplegbalk Hout
Steunpunt Kesp Beton
Paal Beton
wegtype 4 I Steen
A alg.  Beton
Talud Talud, algemeen Grond

v i
Scheur, niet construct. Basi iteit en Serieu: 30-70%
Vervuiling Afwerking Gering 10-30%
C primair. Ernstig Plaatselijk 2-10%
aal Houtrot Ernstig Algemeen >=70%
euning, Corrosie, uniform Serieus Plaatselijk 2-10%
algemeen
euning, Vervuiling Afwerking Gering 10-30%
euning, Krassen Serieus 10-30%
Leuning, Oppen Serieus 10-30%
C ief primair Ernstig 10-30%
Onderdeel ontbreekt en Serieus Algemeen >=70%
lalgemeen

Vraag

Gegeven het paspoort en de schadebeelden van de brug, wat Is de leeftijd in jaren van deze brug

rhoudsint

2len van probabilistisct
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Casus 5
Kalibratie

r Berg

Casus 6
Kalibratie

Coen ter Berg

NEN 2767:

Kunstwerken objecttype:
Totale breedte:

Totale lengte:
Lengte/opperviakte:

) Delft

NEN 2767:
Kunstwerken objecttype:
Totale breedte:

Totale lengte:
Lengte/opperviakte:

TU Delft

7-bruggen (vast)
28- stalen brug

7 - bruggen (vast)

28-stalen brug
2,50m

26,30m

65,06 m*

Toelichting

Gegeven een fiets- en voetgangersbrug met 1 algemene foto en 7 schadebeelden. De schadebeelden hebben betrek-
king op de aanslag op de stalen ligger, gaten in het rijdek en overige schades. Gegeven is dat er geen onderhoud is
gepleeqd tussen het opleveren van de brug en het maken van de foto's. De brug bevindt zich tussen 2 wijken met een
gemiddelde van 5500 inwoners Hieronder volgt een decompositie van de brug en een tabel met door een inspecteur
geconstateerde gebreken. Trek niet de conclusie dat elk gebrek geconstateerd is!

Rijdek Hout
tie Langsligger Staal
Conservering
euning Leuning, algemeen __Staal
Hout
Conservering
Landhoofd Beton
Steunpunt Paal Beton
Emstgebrek Intensiteit  Omvang
h i Eindstadium _ Aanzienlik 30-70%
Rijdek Gaten iaalintrinsi Emstig i jenlijk 30-70%
B Functie, teit en Serieus Aanzienlijk 30-70%

oort en de schadebeels van de brug, wat is de leeftijd in jaren van d

che onderhoudsint

Toelichting

Gegeven een fiets- en voetgangersbrug met 1 algemene foto en 8 schadebeelden. De schadebeelden hebben betrek-
king op de aangroei, verwering, corrosie, functievermindering en overige schades. Gegeven is dat er geen onderhoud
is gepleegd tussen het opleveren van de brug en het maken van de foto's. De brug bevindt zich tussen wijken met een
gemiddelde populatie van 3500 inwoners. Hieronder volgt een decompositie van de brug en een tabel met door een
inspecteur geconstateerde gebreken, Trek niet de conclusie dat elk gebrek geconstateerd is!

Materiaal soort

L i Staal
Rijdek Hout
Conservering.
Kerende tie Hout
Leuning Leuning, algemeen __Staal
£euning Leuning, algemeen _ Staal
£euning Conservering.
Landhoofd Beton
Paal Beton
Kesp Beton
[Talud Talud, algemeen Grond
Bouwdee! K Soort gebrek Ernst gebrek Intensiteit Omvang
Beschermlaag Functie, verminderd _Basiskwaliteit en veroudering _Serieus Eindstadium__Aanzienlijk 30-70%
Rijdek Verwering i Serieus Aanzienlijk 30-70%
Leuning, Corrosie, uniform Materiaalopperviak Serieus Eindstadium  Plaatselijk 2-10%
algemeen
Kesp. Aangroei Afwerking Gering. lijk 30-70%
Talud Uit i Werking primair Ernstig Plaatselijk 2-10%
Talud C ief primair Ernstig i 2%

paspoort en de

Bepalen van probabilistische onderhoudsint



NEN 2767: 7-bruggen (vast) Toelichtin,
Casus 7 e d

Kunstwerken objecttype: 04 stalen brug Gegeven een fiets-en met 1 alg 10 De hebben betrek-
Kalibratie Totale breedte: 2,50m king op de diverse schades. Gegeven is dat er geen onderhoud is gepleegd tussen het opleveren van de brug en het
Totale lengte: onbekend maken van de foto’s. De brug bevindt zich aan de rand van een wijk met ongeveer 6600 inwoners. Hieronder volgt een
Lengte/opperviakte: 52,70m* decompositie van de brug en een tabel met door een inspecteur geconstateerde gebreken. Trek niet de conclusie dat

elk gebrek geconstateerd is!

Element
Rijdek Hout
erende Gording Hout
erende Paal Hout
erende Beton
leuning______ leuning.algemeen _ Staal
euning [« i
Landhoofd Beton
Paal Beton
Kesp Beton
Oplegbalk Beton
wegtype 4 i Steen
[Talud Talud, algemeen Grond

Soort gebrek Ernst gebrek  Intensiteit Omvang

Scheur, niet construct. Serieus
Houtrot Materiaalintrinsiek Ernstig Eindstadium__Algemeen >=70%
Deformatie. niet kritiek Cg ef primair Serieus. 10-30%
Leuning, Corrosie, uniform Materiaalopperviak Serieus Beginstadium  Plaatselijk 2-10%
algemeen

Leuning, Opper i lak Serieus Beginstadium Incidenteel <2%
lgemeen

Oppern i lak Serieus Plaatselijk 2-10%
o] it Ernstig Plaatselijk 2-10%
esp Aangroei Afwerking Gering I Aanzienlijk 30-70%
plegbalk Aangroei Afwerking Gering Aanzienlijk 30-70%
Paal Aangroei Afwerking Gering Eindstadium _ Aanzienlijk

Zie volgende pagina

Afstudeer thes Berg - TU Delft

Casus 8

Kalibratie

Toelichting
Gegeven een beweegbare brug waar normaal verkeer over heen gaat. De verkeersbelasting is gegeving in de rood-
witte tabel. Bekend van deze brug is dat hij beschikt over een houten dekbeplanking waarvan de planken door de
belasting speling hebben. Te zien is dat er tussen foto A en foto B significante slijtage te zien is op de slijtlaag van deze
brug.

Verklaring afkortingen: Gegevens

ETM  Etmaal NEN 2767: Beweegbare brug
MVT  Motorvoertuigen Constructie: Staal-hout, aanbrug gew-beton
MR Motorfietsen Functie: Normaal verkeer
LV Licht verkeer: personenauto’s, Bouwjaar: 1935
motoren, aanhangers Belastingklasse: Klasse 60
MV verkeer: Kleine Fundering: Houten palen
grote bestelautos (+ aanhangers) Landhoofden, muren  Metselwerk - graniet
v Zwaar verkeer: vrachtwagens, grote autobussen, Brugdek: Stalen liggers - houten rijdek
touringcars & lijnbussen Oppervlakte: 855m*
GDU  Gemiddeld daguur Openingsfreq. 572 keer (2013-2016)
GAU  Gemiddeld avonduur 5 b

GNA  Gemiddeld nachtuur

GNU LV GNU MV

Gegeven het paspoort en de schadebeelden van de brug, hoeveel maanden/jaren zitten er tussen foto

Berg - TU D
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Casus 9

Informatie
Toelichting
De informatievragen zijn vragen waarop geen’juist' antwoord bestaat. Dit juiste antwoord wordt gevormd, mede door
uw deelname aan dit onderzoek. De vragen hebben op bepaalde die deel uit kun- § m Q
nen maken in lange termijn asset planning, waarvoor bepaalde intervallen geschat moeten worden waarop bouwdelen
een conditiescore van 3 krijgen volgens de NEN 2767.
iteiten zijn geselecteerd: %
4|
: ® 0
Conservering Totale vervanging conservering = s
ervangen asfalt toplaag __Totale vervanging -
Vervangen asfalt onderlaag __Totale vervanging
enangen diiazo Tote rvangiy VK30 VK45 VK60
Rij-ijzer vervanging Totale vervanging
Voeg vervanging Totale vervanging.
Groot beton tructuurlijke reparaties,
Ivervangingen en verf k-
Groot hout tructuurlijke reparaties, !
ingen en verf 3 5
Groot jke reparaties, %
des i (baksteen) = £
Vervang
Revisie
Revisie isch
Revisie i o
Revisie afsluitbomen S
Voor het inschatten van de activiteiten is het uiteraard belangrijk om de omstandigheden te weten. Ook hier geldt E 1850 1950 nu
weer dat 3 waardes, het 5% 50% en 95% percentiel, gevraagd worden. Ga daarbij uit van de minst gunstige, meest ol ro— p—
en meest gunstige De eerste activiteit betreft het opschuren en schilderen van een @
leuning. i niveaus van bepalen het interval waarop iets onderhoduen moet worden. De
eerste onzekerheid ligt bijvoorbeeld in het materiaal van de leuning. Vervolgens wordt gekeken naar nog diepere onze-
kerheden zoals de invioed van het weer. Mocht de minst gunstige situatie een houten leuning zijn waar veel fietsen te- Bovenstaande dassificatie heeft als doel om geclassificeerde bruggen een eigen onderhoudscyclus te geven. Een
gen worden, dan kunnen i orgen dat deze situati inder gunstig onderscheid wordt gemaakt in vaste/beweegbare bruggen, waarvan de aandrijving van beweegbare bruggen te ver-
wordt. Op deze manier wordt bruikbare data gegenereerd die toegepast kan worden op specifieke bruggen. Probeer delen s in elektromechanisch en hydraulisch. Igens wordt de relatie gebruik
dergelijke factoren mee te nemen in het interval. Op de rechterhelft van deze pagina zijn een aantal factoren op een Het gebruik wordt de hand van 3 ja/nee factoren: Vracl S-route en g.Deze
bepaald abstractieniveau gegeven. factoren kaarten de last van het verkeer over de brug, en d van bruggen aan.
—‘7—/ Nu volgen 15 ing tot de geg ivi Ga er van uit dat DO frequent gebeurt en
NEN NEN3 laat menselijke fouten (verkeerd aanbrengen conservering) achterwege. Alvast dank voor de medewerking!

Op welke termijn zou je de leuning van een brug conserveren om

een conditiescore van 3 te behouden volgens de NEN 2767-47

%

Gevraagd wordt telkens om een inschatting te maken hoe lang de periode duurt om tot een NEN-score 3 te komen
volgens de NEN2767-4.

Afstudeer thesis - Coen ter Berg - TU Delft Bepalen van probabilistische onderhoudsintervallen op bruggen

p welke termijn zc Op welke termijn zou je groot onderhoud op beton (landhoofden/kolommen ed.) plegen om

onditiescore van 3 te een conditiescore van 3 te behouden volgens de NEN 2

Op welke termijn zou Je groot onderhoud op het constructieve houtwerk plegen om

nditiescore van 3 te behouden volgens de NEN 2767-4

Op welke termijn Op welke termijn zou je groot onderhoud op metselwerk plegen om

conditie een conditiescore van 3 te behouden volgens de NEN 2767-47

Op welke termijn zou je de balken van een brug conserveren om

een conditiescore van 3 te behouden volgens de NEN 2767-47

Op well 7 om
s de NEN

Op welke termijn zou je de electromechanische transmissie reviseren om Dp welke termijn zou

een conditiescore van 3 te behouden volgens de NEN 2767-47 nditi

Op welke termijn zou je de hydraulische transm

een conditiescore van 3 te behouden volges

TU Delft Bepalen van prol he onderhoud op bruggen
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Appendix C. Expert Judgement participants

ID# Function

1 Project leader

2 Inspector

3 Inspector

4 Project leader / advisor

5 Senior inspector

6 Junior maintenance engines
7 Maintenance engineer

8 Maintenance engineer

9 Maintenance engineer

10 Maintenance engineer

11 Maintenance engineer

12 Assistant inspector

13 Asset Management advisor
14 Asset management advisor
15 Asset management advisor
16 Bridge manager

17 Bridge manager

18 Civil advisor

19 Asset management advisor
20 Manager & Execution

21 Manager

22 Civil advisor

23 Inspector

24 Advisor

25 Sr. Advisor

26 Sr. Advisor

27 Civil Advisor

28 Asset management advisor
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Appendix D: Expert assessments
Table 37 Experts assessments fof1 0 Sg

78

Real. 4 7 6 10 15 13 10 38
Exp.1 | 7-1012 | 57-10 | 7-1320 | 101520 7-10-15 [ 1520-25| 2530-35| 8-1216
Exp. 2 | 81828 | 51020 | 51015 | 152535| 153040| 152535 152535 1-4-6
Exp.3 | 5710 | 57-10 | 51015|101520| 7-1015| 7-10-15 [ 101520 3-6-9
Exp.4 | 468 2-6-10 | 152535| 20-30-40| 152535| 152025| 152025 4-6-8
Exp.5| 2-35 2-3-4 |101518|182025|1520-25| 20-2530| 20-25-30| 1802406300
Exp.6 | 345 4-5-6 6-7-8 |1517-20(1012-14(171921|2021-23( 152430
Exp.7 | 567 468 | 81012 | 6-7-8 |151820( 81012 (101214 202428
Exp.8 | 4-6-8 579 | 81012 | 579 [121520(152025(101518 486072
Exp.9 | 357 7-9-11 | 5913 | 6-1014 |101316] 81114 | 7-1013| 366072
Exp.10 357 | 51012| 468 | 51015| 81012 357 | 5710 | 122436
Exp. 11 7912 | 811-15| 81012 | 7-8-11 (131520(202530( 101315 6-12-24
Exp. 120 567 345 |202530|202225|1517-20| 1517-20| 1517-20| 607284
Exp. 13 456 579 |121416|121416(131517( 1820-23( 141620 243648
Exp. 14 7-810 | 7-9-11 |101214| 81012 | 81012 [151719( 101214 243648
Exp. 15 81012 | 161820| 202225| 20-3540| 3840-45| 12-1520( 151617 81012
Exp. 16 368 | 51015| 81012 |121518(202530( 182022 131518 366072
Exp. 17| 5810 | 3-6-10 | 51020 | 81525| 81825|161935|171930( 151820
Exp. 18 4-815 | 358 |[121520(121825(151825(121518( 81218 122436
Exp. 19 4-1015| 7-1012 | 10-1520| 20-30-40| 10-14-18[ 152030 81216 3660-72
Exp. 20| 51525 | 51626 | 1020-30| 10-20-30( 1530-45| 10-30-40( 10-40-45 2-4-6
Exp. 21 357 |121416| 579 |222630(162022(273033(323640( 607284
Exp. 22 246 | 3510 | 123 | 3510 | 357 | 51015(101520( 61224
Exp. 23 3558 | 57-10 | 61015 | 101520( 10-13-25( 10-13-25( 1520-30f 246084
Exp. 24 3-7-10 | 2-46 |152030|202730| 4-7-10 | 3-6-10 | 7-1015| 244872
Exp. 25 7-1013 | 121520( 10-17-20| 6-7-15 | 17-22-27| 121520| 20-2530| 182430
Exp. 26/ 101520| 7-11-15 | 152025| 121518| 13-18-23| 1520-25| 182022 366084
Exp. 27| 2-3-5 |102030|101520| 51525 |101520|152025|203040| 12-24-36
Exp. 28 81012 | 579 | 81012|101520|101316|121416| 81012 | 607284




Target variablesT ;0 Tg

EXxp.

1

T
51015

Table 38Experts assessments for 110 Tg

T>
81316

Ts
7-10-12

Ta
101520

Ts
152025

Ts
253035

T7
354045

Ts
354560

Exp.

2

102030

8-10-20

8-12-18

152230

101525

204060

102540

152535

Exp.

3

51020

56-7

7-10-12

151720

101520

Exp.4

10-20-30

51525

51525

10-20-30

203040

203040

10-20-30

203040

Exp. 5

51015

101215

9-12-15

202530

152535

182527

182025

253035

EXxp.

56-7

7-89

91011

182022

6-7-8

6-7-8

131517

11-12-13

Exp.

101214

6-8-10

7-8-9

22-2527

101214

91011

121416

121518

EXxp.

121517

81012

1012-15

20-30-35

81012

4-5-6

4-56

4-5-6

EXxp.

O©|0| N

7-10-13

81012

121518

202530

121518

151821

1821-24

Exp.

10

56-7

81012

101520

202530

51015

121520

51015

5-7-15

Exp.

11

7-9-11

6-7-8

6-7-8

131520

81013

81012

5815

5815

Exp.

12

151820

81012

1012-15

202225

151720

151820

7-9-10

8-10-15

Exp.

13

4-57

171819

6-7-8

20-22-24

6-8-10

253035

121416

253035

Exp.

14

161820

6-8-10

182022

354045

81012

131517

56-7

56-7

Exp.

15

8-9-10

101215

1012-15

202225

202225

353840

182025

161820

Exp.

16

579

81012

121518

121518

121518

202530

202530

121518

Exp.

17

6-9-12

81012

89-12

121518

101215

152025

162025

101215

Exp.

18

3-6-10

121518

152025

304050

253040

304060

253035

253035

Exp.

19

5-7-10

81014

81215

152025

121518

101520

1012-15

81215

Exp.

20

153045

6-12-18

204060

2550100

2550100

255080

102040

153060

Exp.

21

253035

81012

6-8-10

121416

101316

354045

253035

Exp.

22

357

1-3-5

2-510

8-12-20

357

2-510

101520

7-10-12

Exp.

23

6-10-15

51015

7-9-14

151825

57-15

EXxp.

24

34-6

358

5-7-10

101530

6-8-10

101520

202530

121625

Exp.

25

81012

5-12-20

7-1520

21-4560

202530

202530

253035

121520

EXxp.

26

6-8-12

7-1012

6-8-10

162024

81012

7-10-15

101520

7-10-15

EXxp.

27

101520

152025

141516

202530

152025

304050

101520

202530

Exp.

28

131619

81012

101112

354045

7-9-11

354555

303540

354045
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Target variablesT o9 T 15

80

EXxp.

1

To
305080

Table 39Experts assessments for Jo Tis

T1o
253545

T ‘ Ti2

406080

304560

Tis
81220

T4
51025

Tis
253050

Exp.

2

40-60-80

203040

405070

152030

40-60-80

101525

202530

EXxp.

3

101520

253035

253035

5-20-30

202530

51525

Exp.4

304050

203040

304050

152535

51015

101520

102030

EXxp.

202530

253035

304050

182025

202530

202530

121520

Exp.

30:3540

202530

151720

6-8-10

56-7

1921-23

131415

Exp.

131518

162024

222528

131517

182022

354045

101214

EXxp.

202540

152025

202530

101518

253035

253035

4-5-6

Exp.

354045

162024

162024

121518

162024

30:3540

121518

EXxp.

202530

202530

10-20-30

51015

10-20-30

203040

7-10-15

EXxp.

5060-75

101520

405060

202530

152025

202530

7-1012

Exp.

202530

151820

202225

202530

404550

202530

5810

Exp.

21-2325

161820

27-3033

21-2325

22-2426

182022

6-8-10

Exp.

333537

161820

96-98-100

7-8-9

212325

81012

4-6-8

Exp.

464850

262830

202530

121520

262830

182022

262830

Exp.

304050

304050

172023

57-9

304050

152025

304050

Exp.17

252830

252832

202530

1012-15

151830

1012-15

121517

EXxp.

18

405060

253035

304050

5-7-10

405060

152030

253035

Exp.

19

152030

101215

202530

7-10-12

152025

1012-15

101520

Exp.

20

204060

51530

10-30-60

102550

154060

153045

103045

EXxp.

21

708090

152025

60-70-80

121416

606570

152025

172023

Exp.

22

7-10-15

2-5-10

2-7-12

1-35

2-5-10

1-35

101520

EXxp.

23

253035

152025

152530

1012-15

152030

7-10-15

Exp.

24

20-30-36

101214

303540

3-6-8

202530

51540

3-6-12

Exp.

25

203035

1620-30

253040

202530

405060

5-7-15

1020-25

EXxp.

26

202530

101520

152030

81015

303540

101525

101518

Exp.

27

253035

51015

202530

7-10-15

394041

3-8-10

101520

EXxp.

28

405060

253035

355065

202224

506070

455055

161820




Appendix E: Excalibur output

Calibr.

Mean rel.

total

Table 40EqualDM fixed bridge

Mean rel.

seed #seed

Norm.weight

w/o DM

Norm.weight

Exp. 1 6,63E05 1,279 1,377 8| 9,13E05 0,03704 0,000774
Exp. 2 1,7%E-05 1,053 0,841§ 8| 1,47E05 0,03704 0,000124
Exp. 3 0,0265] 1,24 1,013 8| 0,02685 0,03704 0,22771
Exp. 4 5,86E07 1,095 1,093 8| 6,40E07 0,03704 5,43E06
Exp. 5 5,86E07 1,54 1,47 8| 8,61E07 0,03704 7,30E06
Exp. 6 5,86E07 2,122 1,975 8| 1,16E06 0,03704 9,81E06
Exp. 7 2,31E05 1,59 1,514 8| 3,50E05 0,03704 0,00029]
Exp. 8 0,01644 1,502 1,11 8| 10,0182 0,03704 0,1548
Exp. 9 0,000144 1,398 1,192 8| 0,00017} 0,03704 0,00145¢
Exp. 10 0,00154] 1,369 1,129 8| 0,00174¢ 0,03704 0,0148]
Exp. 11 1,79E08 1,928 1,852 8| 3,32E08 0,03704 2,82E07
Exp. 12 0,002024 1,819 1,591 8| 0,00322% 0,03704 0,02738
Exp. 13 3,72E06 1,974 1,862 8| 6,93E06 0,03704 5,88E05
Exp. 14 3,72E06 1,912 1,729 8| 6,44E06 0,03704 5,46E05
Exp. 15 1,75E05 1,583 1,424 8| 2,50E05 0,03704 0,000211
Exp. 16 0,01564 1,26 1,107 8| 0,01734 0,03704 0,1471
Exp. 17 6,63E05 1,601 1,432 8| 9,49E05 0,03704 0,000804
Exp. 18 0,000144 2,051 1,743 8| 0,00025] 0,03704 0,00212
Exp. 19 6,63E05 2,056 1,693 8| 0,00011% 0,03704 0,000951
Exp. 20 1,75E05 0,7564 0,7584 8| 1,33E05 0,03704 0,00011
Exp. 21 1,29E06 1,74 1,807 8| 2,32E06 0,03704 1,97E05
Exp. 22 0,01644 0,8191 0,841 8| 0,01383 0,03704 0,1173
Exp. 23 0,01564 1,208 1,021 8| 0,01598 0,03704 0,1359
Exp. 24 0,00057¢ 12 1,024 8| 0,00059] 0,03704 0,00500
Exp. 25 6,63E05 1,37 1,414 8| 9,39E05 0,03704 0,00079¢
Exp. 26 1,29E06 1,481 1,434 8| 1,85E06 0,03704 1,57E05
Exp. 27 0,00154] 1,403 1,02 8| 0,00157¢ 0,03704 0,01338
EqualDM 0,08041 0,2786 0,2184 8 0,0176 0,1492
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Table 41GlobalDM & IltemDM fixed bridges

Mean rel.| Mean rel. ‘ UnNorm. Norm.weight Norm.weight
ID # 27 Calibr. total real., #seed| weight w/o DM w/ DM
Exp. 1 6,63E05 1,279 1,377 8 0 0 0
Exp. 2 1,75E05 1,053 0,841¢ 8 0 0 0
Exp. 3 0,02651 1,24 1,013 8| 0,02684 0,455€ 0,0773¢
Exp. 4 5,86E07 1,095 1,093 8 0 0 0
Exp. 5 5,86E07 1,54 1,47 8 0 0 0
Exp. 6 5,86E07 2,122 1,975 8 0 0 0
Exp. 7 2,31E05 1,59 1,514 8 0 0 0
Exp. 8 0,01644 1,502 1,11 8| 0,01824 0,3097 0,0525¢
Exp. 9 0,000144 1,398 1,192 8 0 0 0
Exp. 10 0,00154] 1,365 1,129 8 0 0 0
Exp. 11 1,79E08 1,928 1,852 8 0 0 0
Exp. 12 0,00202¢ 1,815 1,591 8 0 0 0
Exp. 13 3,72E06 1,974 1,862 8 0 0 0
Exp.14 3,72E06 1,912 1,729 8 0 0 0
Exp. 15 1,75E05 1,583 1,426 8 0 0 0
Exp. 17 0,01566 1,26 1,107 8 0 0 0
Exp. 18 6,63E05 1,601 1,432 8 0 0 0
Exp. 19 0,000144 2,051 1,743 8 0 0 0
Exp. 20 6,63E05 2,056 1,693 8 0 0 0
Exp. 21 1,75E05 0,756¢ 0,7584 8 0 0 0
Exp. 22 1,29E06 1,74 1,807 8 0 0 0
Exp. 23 0,01644 0,8191 0,841Z 8| 0,01387 0,2347 0,03984
Exp. 24 0,01566 1,208 1,021 8 0 0 0
Exp. 25 0,00057¢ 1,2 1,026 8 0 0 0
Exp. 26 6,63E05 1,37 1,416 8 0 0 0
Exp. 27 1,29E06 1,481 1,436 8 0 0 0
Exp. 28 0,00154] 1,403 1,02 8 0 0 0
GlobalDM 0,687€ 0,503¢ 0,419 8 0,2881 0,8304
IltemDM 0,687€ 0,5461 0,441 8 0,3033 0,8373
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Table 42Excalibur graph for movable bridges with equal weights

Mean rel., Mean rel. UnNorm. Norm.weight Norm.weight

ID # 24 Calibr. ‘ total real.| #seed  weight w/o DM w/ DM

Exp. 1 6,63E05 1,468 1,377 8| 9,13E05 0,04167 0,001224
Exp. 2 1,75E05 0,8754 0,841¢ 8| 1,47E05 0,04167 0,00019
Exp. 4 5,86E07 1,053 1,093 8| 6,40E07 0,04167 8,60E06
Exp. 5 5,86E07 1,556 1,47 8| 8,61E07 0,04167 1,16E05
Exp. 6 5,86E07 2,085 1,975 8| 1,16E06 0,04167 1,55E05
Exp. 7 2,31E05 1,56 1,514 8| 3,50E05 0,04167 0,00041
Exp. 8 0,01644 1,27 1,11 8| 0,01821 0,04167 0,2457
Exp. 9 0,000144 1,227 1,192 8| 0,00017: 0,04167 0,00230¢4
Exp. 10 0,001541 1,301 1,129 8| 0,00174¢ 0,04167 0,0234¢4
Exp. 11 1,79E08 1,756 1,852 8| 3,32E08 0,04167 4,46E07
Exp. 12 0,00202¢ 1,704 1,591 8| 0,00322¢ 0,04167 0,0433¢
Exp. 13 3,72E06 1,98 1,862 8| 6,93E06 0,04167 9,31E05
Exp. 14 3,72E06 1,783 1,729 8| 6,44E06 0,04167 8,65E05
Exp. 15 1,75E05 1,502 1,426 8| 2,50E05 0,04167 0,000334
Exp. 17 0,0156¢ 1,081 1,107 8| 0,01734 0,04167 0,233
Exp. 18 6,63E05 1,336 1,432 8| 9,49E05 0,04167 0,001271
Exp. 19 0,000144 1,739 1,743 8| 0,00025] 0,04167 0,00337]
Exp. 20 6,63E05 1,693 1,693 8| 0,00011: 0,04167 0,00150]
Exp. 21 1,75E05 0,715z 0,7584 8| 1,33E05 0,04167 0,00017
Exp. 23 0,01644 0,909¢ 0,8417 8| 0,01383 0,04167 0,1859
Exp. 25 0,00057¢ 1,057 1,026 8| 0,00059] 0,04167 0,00793]
Exp. 26 6,63E05 1,434 1,416 8| 9,39E05 0,04167 0,00126]
Exp. 27 1,29E06 1,344 1,436 8| 1,85E06 0,04167 2,48E05
Exp. 28 0,00154] 1,128 1,02 8| 0,00157 0,04167 0,0217
EqualDM 0,08041 0,2003 0,210¢ 8| 0,0169¢ 0,2274




ID # 24

Table 43Excalibur graph for movable bridge with global and item weights

Calibr.

Mean rel.
total

Mean rel.
real.

#seed

UnNorm. Norm.weight

weight

w/o DM

Norm.weight

w/ DM

Exp. 1 6,63E05 1,468 1,377 8 0 0 0
Exp. 2 1,75E05 0,8754 0,8418 8 0 0 0
Exp. 4 5,86E07 1,053 1,093 8 0 0 0
Exp. 5 5,86E07 1,554 1,47 8 0 0 0
Exp. 6 5,86E07 2,085 1,975 8 0 0 0
Exp. 7 2,31E05 1,56 1,514 8 0 0 0
Exp. 8 0,01644 1,27 1,11 8| 0,01824 0,5689 0,0646¢
Exp.9 0,000144 1,227 1,192 8 0 0 0
Exp. 10 0,00154] 1,301 1,129 8 0 0 0
Exp. 11 1,79E08 1,756 1,852 8 0 0 0
Exp. 12 0,002024 1,704 1,591 8 0 0 0
Exp. 13 3,72E06 1,98 1,862 8 0 0 0
Exp. 14 3,72E06 1,783 1,729 8 0 0 0
Exp. 15 1,75E05 1,502 1,424 8 0 0 0
Exp. 17 0,0156¢ 1,081 1,107 8 0 0 0
Exp. 18 6,63E05 1,334 1,432 8 0 0 0
Exp. 19 0,000144 1,739 1,743 8 0 0 0
Exp. 20 6,63E05 1,693 1,693 8 0 0 0
Exp. 21 1,75E05 0,7157 0,7584 8 0 0 0
Exp. 23 0,01644 0,909§ 0,8417 8| 0,01384 0,4311 0,04894
Exp.25 0,00057¢ 1,057 1,024 8 0 0 0
Exp. 26 6,63E05 1,434 1,416 8 0 0 0
Exp. 27 1,29E06 1,344 1,434 8 0 0 0
Exp. 28 0,00154] 1,128 1,02 8 0 0 0
GlobalDM 0,5405 0,6051 0,4629 8 0,250 0,8864
IltemDM 0,5405 0,6239 0,4786 8 0,25871 0,88971
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Table 44 Discrepancy target variables
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Table 45Discrepancy analysis for fixed bridges

Rel.Infto Rel.Inf to
ID #27 total realis.

Exp. 1 0,9829 1,066
Exp. 2 0,7785 0,7172
Exp. 3 0,9255 0,7964
Exp. 4 0,796 0,8357
Exp. 5 1,21 1,341
Exp. 6 1,766 1,791
Exp. 7 1,23 1,185
Exp. 8 1,145 0,8276
Exp. 9 1,084 0,8735
Exp. 10 0,9931 0,8257
Exp. 11 1,554 1,528
Exp. 12 1,498 1,376
Exp. 13 1,61 1,567
Exp. 14 1,594 1,509
Exp. 15 1,22 1,168
Exp. 16 1,029 1,132
Exp. 17 1,228 1,139
Exp. 18 1,648 1,371
Exp. 19 1,825 1,429
Exp. 20 0,7605 0,7844
Exp. 21 1,465 1,51
Exp. 22 1,299 1,072
Exp. 23 0,894 0,7634
Exp. 24 0,9845 0,9123
Exp. 25 1,03 1,119
Exp. 26 1,102 1,085
Exp. 27 1,165 0,8426
EqualDM 0 0




Table 46 Discrepancy analysis for movable bridges

Rel.Infto Rel.Inf to

ID#24 total Realis
Exp. 1 1,273 1,059
Exp. 2 0,703§  0,7177
Exp. 4 0,7703 0,8251
Exp. 5 1,345 1,32
Exp. 6 1,827 1,772
Exp. 7 1,274 1,198
Exp. 8 0,9893  0,837¢
Exp. 9 0,9611 0,8857
Exp. 10 1,007 0,84071
Exp. 11 1,484 1,53
Exp. 12 1,464 1,392
Exp. 13 1,732 1,585
Exp. 14 1,59 1,527
Exp. 15 1,469 1,179
Exp. 17 1,052 1,132
Exp. 18 1,102 1,148
Exp. 19 1,415 1,39
Exp. 20 1,519 1,458
Exp. 21 0,7181 0,7735
Exp. 23 1,048 1,054
Exp. 25 0,9281  0,8931
Exp. 26 1,124 1,125
Exp. 27 1,036 1,077
Exp. 28 0,9167% 0,8537%
EqualDM 0 0
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Table 47 Column with new relative information and discrepancy

Relative Relative Relative Relative

information information information information

ExpertiD# Calibration total seed w/ DM w/o DM
1| 6,63E05 1,31 1,377 1,01 1,066
2| 1,75E05 0,990¢ 0,841¢ 0,715 0,7172
3 0,02651 1,161 1,013 0,836¢ 0,7964
4| 5,86E07 1,049 1,093 0,7477 0,8357
5| 5,86E07 1,529 1,47 1,204 1,341
6| 5,86E07 2,045 1,975 1,706 1,791
7| 2,31E05 1,567 1,514 1,222 1,185
8 0,01644 1,432 1,11 1,061 0,827¢€
9| 0,000144 1,373 1,192 1,048 0,8735
10| 0,00154] 1,302 1,129 0,9477 0,8257
11| 1,79E08 1,894 1,852 1,525 1,528
12| 0,00202¢ 1,835 1,591 1,533 1,376
13| 3,72E06 1,967 1,862 1,572 1,567
14| 3,72E06 1,861 1,729 1,531 1,509
15| 1,75E05 1,566 1,426 1,212 1,168
17 0,0156¢ 1,274 1,107 1,05 1,132
18| 6,63E05 1,582 1,432 1,198 1,139
19 0,000144 1,972 1,743 1,547 1,371
20| 6,63E05 1,863 1,693 1,589 1,429
21| 1,75E05 0,7634 0,7584 0,8375 0,7844
22| 1,29E06 1,63 1,807 1,31 1,51
23 0,01644 0,8234 0,8412 1,232 1,072
24 0,01566 1,148 1,021 0,830¢ 0,7634
25|  0,00057¢ 1,093 1,026 0,9056€ 0,9123
26| 6,63E05 1,316 1,416 0,9926 1,119
27| 1,29E06 1,439 1,436 1,065 1,085
28| 0,00154] 1,21 1,02 1,007 0,842¢
EqualDM 0,08041 0,2801 0,218¢ 0 0




Table 48Robustness on seed items

Rel. Rel. Rel. Rel.

Excluding Info/bg Info/bg Info/or Info/or
item total | realisation | Calibration total realisation

0,9887 0,7037 0,5539 0,3678§ 0,2174

0,860¢ 0,595¢ 0,6557 0,8764 0,7364
0,530¢ 0,474¢ 0,533 10,4723 0,320¢

0,863% 0,6717% 0,6789 10,4723 0,321¢
0,582¢ 0,551¢ 0,6789 0,673¢ 0,707¢
0,881¢ 0,632 0,423 0,7598 0,5301

1,017 0,7231 0,553 0,4271 0,2602
0,570¢ 0,5172 0,6789 10,6424 0,6334
0,5461 0,441 0,687¢

Z1910 PP e
>
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Table 49Robustness on experts

Excluding
Rel.info/bg Rel.info/bg Calibr. Rel.info/or  Rel.info/or

1 0,5445 0,441 0,687¢ 0,00016 0
2 0,5394 0,4284 0,687¢ 0,00116 0,00246
3 0,6358 0,4786 0,5405 0,2664 0,156
4 0,5445 0,4372 0,687¢ 0,000144 0,00034
5 0,5377 0,4204 0,687¢ 0,00221] 0,00525
6 0,5461 0,441 0,687¢ 1,01E07 1,07E07
7 0,545 0,441 0,687¢ 0,00018 0
8 0,3753 0,3517% 0,5336 0,36843 0,2884
9 0,5461 0,441 0,687¢ 0 0
10 0,5461 0,441 0,687¢ 0 0
11 0,5461 0,441 0,687¢ 4,51E08 1,07E07
12 0,5443 0,441 0,687¢ 0,000181 9,59E09
13 0,5461 0,441 0,687¢ 0 0
14 0,5461 0,441 0,687¢ 4,04E09 9,59E09
15 0,5461 0,441 0,687¢ 0 0
17 0,539 0,4241 0,687¢ 0,000131 0,00031
18 0,5461 0,441 0,687¢ 1,62E08 3,84E08
19 0,5461 0,441 0,687¢ 5,90E08 6,55E09
20 0,544 0,441 0,687¢ 0,00025 0
21 0,5116 0,4322 0,687¢ 0,00340¢ 0,00069
22 0,5447 0,441 0,687¢ 8,70E05 6,55E09
23 0,4852 0,3816 0,5336 0,5824 0,3741
24 0,5461 0,441 0,687¢ 0 0
25 0,5461 0,441 0,687¢ 0 0
26 0,5461 0,441 0,687¢ 0 0
27 0,5461 0,441 0,687¢ 0 0
28 0,5437 0,4353 0,687¢ 4,11E05 9,77E05
None 0,5461 0,441 0,687¢ 0 0




Table 501temDM solution for fixed bridges

S 2,328 7,27|14,59  4|Brugl06

S | 3,111 6,544 10 7| Brug 162

S | 1,141 7,294 18,21 6| Brug 98

S |3,488 13,28 23,63 10| Brug 199

S | 3,297 9,215 23,7| 15|Brugl58

S | 5,561 12,32132,23 13| Brug76

S |10,09 17,211 29 10| Brug200

S | 3,163 14,52/ 23,01y 38| Brug 272

T1 |3,211 7,271 18,7 Railing maintenance
T, | 1,73|6,351 11,82 Asphalt wear layer

T3 [2,9899,144 12 Asphalt top layer

T4 19,066 16,2|19,99 Asphalt sub layer

Ts | 3,41|11,96 19,81 re-Pavement

Ty | 7,713 18,59 29,93 Concrete major overhg
T1i0| 3,769 28,48 34,88 Wood major overhaul
T11] 3,836 27,37 34,91 Masonry major overha
T12(1,374 11,48 28,21 Girders

Ti3| 3,15 22,58 29,95 Driving-iron

T14|1,392 11,42 23,91 Joints

Table 51ItemDM solution for movable bridges

S [2,1725,926 9,954 4| Brug 106

S 5477 10 7| Brug 162

S 1,046 2,717 18,67 6| Brug 98

S 3,133 8,921 24,26 10| Brug 199

S [3,101 6,503 24,31 15| Brug 158

S 5,374 17,11 34,079 13| Brug76

S 10,23 18,06 29,59 10| Brug 200

S 6,284 17,25 23,78 38| Brug 272

Te | 2,415 17,7| 24,9 Safety works

T7 | 10,17 18,03 24,91 Electromechanical transmisg
Ts | 7,093 11,02 14,96 Hydraulic transmission
Ti5| 10,07 15 |19,89 Closing installation
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